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Abstract

Problem: How maternal allergy affects the systemic and local immunological environment
during pregnancy and the immune development of the offspring is unclear.

Method of study: Expression of 40 genes was quantified by PCR arrays in placenta, PBMC
and CBMC from 7 allergic and 12 non-allergic women and their offspring.

Results: Placental gene expression was dominated by a Th2-/anti-inflammatory profile,
irrespectively of maternal allergy, as compared with gene expression in PBMC. p35
expression in placenta correlated with fetal Tbx21 (Rho=-0.88, p<0.001) and IL-5 expression
in PBMC with fetal galectinl (Rho=0.91, p<0.001). Increased expression of Th2-associated
CCL22 in CBMC preceded allergy development.

Conclusions: Gene expression locally and systemically during pregnancy was partly
associated with the offspring’s gene expression, possibly indicating that the immunological
milieu is important for fetal immune development. Maternal allergy was not associated with
an enhanced Th2 immunity in placenta or PBMC, while a marked prenatal Th2-skewing,
shown as increased CCL22 mRNA expression, might contribute to postnatal allergy

development.
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Introduction

Pregnancy and allergic disease have both been postulated as T-helper (Th) 2 phenomena,
since Th2-associated cytokines are present at the feto-maternal interface' and the same
cytokines are induced in response to allergens.”* The combination of these two states, i.e.
allergic and pregnant, has been associated with favorable effects on the maintenance of
pregnancy, namely, longer gestational age, higher birth weight and length,>” lower risk of
pre-term birth® and shorter waiting time to achieve pregnancy.” Thus, maternal allergy could
constitute an evolutionary benefit. From a clinical perspective, it is not settled whether
pregnancy influences the severity of maternal allergy symptoms, which may be due to
several confounding factors occurring during pregnancy.'® However, the idea of magnified
Th2 responses during pregnancy in allergic women is supported by the observation of
increased total IgE levels during pregnancy as compared to after delivery in allergic
women,'' the association of maternal allergy and reduced IFN-y production to fetal and

paternal alloantigens'*™"*

and a lack of down-regulation of allergen-induced IL-13 secretion in
late gestation.'® The increased propensity of allergic mothers to mount Th2-responses could,
on one hand, be regarded as favorable for pregnancy, but on the other hand, be regarded as
unfavorable, as fetal exposure to a strong Th2 environment could influence the immune
development in the offspring to a Th2-associated phenotype favouring IgE production and
possibly allergy development later in life.'® Accordingly, children of allergic mothers have
shown increased cord blood (CB) IgE levels as compared with children with allergic fathers

or children with two non-allergic parents.'’

Furthermore, maternal IgE levels during
pregnancy correlated with CB IgE and the Th2-associated chemokine CCL22 levels.*' In
addition, maternal IgE levels in late gestation predicted the offspring’s IgE levels at birth and

at 1 year of age.”



The importance of the Th1/Th2 profile at birth for allergy development later in life has been
characterized by our group®"**** and by others.”> *® Increased CCL17 and CCL22 levels at
birth were associated with development of allergic symptoms and sensitization during the

2,224 3% and 6 years of life.”> Also, questionnaire-reported wheezing during infancy

first
was preceded by high CB CCL22 levels.*

The impact of maternal allergy on local and systemic gene expression during pregnancy and
the fetal immune development, is not understood. In fact, the immunological environment in
the placental tissue, including cells of fetal origin, has not been previously characterized in
normal pregnancies in relation to maternal allergy status.

We aimed to assess the systemic and local gene expression during pregnancy in allergic and
non-allergic mothers and the immunological interactions between mother and child by
analyzing expression of 40 selected Th1-, Th2-, regulatory T-cells (Treg-) and Th17-
associated genes in placenta, mononuclear cells derived from peripheral blood (PBMC) and
cord blood (CBMC). This novel study design with paired PBMC and placenta samples gives
us the opportunity to characterize gene expression profiles locally and systemically during
pregnancy, as well as their potential association with fetally derived gene expression in
CBMC. Further, the importance of early priming of the fetal immune system was assessed by
analyzing gene expression in CBMC in relation to allergy development during childhood. We
hypothesized that the immune profile in placenta, PBMC and CBMC is biased towards a

Th2-associated profile in the allergic as compared with the non-allergic mothers and that

allergy development in the offspring is preceded by a pronounced Th2-profile at birth.



Materials and methods

Study group

This study included 19 pregnant women from the Linkdping area, County of Ostergdtland,
Sweden (Fig 1), who participated in a longitudinal study from early gestation to 1 year post-
partum. An experienced allergy research nurse interviewed the women regarding their
allergic status. Seven women reported allergic symptoms (allergic rhinoconjuntivitis, ARC,
n=7 of whom 1 woman also had eczema, primiparous n=3, parous n=4) and allergic
sensitization was confirmed by the Phadiatop test (Phadia, Uppsala, Sweden). Twelve women
reported no allergic symptoms (primiparous n=5, parous n=7) and none of them were
sensitized. Maternal autoimmune diseases represented an exclusion criterion. PBMC were
collected at gestational week (gw) 10-12, 15-16, 25, 35, 39 and 2 and 12 month after
delivery. Placenta samples and CBMC were collected at birth. The 19 pregnant women were
selected based on (i), allergic status (allergic symptoms combined with sensitization or no
allergic symptoms without sensitization) and (ii), availability of paired PBMC (gw 39),
placenta and CBMC samples. Maternal and neonatal characteristics of the complete cohort
are described in detail elsewhere.'" >

The children of the women described above were followed prospectively from birth up to 6
years of age with questionnaires and clinical examinations at 6 and 12 months of age by an
experienced allergy research nurse and at 24 months and 6 years of age by a paediatric
allergologist.” The definition of atopic dermatitis (AD) was pruritic, chronic or chronically
relapsing non-infectious dermatitis with typical features and distribution. Asthma bronchiale
(AB), at 2 years of age, was defined as three or more episodes of bronchial obstruction at
least once verified by a physician. A diagnosis of AB at 6 years of age required one or more
episodes of bronchial obstruction after two years of age, at least once verified by a physician.

ARC was defined as seasonal itching and running eyes and nose, at least 2 times after



exposure of an inhalant allergen and no signs of infection. Urticaria was defined as allergic if
it appeared within one hour after allergen exposure, at least at two separate occasions. A
diagnosis of food allergy required vomiting and/or diarrhoea, hives, aggravated eczema or
wheezing on at least two separate occasions after ingestion of certain offending food. Oral
allergy syndrome was defined as allergic if it appeared at least at two separate occasions after
ingestion of certain offending food.

Skin prick tests (SPT) were performed with standardized allergen extracts from Allergologisk
Laboratorium A/S, (ALK, Soluprick®, Hersholm, Denmark), i.e. egg white, milk (6, 12, 24
months and 6 years), cat (12, 24 months, 6 years), and birch and timothy (24 months and 6
years). Histamine hydrochloride (10 mg/ml) was used as positive control, albumin diluent
(ALK) as a negative control and the cut off for positivity was when the mean wheal diameter
was at least 3 mm. The allergen specific IgE concentrations to food and inhalant allergens
(Phadiatoplnfant test, Phadia, Uppsala, Sweden) were determined at 6, 12, 24 months and 6
years and inhalant allergens (Phadiatop test, Phadia) at 6 years of age using ImmunoCAP
(Pharmacia Diagnostics, Uppsala, Sweden). The cut-off for positivity was 0.35 kU /1 for both
tests.

CBMC from ten sensitized children with allergic symptoms and 6 non-sensitized children
without allergic symptoms were added to allow assessment of gene expression of some
selected genes (T-box expressed in T-cells (Tbx21), GATA binding protein 3 (GATA3),
Forkhead box p3 (Foxp3), RAR-related orphan receptor C (RORC)) in relation to allergy
development during childhood. Five of these 16 children were included in the original
longitudinal study, i.e. they were followed to 6 years of age as described above (Fig 1). The
other 11 children were participating in a randomized placebo-controlled allergy prevention
study based on omega 3 long-chain polyunsaturated fatty acid supplementation during

pregnancy.”’ These 11 children were selected from the placebo group based on their



attendance to the clinical examination at 8 years of age and the availability of CBMC. One of
these 11 children was followed up to 2 years only; this child was sensitized to egg and wheat
and diagnosed with AB, AD and food allergy at 2 years of age. The clinical examinations
were performed by a research nurse at 3, 6 and 12 months of age and by a paediatrician at 24
months and 8 years of age, with the clinical definitions described above. SPT was performed
with egg, milk, wheat and cat (6, 12, 24 months), birch and timothy (24 months, 8 years) and
mugwort, dog, cat, horse, Dermatophagoides pteronyssinus and farine, Cladosporium and
Alternaria (8 years), as previously described.”’” Circulating allergen specific IgE antibodies to
egg, milk (3, 12, 24 months), wheat and cat (12 and 24 months) and birch and timothy-grass
(24 months) was analyzed in serum samples.”” The SPT and the clinical follow ups were
performed by the same research nurse for both study cohorts.

Taken together, 14 children who developed (described in detail in Table I), and 13 children
who did not develop allergic symptoms and sensitization during childhood were included. All
children with allergic symptoms showed SPT reactivity and sensitization according to the
presence of allergen specific IgE antibodies in the circulation. All children without allergic
symptoms were SPT negative and the levels of allergen specific IgE antibodies in the

circulation were below the cut-off for positivity.

Collection and preparation of CBMC, PBMC and placenta samples

Venous blood samples were drawn into heparin-treated tubes (Vacuette, Greiner
Labortechnik, Kremsmiinster, Austria). The cord blood samples were collected by cutting the
umbilical cord at the placental site, carefully cleaning it to avoid contamination of maternal
blood, and then squeezing it to collect the cord blood in heparin-treated tubes (Vacuette). The

PBMC/CBMC were isolated and frozen as previously described,*® ** with an exception for



the CBMC preparations; 2 volumes of RPMI-1640 (Life Technologies, Taby, Sweden) was
added instead of 1 volume after plasma removal.

The placenta samples were collected at birth by cutting a cube, approximately 1x1x1 cm in
size on the maternal side of the placenta, using a scalpel. The placental tissue was transferred
to a sterile tube, frozen and stored at -70° C.

Seven PBMC and 6 paired placenta samples were collected from the allergic women together
with 6 CBMC samples of whom 6 were paired with the PBMC samples and 5 with the
placenta samples. Nine PBMC and 11 placenta samples (8 paired) were collected from the
non-allergic women, and 8 CBMC samples of whom 5 were paired with the PBMC samples
and 6 with the placenta samples. Sixteen CBMC samples (of whom 1 also was analyzed by
PCR array), without paired PBMC or placenta samples were also included for the additional

quantification of CCL22, Tbx21, GATA3, Foxp3 and RORC using real-time PCR (Figl).

RNA extraction

The PBMC and CBMC were rapidly thawed in a 37 ° C water bath and immediately lysed
using Buffer RLT (Qiagen, Hilden, Germany) supplemented with DL-dithiothreiol (DTT,
Sigma, Stockholm, Sweden) and homogenized by vortex and vigorous pipetting. A piece,
approximately 2x2x2 mm in size, of the inner part of the frozen placenta sample was
homogenized in Buffer RLT with DTT using Stainless Steel Beads, Tissue Lyser II (Qiagen)
according to the manufacturer’s guidelines. The total RNA was isolated from the
homogenized cells/tissue using RNeasy® Mini Kit (Qiagen) including an on-column DNase
treatment using RNase-Free DNase Set (Qiagen) according to the manufacturer’s
instructions, with the exception of the on-column DNase treatment where a double dose of

DNase was used.



The concentration and purity of the RNA was assessed spectrophotometrically (ND-1000
NanoDrop Technologies Inc, Wilmington, Delaware, USA) and the RNA integrity was
evaluated in the majority of the samples using the RNA 6000 Nano Labchip® Kit (Agilent
Technologies, Palo Alto, CA, USA) on an Agilent 2100 Bioanalyzer (Agilent Technologies),
according to the instructions provided by the manufacturer. The RNA Integrity number
ranged between 7.7 — 9.3 for the CBMCs, 8.2 — 9.1 for the PBMCs and 5.7 — 7.2 for the
placenta samples. One placenta sample from a non-allergic mother was excluded from further

analyses due to low RNA concentration.

Reverse transcription PCR and real-time PCR

The RT? First Strand Kit (Qiagen) was used for reverse transcription of 1 pg total RNA from
the CBMC samples and 0.69 pg total RNA from the PBMC and placenta samples, according
to the manufacturer’s instructions. Briefly, the RNA was treated with DNase at 42° C for 5
minutes (min) and then reversely transcribed into cDNA (42° C for 15 min followed by 95° C
for 5 min) in a GeneAmp® PCR System 2700 (Applied Biosystems Foster City, CA, USA).
The cDNA was mixed with RNase free water (Qiagen) and RT> SYBR" Green Mastermix
(Qiagen) containing HotStart DNA 7ag Polymerase, SYBR Green dye and ROX reference
dye, according to the guidelines provided by the manufacturer. Twenty-five pl of the reaction
mix was transferred to a custom made RT? Profiler PCR array (Qiagen) pre-coated with
primers for the target genes. Two samples were assayed on the same plate, generating gene
expression data from totally 48 genes (including housekeeping genes and controls) from each
sample. The 7900HT Fast Real-Time PCR System (Applied Biosystems) was used for PCR
amplification and the thermal cycle conditions were set with an initial step of 95° C for 10
min and then 40 cycles were run with 95° C for 15 seconds (s) and 60° C for 1 min, followed

by a dissociation stage (95° C for 15 s, 60° C for 15 s, 95° C for 15 s). Baseline and threshold
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values were adjusted manually (Sequence detection systems, SDS version 2.3, Applied
Biosystems), and were always the same for all the PCR array runs. The detection limit was
set to threshold cycle (Ct) 35 as recommended by the manufacturer, where only genes with Ct
< 35 were regarded as detectable. A reverse transcription control, a positive control and a
genomic DNA control were included in the assay. The reverse transcription control was
below 5 for 43 of 47 samples and 5.1, 5.2, 5.3 and 5.9 respectively for the remaining 4
samples. The positive controls appeared between threshold cycle (Ct) 18.8 and 19.2 and the
Ct for the genomic DNA control was >35 for all samples.

Forty genes (Table II) were selected to represent different immune modulatory pathways and
immune cell function. The housekeeping genes (HKG) tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide
(YWHAZ), ribosomal 18S RNA (rRNA) and the T-cell specific housekeeping gene CD3¢
were used in this custom made RT? Profiler PCR array. A separate dilution (2'%) of the
samples was performed for rRNA detection only, due to the high expression of the rRNA in
comparison to the target genes, thus making it possible to exclude as much background noise
as possible.

The mRNA expression of CCL22, YWHAZ (placenta, PBMC, CBMC samples), the T-cell-
associated transcription factors Tbx21, GATA3, Foxp3, RORC and CD3¢ (CBMC samples)
was also quantified separately, due to suspected primer-dimer formation for CCL22 on the
PCR array, and due to additional analysis of the transcription factors in CBMCs using an
extended material of children. The 7900HT Fast Real-Time PCR System was used with the
following thermal cycling conditions: 50° C for 2 min followed by 95° C for 10 min and then
40 cycles with 95° C for 15 s and 60° C for 1 min. TagMan Universal Master Mix (2x), with
Uracil-N-Glycosylase (Applied Biosystems) was mixed with cDNA (1 pl for Tbx21,

GATA3, CD3g, 5 ul for Foxp3, RORC, YWHAZ, 9 ul for CCL22), RNase free water,
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primers and probes in a total volume of 20 pl. A positive and negative control was included
on each plate. The samples were run in duplicates and the coefficient of variance was < 3%
for all samples. TagMan® Gene Expression assays were used for quantification of Tbx21
(Hs00203436 ml), RORC (Hs01076112 m1), CCL22 (Hs00171080_m1) and YWHAZ
(Hs00237047 _ml) whilst design of primers and 3’-FAM/5’-TAMRA-labelled probes for
GATA3, Foxp3 and CD3¢ was done in-house using Primer Express 3.0 (Applied
Biosystems). The sequences and the concentrations of the primers and probes are presented in
appendix 1. None of the primer-probe pairs or assay-mixes amplified genomic DNA,
evaluated by analyzing 3 samples of RNA.

YHWAZ was detected as the most stable HKG by Normfinder” in GenEx software (MultiD
Analyses/TATAA Biocenter, Gothenburg, Sweden) and was therefore used for normalization
of the raw Ct values according to the comparative Ct method. ACt values were generated by
subtraction of the Ct value of YWHAZ from the Ct value of the target gene. Similarly, CD3¢
was used for normalization of genes mainly restricted to the CD3+ (T cell) compartment, i.e.
Tbx21, GATAS3, Foxp3, RORC and the cytokines IFN-y and IL-5, in order to estimate gene
expression in relation to the number of T-cells in the placenta tissue. (Edstrom et al.,
unpublished data). The mRNA levels of CD3¢ were, as expected, increased in PBMC as

compared to placental tissue (data not shown).

Statistics

The statistical package IBM SPSS Statistics 21.0 for Windows (SPSS Inc, Chicago, IL, USA)
was used for statistical analysis. Non-parametric tests, corrected for ties, were used. A p-
value below 0.05 was considered as significant. The probability level of p<0.05 was selected
after careful consideration in order to compromise between type I and type II errors and the

results were always interpreted with caution. Comparisons between the allergic and non-
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allergic mothers/children were performed with the Mann-Whitney U-test. The Wilcoxon’s
signed rank test was used to compare the levels of gene expression (ACt values) in the
matched PBMC and placenta samples and Spearman’s rank order correlation coefficient for
the correlations between placenta, PBMC and CBMC samples. The correlation analyses were
performed when detectable gene expression levels were shown for at least 8 study
subjects/sample type, in order to decrease the number of comparisons. Only relationships
with p <0.001 are reported for the correlation analyses. Samples with Ct values >35 were
given a ACt value of 16 for genes from the PCR array and a value of 9 for genes from the
real-time PCR assays. The following genes were excluded from the PCR array, as the
dissociation curves revealed two peaks, possibly representing primer-dimer formations: IL-
25, p28, CCL22, SMAD family member 3 (SMAD?3), Prostaglandin D2 synthase (PDGS)

and CXCR3 (placenta samples only for CXCR3).

Ethics
The study was approved by the Regional Ethics Committee for Human Research at the
University Hospital of Linkdping (approval number: Dr 99184 and complementary Dr M98-

06 and Dr 01-284 and complementary Dr M206-04).
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Results

Characterization of gene expression locally and systemically during pregnancy
Increased gene expression of GATA3, IL-5, IL-10, IL-33, CCL18, epstein-barr virus induced
3 (EBI3), indoleamine 2,3-dioxygenase 1 (IDO1), triggering receptor expressed on myeloid
cells 2 (TREM2) and p40 was observed in the placenta samples as compared with the PBMC
samples (Fig 2). The 40 genes included in the PCR array (of whom CCL22 was quantified
separately by a real-time PCR assay) with accompanying reference sequence number,
description and the number of samples with detectable levels of the genes in the placenta,
PBMCs and CBMC:s are presented in Table II. The PBMCs expressed, compared with the
placenta, higher levels of the CD3g, lymphocyte-activation gene 3 (LAG3), signal transducer
and activator of transcription 1 (STAT1), STAT4, STAT6, Tbx21, Foxp3, RORC, CCR4,
glucocorticoid-induced TNF receptor-related protein (GITR), inducible T-cell co-stimulator
(ICOS), cytotoxic T-lymphocyte-associated protein 4 (CTLA4), transforming growth factor-
B1 (TGF-B1), IFN-y, p35 and CXCL10 genes (p<0.05 for all). The slight difference in RNA
quality between the placenta and PBMC samples should be taken under consideration for
genes with higher expression in PBMC than placenta, even though the differences in gene
expression between the groups are extensive (median difference; ACt > 2 for CD3e, LAG3,
STATI, STAT4, STAT6, Tbx21, Foxp3, RORC, CCR4, GITR, ICOS, CTLA4, IFN-y and
p35, ACt=1.2 for CXCL10 and ACt=0.7 for TGF1).

Analysis of Tbx21, GATA3, Foxp3, RORC, IFN-y and IL-5 expression in relation to the
number of T-cells present in the samples (normalization using CD3¢) revealed increased
mRNA expression of GATA3, IL-5 and Tbx21 in T-cells in the placenta (p<0.05) as
compared to T-cells in the PBMC population. IFN-y expression was higher in T-cells in
peripheral blood than in the placenta (p=0.03) whilst expression of Foxp3 and RORC was

similar in T-cells in placenta and PBMCs.
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Correlations between mRNA expression in placenta, PBMC and CBMC

The local and systemic gene expression during pregnancy were associated with the
offspring’s gene expression at birth. The IL-12/IL-35 associated subunit p35 in placenta was
negatively associated with fetal expression of the Th1-like transcription factor Tbx21. In
addition, the Th2-associated cytokine IL-5 in PBMCs was positively associated with fetal
galectinl expression (Table III).

The mRNA expression of the Thl-associated transcription factors STAT1 and Tbx21
correlated with the Th1-associated chemokines CXCL10 and CXCL11 (only with STAT]I for
CXCL11) in placenta. Furthermore, the CXCL9, CXCL10 and CXCL11 expression
correlated with each other in placenta, whereas CXCL10 also correlated with the Th2-/anti-
inflammatory-associated chemokine CCL18 in PBMC. Genes associated with Treg/anti-
inflammatory immune responses were positively correlated with genes associated with Th2-
and Th17-like immunity in PBMCs, i.e. Foxp3 correlated with GATA3 and TGFB1 with
RORC. In contrast, EBI3, with possible immune regulatory properties, correlated negatively
with Th2-associated IL-33 in the placenta. Placental galectinl correlated positively with

placental IDO1, IL-10 and IL-33 (Table III).

Gene expression in placenta, PBMCs and CBMC:s in relation to allergy in mother and
child

Allergic women showed higher expression of p40 in placenta (p=0.01), p35 in PBMCs
(p=0.02) and p35 in CBMCs (p=0.01) than non-allergic women. ACt values (median, range)
for all genes in the placenta, PBMC and CBMC samples from allergic and non-allergic
women are presented in Appendix II.

T-cell-associated gene expression (as normalized by using CD3¢g) of the CBMC population

showed increased GATA3 (Th2) and RORC (Th17) expression, respectively, in children who
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developed allergy (n=4) as compared with children who did not (n=5, p=0.01 for both
comparisons). Therefore, the transcription factors Tbx21, GATA3, Foxp3 and RORC
(associated with Th1-, Th2-, Treg-, Th17-immunity, respectively) and the Th2-associated
chemokine CCL22 were selected for additional analysis of mRNA expression in CBMCs in
an extended material of children developing allergy (n=13) or not (n=11). CCL22 was
selected due to our previous finding of increased CB CCL22 protein levels preceding allergy
development.?"*** Corroborating our previous results, increased gene expression of CCL22
was observed already at birth in children later developing allergy as compared with children
who did not (Fig 3). Gene expression of the 4 transcription factors (Tbx21, GATA3, Foxp3
and RORC) was not related to allergy development in the extended cohort.

Gene expression in CBMCs was analyzed with gender as a potential confounding factor
(Mann-Whitney U-test) for the initial and extended groups. Girls had a higher expression of

IL-13 at birth than boys (p=0.03).
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Discussion

The present study indicates a transcription profile dominated by Th2- and anti-inflammatory
genes in the placenta, as compared with maternal PBMC:s, irrespectively of maternal allergy,
and an interplay between genes expressed locally and systemically during pregnancy and the
fetal immunity at birth. The inverse relationship between placental p35 and fetal Tbx21
possibly indicates suppressive properties of placental p35, speculatively by IL-35, on the fetal
Thl-like immunity. p35 can pair with p40 and EBI3, forming either pro-inflammatory IL-
12(p70) or anti-inflammatory IL-35, but none of these subunits were correlated with fetal
Tbx21 or placental p35 expression. One should keep in mind that the p35 protein is thought
to be secreted with a partner and exerts its biological activities as a heterodimer.’' In addition,
the maternal systemic IL-5 expression during pregnancy was associated with fetal gene
expression as well, as it correlated with fetal galectinl. Galectinl is, besides being a -
galactosidase binding protein, suggested to be important for immune regulation including
apoptosis and immune suppression,’” but also for tissue remodelling including placenta
development and angiogenesis.” Even though mRNA levels do not necessarily reflect protein
levels in various tissues, our data suggest that immunological mediators in the local and
systemic environment during gestation associate with fetal Th1 immunity and possibly
enhance the fetal immune regulatory capacity, pointing to a role of the immunological milieu
for fetal immune development. Thus, the assumed global Th2-bias in all newborns’* might
result from immune regulatory mechanisms in combination with exposure to a strong Th2
environment in utero.

The gene expression profile in the placenta indicated a Th2-deviated and anti-inflammatory
environment in utero, based on increased mRNA expression of GATA3, IL-5, IL-10, IL-33,
CCL18, EBI3, IDO1, TREM2 and p40 in the placenta as compared with gene expression

peripherally, in PBMC. Placenta tissue comprises several cell populations with the capacity
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to express and secrete immunological mediators, such as fibroblasts, smooth muscle cells,
endothelial cells, cyto- and syncytiotrophoblast cells and immune cells, and the composition
could influence the results if the proportions differ across samples. On the other hand, gene
expression analysis on a mixture of cells is more likely to reflect the unique immunological
environment in the tissue, rather than analysis of an isolated cell type. This Th2-/anti-
inflammatory environment in the placenta tissue (as compared with maternal PBMCs),
including cells of fetal origin, has not, to the best of our knowledge, been described before. A
Th2-dominant milieu in the placenta, as compared with maternal PBMCs, was confirmed by
studying the mRNA expression of the T-cell-associated genes in relation to the number of T-
cells in the samples (as obtained by a T-cell-normalization procedure). T-cells in the placenta
expressed extensively higher mRNA levels of GATA3 and IL-5, slightly higher levels of
Tbx21, but lower levels of IFN-y, than T-cells in the circulation. The elevated Tbx21
expression was surprising, but the non-accompanying IFN-y expression probably excludes
the assumption of an accumulation of Th1 cells in the placenta. Although Tbx21, GATA3,
Foxp3, RORC, IFN-y and IL-5 expression are mainly T-cell-associated, the observed
differences in gene expression when using YWHAZ and CD3¢ for normalization, indicate
that other cells than T-cells contribute to the expression of these genes. The co-stimulatory
molecule ICOS, extensively expressed on activated T-cells, was detectable in only 1 of 16
placenta samples, while it was detected in all PBMC and CBMC samples, indicating a naive
phenotype of T-cells in the placenta. Taken together, our gene expression data potentially
indicate a Th2- and anti-inflammatory dominant immune milieu in the placenta, as well as a
naive T-cell phenotype, as compared with maternal gene expression in the circulation. This
immune milieu is probably generated by an extensive network of different cell types.

When looking at co-expression of gene sets within the placenta, the Th1-associated genes

Tbx21, STAT1, CXCL9, CXCL10 and CXCL11 correlated strongly and expectedly with
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each other, in agreement with our previous observation of positive correlations between
circulating CXCL9, CXCL10 and CXCL11 levels during and after pregnancy (unpublished
data). EBI3 showed a reciprocal relationship with the Th2-associated cytokine 1L-33,
indicating possible suppressive properties of either IL-27 or IL-35 on IL-33 expression.
Galectinl and IDO1 are, among many other hormonal and immunological factors, considered
to be important for maintaining maternal-fetal tolerance,”” and their mRNA expression in
placenta appears to be positively related to each other. Furthermore, placental galectinl
expression was associated with expression of the anti-inflammatory cytokine IL-10 and the
Th2-associated cytokine IL-33, possibly indicating that markers associated with Th2- and
anti-inflammatory immunity are co-regulated.

In PBMCs, the Treg-associated genes Foxp3, TGFB1 and CCL18 were positively correlated
both with the Thl-associated CXCL10, the Th2-associated GATA3 as well as the Th17-
associated RORC genes. This situation could be interpreted as a balance between the
different arms of T-cell immunology, where regulatory immune responses are upregulated to
control Thl-, Th2-, and Th17-like immune responses. On the other hand, Treg and Th17
differentiation overlap, with TGFP as a shared inductive factor together with IL-2 for Treg
differentiation and IL-1p, IL-6, IL-21 and IL-23 for differentiation and expansion of Th17
cells in humans, reviewed in.>’ We acknowledge the limitation of studying gene expression,
as mRNA levels do not properly reflect protein levels. The probability level of p<0.001 was
selected for the correlation analyses after careful consideration, as an approach to adjust for
the multiple correlation analyses, i.e. to reduce the frequency of type II errors. The results
were always interpreted with caution, but we cannot completely exclude the possibility of
reported false positive findings.

An enhanced placental Th2-shift of allergic mothers has been suggested to explain the higher

19, 20

risk for allergy development in children of allergic mothers versus fathers. The present
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study was not able to confirm such a relationship by studying mRNA expression in the
placenta, but one should keep in mind that many important Th2 markers (IL-4, IL-9, IL-13,
CCL11, CCL17, CCL22) were undetectable in the majority of samples. Thus, expression of
Th2-associated genes could be increased in allergic women, but due to methodological
limitations, impossible to detect. Expression of genes associated with Th2- and regulatory
immune responses were increased in the placenta as compared with PBMC, regardless of the
allergic status of the mother, suggesting that a strict immune regulation may be essential to
prevent pregnancy complications. Maternal allergy was associated with increased expression
of p40 in placenta and p35 in PBMCs and CBMC:s, reflecting either increased pro-
inflammatory- (IL-12, IL-23) or regulatory (IL-35) immune responses. The subunit p40 exists
as monomers and homodimers and interacts with the IL-12 receptor without mediating any
biological effects,” * leading to the speculation of an enhanced ability of allergic mothers to
dampen Thl responses in the placenta during late phase of pregnancy.

Allergy development during childhood was preceded by increased expression of the Th2-
associated chemokine CCL22 at birth, indicating that the Th2-skewed immunity associated
with allergic disease is established very early in life. This observation is in line with previous
findings in this study cohort, as the protein levels of CCL22 were increased in CB plasma in

2123 Byrthermore, chemokine levels

children developing allergic symptoms and sensitization.
at birth and during childhood were associated with maternal chemokine levels at various time
points during pregnancy, supporting an interplay between maternal and fetal immunity.*
More studies on the fetal immunity at birth in relation to prenatal allergy development, using
other markers for Th1-, Th2-, Treg- and Th17-immunity, would be most welcome and
constitute a valuable addition to this area of research.

In summary, placental gene expression, including cells of fetal origin, was dominated by a

Th2- and anti-inflammatory transcription profile, as compared with gene expression in the
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maternal circulation, regardless of maternal allergy, supporting the idea of a local Th2- and
anti-inflammatory environment in utero. Gene expression locally and systemically during
pregnancy partly correlated with the offspring’s gene expression at birth, indicating that the
immunological milieu during gestation might be important for fetal immune development. An
enhanced Th2-deviation at birth was related to allergy development in the offspring whilst
the Th1/Th2-balance was similar during late-stage-pregnancy in allergic and non-allergic

women.
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Appendix I. Sequences and concentrations of primers and probes

Target Primer/ Sequence (5°-3’) Conc.
gene Probe (nM)
GATA3 Forward CAAAATGAACGGACAGAACCG 50
Probe CCCCTCATTAAGCCCAAGCGAAGG 125
Reverse GCTCTCCTGGCTGCAGACA 50
Foxp3 Forward GTGGCCCGGATGTGAGAA 300
Probe CCTCAAGCACTGCCAGGCGGAC 200
Reverse GCTGCTCCAGAGACTGTACCATCT 900
CD3e Forward GGCGGCAGGCAAAGG 300
Probe AGAGGCCACCACCTGTTCCCAACC 100
Reverse TCCGGATGGGCTCATAGTCT 50

One exon-exon boundary (marked in bold above) was included in the mRNA amplicons for

GATA3, Foxp3 and CD3g, to guarantee assay specificity for mRNA detection.
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Appendix II. Gene expression (ACt, median, range) of 40 genes in placenta, PBMCs at gw 39 and

CBMCs in allergic and non-allergic mothers

Gene Allergic Non-allergic Allergic Non-allergic Allergic Non-allergic
symbol Placenta Placenta PBMC PBMC CBMC CBMC
Thl-associated genes

IFN-y 16 (16-10.9) 16 (16-7.5) 7.5 (8.3-6.1) 7.9 (8.7-6.7) 7.1(7.8-6.1) 7.7 (8.9-5.8)
CXCL9 9.6 (11-7.6) 7.5 (16-1.2) 8.5(9.6-7.1) 9.1 (10.1-8.5)  13.7(16-9.5) 11.3 (16-8.6)
CXCL10 8.4(9.4-5.4) 7.5(9.2-1.8) 5.8(7.5-2.8) 6.9 (8.6-3.7) 13 (16-9.2) 10.5 (16-8.6)
CXCL11 9.6 (16-5.4) 8 (11.2-4.6) 10.6 (11.8-9.1) 103 (11.8-9.7) 16 (16-11.9) 16 (16-16)
CXCR3 1 1 7.5 (8.3-6.8) 7.4 (8.4-6.2) 7.5 (8.1-6.9) 7.4 (9.6-6.9)
Tbx21 10.3 (16-9) 9.5(11-7.8) 3.6 (4.8-3.4) 4.4 (4.6-3.1) 4 (4.9-3.6) 4.5(6.2-3.5)
STATI1 4.4 (5-2.4) 4(4.7-2.7) 1 (1.5-0.6) 0.9 (2-0.7) 3.7 (4.8-3.1) 4.4 (4.8-3)
STAT4 6.7 (8.8-6.2) 6.9 (8.2-6.1) 4 (4.8-3.7) 4.8 (5.3-3.9) 4.4(5.2-3) 3.9(5.4-3.1)
Th2-associated genes

IL-4 16 (16-16) 16 (16-11.2) 16 (16-16) 16 (16-12.7) 16 (16-16) 16 (16-16)
IL-5 9.8 (10.4-8.8) 9.7(11.2-8.7)  11.6 (16-10) 11.1 (16-10.4) 13.7 (16-10.4) 16 (16-10.1)
IL-9 16 (16-16) 16 (16-11.2) 16 (16-11.7) 16 (16-16) 16 (16-16) 16 (16-12.3)
IL-13 16 (16-16) 16 (16-12) 16 (16-12) 16 (16-12.5) 12.5 (16-10.5) 12.4 (16-9.8)
IL-25 v v v v v v
IL-33 5.3(6.1-3.6) 5.4(6.2-3.3) 16 (16-16) 16 (16-16) 16 (16-16) 16 (16-16)
TSLP 11.8 (16-9.4) 13.8 (16-9.4) 12.5 (16-11.6) 16 (16-11.6) 16 (16-16) 16 (16-16)
CCL11 16 (16-16) 16 (16-10.9) 16 (16-16) 16 (16-16) 16 (16-16) 16 (16-16)
CCL17 16 (16-11.6) 14.2 (16-10.3) 16 (16-12.6) 16 (16-12.3) 16 (16-12.5) 16 (16-12.2)
CCL18 8.7 (10-6) 7.3(10.6-4.2) 12.4(16-9.9) 16 (16-9.9) 16 (16-9.3) 12.1 (16-9.8)
CCL22 9 (9-9) 909-24) 9 (9-9) 9(9-9) 9(9-2.1) 9(9-3.2)
CCR4 11 (16-9.7) 16 (16-8.8) 6 (6.3-5.3) 5.9 (7.5-5) 6 (6.8-4.4) 5.7 (6.2-4.4)
GATA3  4.2(3.7-5.5) 4.7 (5.3-3.9) 7.2 (8.8-6.5) 7.5 (8.4-6.3) 6.7 (9.9-6.2) 7.3 (8.2-6.5)
STAT6 4.1 (4.4-3.2) 4.5 (4.9-3.7) 24 (3.1-1.1) 2.5(3.4-1.9) 2.9 (4.7-1.5) 3.5(4.3-2.1)
Treg-associated genes

IL-10 7.7 (10-6.9) 7.4 (9.4-6.3) 9.9(10.6-9.8) 10(11.7-7.9) 7.7 (8.6-6.5) 7.5 (8.8-5.5)
TGFB1 2.1 (3.4-1.1) 1.9 (3.3-0.9) 1.3 (1.9-0.4) 1.3 (1.7-0.9) 1.1 (1.8-0.5) 1.4 (2.7-0.6)
Smad3 v v v v v 1%
Foxp3 16 (16-10.8) 11.5 (16-10) 9.1(11.3-84) 9.1(10.7-7.8) 9.5(10.5-7.4) 10.3 (16-9.1)
Th17-associated genes

IL-17A 16 (16-16) 16 (16-16) 16 (16-16) 16 (16-16) 16 (16-16) 16 (16-16)
RORC 12.3 (16-10.4) 11.7(16-104) 8.3 (9.8-74) 8.3 (9.1-7.5) 10 (12.3-9.2) 10.7 (16-9.4)
Immune modulation

Galectinl 1.3 (2-0) 0.8 (2--0.9) 0.9 (1.3--0.7) 0.9 (1.9-0.5) 1.1 (2.4--0.3) 0.8(1.5--0.2)
TREM2 9.2 (10.1-8.7) 8.8 (10.1-8) 12.8 (16-11.5) 13.2(16-11.5) 16 (16-16) 16 (16-16)
PGDS v v v v v v
IL-12 family p=0.01 o p=0.02""—_ — p=0.01—""—_
p35 <1 1.9 (16-10.2) 11 (16-9.8) 8.8 (9.6-8.1) 9.3 (10.2-9) 9.2 (9.4-8.4) 9.7 (10.2-8.9)
p40 10.1 (10.8-9.1) 11.4 (16-9.6) 13.6 (16-10.9) 12.9 (16-9.7) 16 (16-11.5) 14.4 (16-9.4)
p28 v v v v v v
EBI3 -0.1 (2--0.6) -0.1 (1.2--0.6) 16 (16-13.1) 16 (16-12.9) 16 (16-16) 16 (16-16)
Activation/Suppression

ICOS 16 (16-16) 16 (16-9.9) 7.3 (7.9-6.6) 7.2 (9-6.2) 5.7 (7.3-4.8) 6.4 (6.8-4.9)
GITR 8(10.3-7.4) 8.8 (9.5-6.8) 6 (6.8-5.6) 6.7 (7.7-5.6) 5.1(6.6-4.1) 5.4 (6.5-3.9)
LAG3 14 (16-10.3) 10.7 (16-6.4) 6.6 (7.9-6.3) 7.1 (8.7-6.1) 10.6 (16-9.7) 13.9 (16-9.8)
IDO1 4.1 (4.7-2.3) 3.6 (4.4-3) 9.9(10.8-9.2) 10.2(11.8-9.3) 16(16-16) 16 (16-16)
CTLA4 13.8 (16-10.4) 10.6 (16-8.4) 7.4 (8.2-6.5) 7.1(8.8-6.4) 7.1 (8.4-6.7) 7.7 (8.4-6.2)

Samples with Ct >35 were given a ACt value of 16 for genes from the PCR array and 9 for genes from the real-time PCR assays (CCL22).
Statistically significant differences in gene expression between allergic and non-allergic women are indicated in bold.y = Excluded due to
suspected primer-dimer formation. CBMC = cord blood mononuclear cells, Ct = threshold cycle, PBMC = peripheral blood mononuclear cells
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Appendix III. Gene expression (ACt, median, range) of six T-cell associated genes in placenta, PBMCs
at gw 39 and CBMCs normalized using CD3¢ in allergic and non-allergic mothers

Gene Allergic Non-allergic Allergic Non-allergic Allergic Non-allergic
symbol Placenta Placenta PBMC PBMC CBMC CBMC
Tbx21 0.5 (16--0.6) 052.4--09) 224.2-2) 2.8(3.4-1.2) 2.6 (3.9-0.7) 2.4 (4.5-0.9)
GATA3  -48(-4--6.7) -4.5(-1--5.5) 6.1(7.3-5.4) 6.1 (6.7-5.7) 5.6 (7.5-3.3) 5.3(6.9-3.5)
Foxp3 16 (16-0.4) 2.8 (16-0.9) 8.2(9.8-6.9) 7.7 (8.8-7.2) 7.3 (9.2-6.6) 7.9 (16-7.2)
RORC 2.7 (16-0.7) 3.3 (16-1) 6.9 (8.7-6) 6.7 (7.9-6.2) 8.8(9.7-6.3) 8.9 (16-6.9)
IFN-y 16 (16-1.4) 16 (16--1.1) 6 (7.8-4.9) 6.4 (7.7-5.4) 5.3 (6.5-3.8) 6 (6.6-3.1)
IL-5 0.5 (1--0.7) 1.1 (3.9--0.9) 9.9 (16-9.1) 9.9 (16-8.1) 13.3 (16-8.7) 16 (16-8.7)

Samples with Ct >35 were given a ACt value of 16. CBMC = cord blood mononuclear cells, Ct = threshold cycle, PBMC = peripheral blood

mononuclear cells
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Table I. Diagnosis and SPT reactivity at 2 and 6/8 years of age in the 14 children

developing allergy and allergic sensitization

Children Diagnosis and SPT 2 years

Diagnosis and SPT 6 or 8 years

1

ARC, SPT+ birch, timothy

2 AD, SPT+ egg, milk AB, FA,U

3 AD, AB, FA, U, SPT+ egg AD, AB, FA, SPT+ egg, timothy, dog
4 FA, SPT+ egg SPT+ egg

5 AD, SPT+ egg, milk ARC, SPT+ birch, timothy, dog, cat, horse
6  AD, AB, FA, SPT+ egg AD, AB, FA, SPT+ egg

7 AD, FA, ARC, SPT+ birch

8 AD, FA, SPT+ egg, milk ARC, SPT+ timothy, cat, horse

9 AD, AB, FA, SPT+ egg, wheat No follow up

10 AD, SPT+ egg, cat ARC, U, SPT+ dog

11 AB, FA, SPT+ egg, cat AB, ARC, SPT+ timothy

12 FA, SPT+ egg, milk ARC, SPT+ birch

13 FA, SPT+ egg AD, SPT+ cat

14 AD, SPT+ egg AD, AB, ARC, U, SPT+ mugwort, dog

The clinical examinations were performed at 6 years for the children in the upper half of the

table (number 1-6) and at 8 years of age for the children in the lower half, (number 7-14).

All children with positive SPT were also sensitized according to the presence of allergen

specific IgE antibodies in the circulation. Definition of abbreviations: AD = atopic dermatitis,

AB = asthma bronchiale, ARC = allergic rhinoconjunctivitis, U = urticaria, FA = Food

Allergy, SPT = skin prick test.
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Table II. Gene expression analysis of 40 genes in placenta, PBMCs at gw 39 and CBMCs

Gene Pos* Pos* Pos*
symbol Refseq # Description Placenta PBMC CBMC
Thl-associated genes

IFN-y NM 000619 Interferon-y 6/16 16/16 15/15
CXCL9 NM 002416  Chemokine (C-X-C motif) ligand 9 15/16 16/16 9/15
CXCL10 NM 001565 Chemokine (C-X-C motif) ligand 10 16/16 16/16 10/15
CXCL11 NM 005409 Chemokine (C-X-C motif) ligand 11 15/16 16/16 1/15
CXCR3 NM_001504 Chemokine (C-X-C motif) receptor 3 \ 16/16 15/15
Tbx21 NM 013351  T-box expressed in T-cells 15/16 16/16 15/15
STAT1 NM 007315  Signal transducer and activator of transcription 1 16/16 16/16 15/15
STAT4 NM 003151  Signal transducer and activator of transcription 4 16/16 16/16 15/15
Th2-associated genes

IL-4 NM 000589 Interleukin 4 2/16 2/16 0/15
IL-5 NM 000879 Interleukin 5 16/16 13/16 6/15
IL-9 NM 000590 Interleukin 9 2/16 1/16 1/15
IL-13 NM 002188 Interleukin 13 1/16 4/16 11/15
IL-25 NM 022789 Interleukin 25 v \ \
IL-33 NM 033439 Interleukin 33 16/16 0/16 0/15
TSLP NM 033035 Thymic stromal lymphopoietin 10/16 8/16 0/15
CCL11 NM 002986 Chemokine (C-C motif) ligand 11 4/16 0/16 0/15
CCL17 NM 002987  Chemokine (C-C motif) ligand 17 7/16 4/16 4/15
CCL18 NM_002988  Chemokine (C-C motif) ligand 18° 16/16 8/16 8/15
CCL22 NM 002990 Chemokine (C-C motif) ligand 22 1/16 0/15 6/15
CCR4 NM_005508 Chemokine (C-C motif) receptor 4 9/16 16/16 15/15
GATA3 NM 002051 GATA binding protein 3 16/16 16/16 15/15
STAT6 NM 003153  Signal transducer and activator of transcription 6 16/16 16/16 15/15
Treg-associated genes

IL-10 NM_000572  Interleukin 10° 16/16 16/16 15/15
TGFB1 NM_000660  Transforming growth factor-p1? 16/16 16/16 15/15
Smad3 NM 005902 SMAD family member 3¢ v v v
Foxp3 NM 014009  Forkhead box P3* 11/16 16/16 13/15
Th17-associated genes

IL-17A NM 002190 Interleukin 17A 0/16 0/16 0/15
RORC NM 005060 RAR-related orphan receptor C 11/16 16/16 13/15
Immune modulation

Galectinl NM_002305  Lectin, galactoside-binding, soluble, 1° 16/16 16/16 15/15
TREM2 NM 018965  Triggering receptor expressed on myeloid cells 2 16/16 12/16 0/15
PGDS NM 014485 Prostaglandin D2 synthase, hematopoietic ) 7 7
IL-12 family

p35 NM 000882 Interleukin 12A 11/16 16/16 15/15
p40 NM_ 002187 Interleukin 12B 14/16 10/16 6/15
p28 NM_ 145659 Interleukin 27 7 7 U
EBI3 NM_005755  Epstein-Barr virus induced 3¢ 16/16 4/16 0/15
Activation/Suppression

ICOS NM 012092  Inducible T-cell co-stimulator 1/16 16/16 15/15
GITR NM_004195  Glucocorticoid-induced TNF receptor-related protein ~ 16/16 16/16 15/15
LAG3 NM 002286 Lymphocyte-activation gene 3 11/16 16/16 10/15
IDO1 NM 002164  Indoleamine 2,3-dioxygenase 1* 16/16 16/16 0/16
CTLA4 NM_005214  Cytotoxic T-lymphocyte-associated protein 4° 12/16 16/16 15/15

* = Ct < 35, *=mostly associated with anti-inflammatory functions, y = This gene was excluded due to suspected
primer-dimer formation. CCL22 was quantified using a TagMan® Gene Expression assay. CBMC = cord blood

mononuclear cells, PBMC = peripheral blood mononuclear cells. Seventeen placenta samples were originally
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included, but one sample was excluded later on due to low RNA concentration. Fourteen CBMC samples with paired
placental and/or maternal PBMC samples and one CBMC sample without paired placenta and maternal PBMC
sample were included.
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Table III. Correlations between mRNA expression in placenta, PBMC and CBMC

Placenta Placenta Rho
STAT1 CXCL10 0.91
STAT1 CXCL11 0.88
Tbx21 CXCL10 0.79
CXCL9 CXCL10 0.79
CXCL9 CXCL11 0.77
CXCL10 CXCL11 0.91
IL-10 Galectinl 0.78
IL-33 Galectinl 0.78
IDO1 Galectinl 0.80
EBI3 IL-33 -0.86
PBMC PBMC Rho
CCL18 CXCL10 0.85
Foxp3 GATA3 0.83
TGFp1 RORC 0.82
Placenta CBMC Rho
p35 Thbx21 -0.88
PBMC CBMC Rho
IL-5 Galectinl 091

Only correlations with p < 0.001 are reported. No significant correlations were observed for
mRNA expression in CBMCs or between placenta and PBMCs when using this strict

criterion for strong relationships.
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Figure legends

Figure 1. PCR arrays were used to quantify 40 selected immune-associated genes, and
additional real-time PCR to quantify CCL22 expression in PBMCs from gw 39, placentas and
CBMC:s from 7 allergic and 12 non-allergic mothers and their children. Four of the 19
children developed, while 7 children did not develop allergy during childhood. Ten CBMC
samples from allergic and 6 from non-allergic children were added to allow assessment of
gene expression of 5 selected genes (CCL22, Tbx21, GATA3, Foxp3, RORC) in relation to
future allergy development. The number of available PBMC (left), placenta (right) and
CBMC samples are presented in parenthesis.

Figure 2. The gene expression pattern in placenta was deviated towards a Th2-
associated/anti-inflammatory profile, as compared with gene expression in the maternal
circulation. Expression of A, GATA3 B, IL-5 C, IL-33 D, IL-10 E, CCL18 F, EBI3 G, IDO1
H, TREM2 and I, p40 genes were increased in placenta as compared to PBMCs. Wilcoxon
signed rank test was used for comparisons of paired samples. ** = p<0.01.

Figure 3. mRNA expression of CCL22 in CBMCs from allergic (n=13) and non-allergic
(n=11) children. Mann-Whitney U-test was used for comparison between the groups.

Medians are shown as black lines. * = p<0.05.
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