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Summary

Background CD14, a myeloid cell marker and LPS receptor has been acclaimed to play a role in
development and manifestation of atopic allergy, as the gene encoding CD14 is located in a
chromosomal region linked to total IgE levels and atopic disease.

Objective To investigate the levels of soluble (s) and membrane bound (m) CD14 in cord blood and
at 2 years of age from children with atopic or non-atopic mothers and relate these parameters to
atopy development at 2 years of age.

Methods Blood samples were collected at delivery (cord blood) and at 2 years of age among infants
with atopic (n=41) and non-atopic (n=32) mothers. Blood samples were also obtained from
mothers at the same occasions. Levels of sCD14 and total IgE were measured in plasma, and
percentages of CD14" cells were measured in cord and peripheral blood mononuclear cells.
Results  We observed significant differences in sCD14 levels in cord blood, where children with
atopic mothers had the highest levels. The same pattern could be observed in the mothers at delivery.
At 2 years of age no significant differences in sCD14 levels were observed between children with
atopic mothers and children with non-atopic mothers and no association between sCD14 and atopic
disease was found. Further, we observed large differences in sCD14 and mCD14 with respect to age,
where newborns displayed a higher frequency of CD14™ cells compared with the 2-year-olds and the
mothers. The reverse was observed for sCD14, with significantly lower values in cord blood than
those seen in the 2-year-olds and mothers.

Conclusion Based on our findings, we suggest that CD14 could be involved in the regulation of IgE
production, but that it might also be important for the maturation and development of the neonatal

immune system.
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Introduction

CD14 is a 55-kDa glycosylphosphatidylinositol-linked glyco-
protein expressed on the surface of cells of myeloid origin,
preferentially monocytes and macrophages, and found in
plasma in its soluble form (sCD14) [1]. CD14 serves as a pattern
recognition receptor (PRR), which identifies pathogen, associ-
ated molecular patterns (PAMPs) [2], e.g. LPS/endotoxin from
the outer membrane of gram-negative bacteria [3], lipoteichoic
acids from gram-positive bacteria and mycobacterial glycoli-
pids [4]. Due to the lack of an intracellular signalling domain,
CD14 has to come in contact with other molecules for acti-
vation to occur. One of the most important molecules for
CD14-mediated cellular responses following LPS activation
is the Toll-like receptor (TLR) 4 [5, 6]. The binding of CD14
to TLR4 results in release of cytokines, preferentially of the
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proinflammatory type, such as IL-6, IL-8, IL-12 and TNF-a
[7,8]. The gene encoding CD14 is located in the chromosomal
region 5q31-33, a region that has been linked to total IgE levels
as well as atopic disease [9, 10]. Different isoforms of sCD14
exist, generated through different pathways [11, 12]. In healthy
individuals sCD14 is present in plasma at a concentration of
approximately 2 pg/mL [13]. Importantly, cells that lack mem-
brane bound (m) CD14 become responsive to PAMPS in the
presence of sCD14 [8, 14]. In addition to serving as an LPS
receptor, sCD14 has been shown to regulate the activation
and function of B cells [15] and activated T cells [16]. Further-
more, high concentrations of sCD14 have been detected in
breast milk [17, 18], and CD14 has also been implicated as a
receptor for apoptotic cells [19]. Thus, the CDI14 molecule
might be involved in immune regulation, and control levels
and/or type of immune responses elicited.

The hygiene hypothesis is by many thought to explain the
increase in allergic disease seen during the last decades [20, 21].
Several studies have shown that children growing up on farms
with livestock are less allergic than other children [22-24]. Fur-
ther, endotoxin levels in house dust have been correlated to less
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allergen sensitization in children [25, 26]. Thus, LPS might be
involved in protection towards allergic sensitization, possibly
through mechanisms that activate Thl and/or suppress Th2
type of immune responses.

An inverse association between plasma levels of sCD14 and
total IgE has been observed in atopic individuals [27, 28]. It was
demonstrated that a polymorphism in the promoter region of
the CD14 gene (C to T at position — 159), was associated with
higher levels of sCD14 and lower levels of IgE. This might
suggest a role for the CD14 molecule in manifestation of allergic
disease, but so far little is known about the importance of CD14
for the development of atopic disease early in life. To gain
insight into this, we investigated the relationship between sol-
uble and membrane bound CD14 in children with atopic or
non-atopic mothers as well as atopic disease at 2 years of age.
Our results indicate that low sCD14 levels are not a good
predictor for development of atopic disease at an early age.
Neonates with atopic mothers have increased levels of sCD14
in plasma compared with neonates with non-atopic mothers.
The sCD14 levels in CB were also well correlated with the
mothers. However, at 2 years of age, sCD14 could not be
associated with either having an atopic mother or atopic disease
in the child. Interestingly, both sCD14 and mCD14 varied with
age, suggesting a role for CD14 in the development and matur-
ation of the immune system.

Materials and methods

Study subjects and diagnosis of atopy

Pregnant women were recruited from maternity wards in Stock-
holm, Sweden. Based on their clinical history (allergic bronchial
asthma and/or allergic rhinoconjunctivitis towards animal
dander and/or towards pollen) together with skin prick test
(SPT) results, they were divided into two groups, atopic
mothers (n=41) or non-atopic mothers (n =32, Table 1). SPT
was performed according to the manufacturer’s instructions
(ALK, Copenhagen, Denmark). A panel of representative in-
halation allergens (cat, dog, horse, rabbit, birch, timothy grass,
mugwort, Dermatophagoides pteronyssinus, Dermatophagodes
farinae, Cladosporium herbarum and Alternaria) was used to
test the mothers. The children (41 with atopic mothers and 32
with non-atopic mothers) were SPT tested against the same
inhalant allergens as their mothers except for Dermatophagoides
pteronyssinus and the following food allergens: milk (3% fat,
standard milk), egg (weight/volume 1/100), peanut (1/20) and
soy (Sojasemp, Semper AB, Stockholm, Sweden). Histamine

(10mg/mL) served as a positive reference and the allergen dilu-
ent was used as the negative control. The SPT was regarded as
positive if the weal reaction was greater than or equal to 3 mm in
diameter after 15min. Only those mothers among whom a
positive or a negative SPT confirmed the clinical history were
invited to participate in the study. All pregnancies were term
pregnancies (> 37 weeks) and there were no differences in age of
the mothers in the two groups (Table 1). The fathers were also
SPT tested; none of the fathers of children with non-atopic
mothers were atopic, and in the group of children with atopic
mothers the fathers were either atopic (n=19) or non-atopic
(n=22). Approval from the ethics committee in Stockholm,
Sweden has been granted. All families gave their informed
consent to the study.

Clinical evaluation in children

The children were followed prospectively from birth to 2 years
of age and were clinically evaluated by one and the same paedi-
atrician. The presence of allergic diseases was defined in each
child. The following definitions of the various allergic diseases
were used:

e Atopic eczema dermatitis syndrome (AEDS) was defined
according to Hanifin and Rajka [29].

Probable asthma was defined as three or more episodes of
wheezing, or any episode of wheezing if combined with a
family history of allergic disease or other allergic symptoms
in the child [30].

Allergic rhino-conjunctivitis was diagnosed if rhinitis and/or
conjunctivitis appeared at least twice after exposure to a
particular allergen and were unrelated to infection.

Food allergy/acute urticaria were diagnosed as acute onset of
symptoms as skin reactions, wheezing, vomiting or diarrhoea
on more than one occasion after ingestion or contact with a
particular food or allergen.

Allergic classification

The child was classified as atopic if clinical symptoms were
combined with one or more positive SPT (= 3 mm).

Collection of plasma samples and separation of CBMC and
PBMC

Cord blood (CB) samples were aspirated from the umbilical
cord vein into heparinized Vacutainer tubes after careful wiping
of the cord with alcohol. Plasma was obtained by centrifugation
and stored at —20°C until analysed. The APT test [31] was
performed to rule out contamination of CB with maternal
blood. Cord blood mononuclear cells (CBMC) were isolated

Table 1. Demographic data of atopic and nonatopic mothers and their children

Maternal age Total IgET Mode of delivery Total IgE Total IgE}
Cases at delivery mother Gestation (vaginal/ Boy/girl Birth weight CB 2-year-olds
Group* (n) (years) (kU/L) (weeks) Caesarian) (n) (9) (kU/L) (kU/L)
Atopic 41 30 110 40 33/8 14/27 3600 0.3 23.1
mothers (22-38)§ (2.5-1312)§ (37-43)§ (2455-4800)§ (0.1-16.4)§ (2-880)§
Non-atopic 32 32 12.7 40 28/4 17/15 3645 0.1 8.7
mothers (23-40) (2—229) (38-43) (3300-4290) (0.1-3.6) (2.3-108)

*The diagnosis of atopy was based on positive Phadiatop (Pharmacia CAP System FEIA; Pharmacia & Upjohn Diagnostics AB) and positive skin prick
test together with clinical symptoms. fPlasma samples taken at delivery. {Twenty-two children with maternal atopic heredity and 21 with no maternal

atopic heredity. §Median (range).
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by Ficoll-Paque (Pharmacia-Upjohn, Stockholm, Sweden) gra-
dient centrifugation performed twice [32]. Since peripheral
blood leucocytes are activated in pregnant women with an in-
creased expression of mCD14 [33], the peripheral blood mono-
nuclear cells (PBMC) were obtained from the mothers when they
were non-pregnant (2 years after delivery). PBMC and plasma
from the mothers (at delivery and after 2 years) and the 2-year-
olds were collected as for the CB, except that the Ficoll-Paque
centrifugation was performed only once. The CBMC or PBMC
were diluted to 107 cellsymL in tissue-culture media
(TCM =RPMI 1640-Hepes supplemented with Gentamicin
(25 pg/mL), L-glutamine (2 mm) and 10% heat-inactivated fetal
calf plasma, all from Life Technologies, Glasgow, UK) contain-
ing 10% dimethyl sulphoxide (Sigma, Stockholm, Sweden).
Isolated cells were frozen gradually 1°C/minute to —70°C in
a freezing container (Nalgene Cryo 1 °C, Nalge Company, Ro-
chester, NY, USA) and thereafter stored in liquid nitrogen.
There were no differences in time between sampling and freez-
ing of the isolated CBMC or PBMC among the two groups.

Determination of total plasma IgE levels

Maternal (taken at the time of delivery) and 2-year-olds’ plasma
samples were analysed for total IgE levels with the Pharmacia
CAP System IgE FEIA (detection limit 2kU/L, Pharmacia
Diagnostics AB, Uppsala, Sweden). Total IgE levels in cord
blood plasma were detected by an ultra-sensitive CAP-FEIA
(detection limit 0.1 kU/L), modified by an extended standard
curve but otherwise in accordance with the recommendation of
the manufacturer (Pharmacia Diagnostics AB).

Soluble CD14 ELISA

sCD14 levels were determined in maternal plasma samples
taken at the time of delivery (atopic n =41, non-atopic n = 32)
and after 2 years (atopic n =36, non-atopic n =31, the women
who were pregnant again at that occasion were not included), in
cord blood (children with atopic mothers n =41, children with
non-atopic mothers n=32) samples and in plasma from the
children at 2 years of age (children with atopic mothers n =22,
children with non-atopic mothers n =21; only children who at
the beginning of the study had become 2 years of age were
included), using the sandwich enzyme linked immunoassay
technique (ELISA, R&D Systems, Abingdon, UK). The
ELISAs were performed according to the manufacturer’s in-
structions. Briefly, the plasma samples and a standard were
diluted and added to the microtitre wells pre-coated with a
murine monoclonal antibody specific for sCDI14. All the
samples were run in duplicates and incubated for 3 hours,
followed by washings to remove unbound material. Thereafter,
a polyclonal anti-CD14 antibody, conjugated with horseradish
peroxidase, was added for 1 hour. After washing, the substrate
solution was added and the development was stopped after
30 min with sulphuric acid. The optical density was determined
using a microplate reader (SLT-Labinstruments, Salzburg,
Austria) set at 450 nm, and the detection limit was 0.13 ng/mL.

Flow cytometry

Analysis of mCD14 was performed on a part of the study group
as a sufficient amount of cells was not available from all chil-
dren. Maternal PBMC taken 2 years after delivery (atopic
mothers n= 14, non-atopic mothers n=9), and PBMC from
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their children at birth and at 2 years of age were analysed by flow
cytometry. After thawing the cells in TCM containing 20% FCS,
CBMC or PBMC were washed two times in phosphate buffered
saline (PBS) supplemented with 0.02% NaN3, and thereafter
incubated for 15 min at 4 °C with human plasma (diluted 5x) to
block Fc receptors (at a total number of 0.5 x 10° cells). Staining
was performed for 30 min, 4 °C, using a titrated amount of mAb
diluted in PBS in a total volume of 50 uL.. PE-conjugated anti-
human CD14 mouse I1gG,, kappa (M5E2, PharMingen, San
Diego, USA) was used to detect mCD14 and PE-conjugated
mouse IgG,, kappa (DAK-GOS5, Dako A/S, Glostrup,
Denmark) was used as a negative isotype control. After wash-
ing, 10000 cells/sample were analysed using a FACScan flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and
CellQuest software (Becton Dickinson). Gating was performed
on the living mononuclear cell population of CBMC or PBMC
based on the forward and side scatter properties.

Statistical analysis

The Mann-Whitney U-test was used to test for differences
between groups. Differences between paired samples of neo-
nates (CB) and 2-year-olds, as well as between mothers and
neonates, were tested with Wilcoxon matched pairs test. For
correlation tests, the Spearman rank correlation coefficient (rs)
was calculated. The difference was considered significant if
P <0.05.

Results

Analysis of IgE levels in plasma

Total plasma IgE levels differed significantly between atopic
and non-atopic mothers (P <0.001, Table 1) and in cord
blood from their children (P <0.01). At 2 years of age no
differences in total plasma IgE between children with atopic
mothers and children with non-atopic mothers could be seen,
although the IgE levels in the 2-year-olds were increased com-
pared with the cord blood levels (Table 1). Significant correl-
ations were observed between maternal total plasma IgE and
cord blood IgE in the group with children having atopic
mothers (r,=0.6, P <0.001). No significant correlations were
found between the mothers and 2-year-olds in either of the
groups (not shown).

sCD14 in relation to age in children with atopic or non-
atopic mothers

To investigate how sCD14 is related to atopy, sCD14 levels in
cord blood from 73 neonates and their mothers were measured.
CB plasma from children with atopic mothers displayed signifi-
cantly higher levels of sCD14 (n =41, median 720 ng/mL) than
CB from children with non-atopic mothers (n =32, median
590ng/mL) (P <0.001, Fig. 1a). In plasma from 43 of these
children (children with atopic mothers n=22, children with
non-atopic mothers n =21) sCD14 levels were measured at the
age of 2 years. At this time point, the sCD14 levels had in-
creased, but in contrast to results with cord blood no significant
difference between children with atopic mothers (median
1590 ng/mL) and children with non-atopic mothers (median
1650 ng/mL) could be observed (Fig. l1a). In plasma samples
from the mothers taken at the time of delivery, the atopic
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mothers had higher sCD14 levels (median 1820 ng/mL) than the
non-atopic mothers (median 1310 ng/mL) (P < 0.001 Fig. 1b).
Two years after delivery (when the women were non-pregnant),
the sCD14 levels were significantly lower (P < 0.001) than levels
during pregnancy in the atopic mothers (median 1380 ng/mL),
while the levels in non-atopic mothers (median 1420 ng/mL)
were approximately the same during and after pregnancy
(Fig. 1b). When we compared the sCD14 levels in cord blood
with sCD14 levels in maternal plasma, a correlation was found
in the group with atopic mothers (r;=0.7, P <0.001, Fig. 2a);
however, this correlation could only be observed between

2 years after delivery

extend out to non-outlier max and non-outlier
min. °= Outliers. ***P < 0.001. Note the
different scales on the y-axes.

sCD14 levels in maternal plasma samples taken at the time of
delivery and CB sCD14 levels. Interestingly, we observed a
positive correlation between sCD14 and IgE in maternal plasma
taken at delivery (r;=0.5, P<0.001) if the atopic and non-
atopic mothers were pooled together (n = 73) (Fig. 2b).

sCD14 in relation to development of atopic disease at
2 years of age

Forty-three children were followed to 2 years of age regarding
atopy development. Positive SPT together with atopic
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symptoms ( probable asthma and/or AEDS) were significantly
higher in the group of children with atopic mothers (8 out of 22)
compared with the group with non-atopic mothers (2 out of 21)
(P<0.05, Table 2).

To investigate whether sCD14 plasma levels were associated
with atopic disease at 2 years of age we grouped the children
according to SPT result and atopic symptoms independent of
whether the mother was atopic or non-atopic. Children with
positive SPT together with atopic symptoms (probable asthma
and/or AEDS) (n=10) were compared with SPT negative chil-
dren with no symptoms of atopic disease (n=17). No associ-
ation between sCD14 and development of atopic disease at 2
years of age could be seen (Fig. 3).

Log IgE levels in mothers (n=73)

Membrane CD14 expression in relation to age in children
with atopic or non-atopic mothers

Cytofluorometric analyses were conducted to compare the pro-
portion of CD147 cells in CBMC and PBMC in 2-year-olds and
their mothers. The data revealed a significantly higher propor-
tion of CD14™ cells in the CBMC (median 16%, Fig. 4a) com-
pared with PBMC from the 2-year-olds (median 7%, P < 0.001,
Fig. 4a) and their corresponding mothers (median 8%, P < 0.05,
Fig. 4a). Comparisons between the 2-year-olds and their
mothers showed a significantly lower proportion of CD14"
cells in the children (P <0.01). Percentages of CD14" cells
were significantly correlated between the mothers and the 2-
year-olds (r;=0.5, P<0.01, Fig. 4b). No correlations were
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Table 2. Development of atopic disease at 2 years of age

SPT+f and SPT without SPT* or
Cases allergic symptomsi allergic symptoms allergic symptoms
Group® (n) (n) (n) (n)
Children with 22 8 5 9
atopic mothers
Children with 21 2 12 7

non-atopic mothers

*The diagnosis of atopy was based on positive skin prick test together with clinical symptoms. tMilk, egg, peanut, soy or cat.

IAEDS, asthma or both AEDS and asthma.
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1000 | Fig. 3. sCD14 levels in relation to
development of atopic disease at 2 years of
800 age. Ten children were SPT positive and had
atopic symptoms, while 17 children were
600 | @ non-atopic (SPT negative, without atopic
o symptoms) at the age of 2 years. sCD14 levels
400 were measured with ELISA (R & D systems) as
described in ‘Materials and methods’. CB,
200 . . white boxes; 2-year olds, grey boxes.
n=10 n=10 n=17 n=17 °=outliers. The extreme outliers are not

SPT*with atopic symptoms

observed between CBMC and 2-year-olds or between CBMC
and the mothers (data not shown).

As shown in Fig. 5, no significant differences in the percent-
age of CD147" cells between the groups were observed in cord
blood, 2-year-olds or in the mothers. We could neither detect a
difference in mean fluorescence intensity of CD14 in children
with atopic mothers compared with children with non-atopic
mothers (not shown). Further, no association between percent-
age of CD14™" cells and development of atopic disease at the age
of 2 could be observed (data not shown).

Discussion

In this study we investigated the levels of sCD14 and mCD14 in
cord blood and at 2 years of age from children with atopic or
non-atopic mothers and related these parameters with maternal
atopic disease and atopy development at 2 years of age. We
made the observation that neonates with atopic mothers had
higher sCD14 levels compared with neonates with non-atopic
mothers. The same was true for their mothers, but only in
samples taken at the time of delivery, where the atopic mothers

SPT-without atopic symptoms

shown. For explanation of the box-plot model
see the legend to Fig. 1.

had significantly higher sCD14 levels. However, at 2 years of
age no significant difference in sCD14 plasma levels was ob-
served between children with atopic or non-atopic mothers, and
no correlation between sCD14 and plasma IgE or association
with atopic disease could be seen.

Earlier studies have shown a linkage between serum IgE levels
and the chromosomal region in which CD14 is located [27, 28],
with IgE and sCD14 being inversely correlated. Interestingly, a
positive correlation between total IgE levels and sCD14 was
seen in our study when the children with atopic mothers and
children with non-atopic mothers were grouped together, both
in cord blood and in their mothers. The discrepancies between
our results and those by Baldini et al. and Vercelli et al. [27, 28]
could be due to the fact that the studies are performed on
different populations and that the children in these other studies
are older (from 11 years) than the children in our study. Fur-
ther, Baldini et al. [27] observed higher sCD14 and lower IgE
levels in TT homozygotes compared with carriers of both the
CC and CT genotypes. However, this difference was only ob-
served in children SPT-positive for local aeroallergens. Our
study population was not evaluated for this polymorphism
and our 2-year-old children were found to be allergic primarily
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against food allergens. Further, our results regarding sCD14 at
2 years of age are in agreement with other findings in a recent
study by Jones et al. [18].

We also observed a significant correlation between sCD14
levels in CB and maternal blood at the time of delivery. This
correlation could be due to passage over the placenta, either of
sCD14 itself, or of factors involved in the regulation of sCD14,
although this needs to be experimentally demonstrated. No
correlation could be observed between CB sCD14 levels and
sCD14 levels in maternal plasma from mothers when they were
not pregnant; this further supports the theory of either a pas-
sage of sCD14 or regulatory factors involved over the placenta.
The absence of this correlation in the group with non-atopic
mothers could be explained by the fact that the non-atopic

%CD14+PBMC of 2-year-olds (n=23)

mothers had significantly lower levels of sCDI14 in plasma
compared with the atopic mothers.

Notably, the relatively high sCD14 levels in plasma from
atopic mothers decreased significantly out of pregnancy,
while the levels in non-atopic mothers were similar at delivery
and after pregnancy. Previous studies have shown that the
maternal immune system is activated during the third trimester
[33]. This could explain why the sCD14 levels were significantly
elevated in the atopic mothers during pregnancy, but not
why the same pregnancy-related effect was not observed in
non-atopic women. There was no difference in infection
frequency between atopic and non-atopic women, making
infections an unlikely explanation for these findings. However,
we could speculate that the elevated sCD14 levels seen during
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Ch|IQren with Atopic Ch||dr<.en with non-  Non-atopic explanation of the box-plot model see the
atopic mothers mothers atopic mothers mothers legend to Fig. 1.

pregnancy in atopic women could be due to activation of the
immune system due to their atopic disease.

In contrast to previous findings [34] the group of children
with atopic mothers gave birth to a higher percentage of girls
compared with the group with non-atopic mothers. This is pure
coincidence and should not interfere with the results as no
difference in sCD14 levels could be observed between males
and females either in CB, at 2 years or in adults (our unpub-
lished observation).

Age-related differences are known to exist for many mol-
ecules involved in immune responses [35]. We showed that
plasma levels of sCD14 were significantly lower in neonates
compared with the 2-year-olds and the mothers. In contrast
to our findings for sCD14, significantly higher percentages
of CDI14% cells were found in CBMC than in the PBMC
from 2-year-olds and mothers. The high percentage of CD14™"
cells further suggests that factors involved in the regulation
of sCDI14 are suppressed or not yet produced in sufficient
amounts in the infant, and would be in agreement with the
low sCD14 levels observed in the CB plasma. Both IL-4 and
IL-13 [36] have been shown to down-regulate sCD14 at the
transcriptional level. If the general dogma of a Th2-skewed
fetus holds true [37], these findings would correspond well
with our observed low CB sCD14 levels. Percentages of circu-
lating CD14" cells were significantly correlated between
mothers and 2-year-olds, suggesting a strong maternal in-
fluence, possibly genetic, on the cellular distribution in the
peripheral blood of the child. There were no differences in
percentage of CD147 cells between the groups irrespective of
the child’s atopic status and if the mother was atopic or not,
suggesting that the significantly higher proportion of CD14"
cells in the CBMC might be a developmental phenomenon or be
caused by labour-associated activation of the fetal immune
system [38].

Despite the low levels of sCD14, which were observed in CB,
the child will encounter very high levels of sCD14 through
breast milk [14, 17, 18]. The function of this is not known, but
might involve regulation of the early gastro-intestinal coloniza-
tion, suggested to play a role in the generation of the atopic
phenotype [39]. Further, this sCD14 could be of importance in
the early development of the immune system, serving to activate
B[15]and/or T cells [16]. In a recent study by Jones et al. it was
shown that reduced sCD14 in amniotic fluid and breast milk are
associated with development of atopy and eczema in children
[18].

Taken together, our results highlight the complex interplay
between the innate and the adaptive immune response. CD14
might have a role in the regulation of IgE production, but we
suggest that CD14 is also important for the maturation and
initial development of the immune system.
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