YCLIM-06732; No. of pages: 9; 4C:

Clinical Immunology (2010) xx, XXX—XXX

available at www.sciencedirect.com

o u Clinical
Clinical Immunology $lmmunolosv
Society

www.elsevier.com/locate/yclim

Altered cytokine production by dendritic cells from
infants with atopic dermatitis

Weiguo Yao®'®, JiHoon Chang®, Sarita Sehra®®, Jeffrey B. Travers™ <,
Cheong-Hee Chang®, Robert S. Tepper®:®, Mark H. Kaplan®-P-9-*

@ Department of Pediatrics, Indiana University School of Medicine, Indianapolis, IN 46202, USA

® Herman B Wells Center for Pediatric Research, Indiana University School of Medicine, Indianapolis, IN 46202, USA
¢ Department of Dermatology, Indiana University School of Medicine, Indianapolis, IN 46202, USA

4 Department of Microbiology and Immunology, Indiana University School of Medicine, Indianapolis, IN 46202, USA
¢ Department of Microbiology and Immunology, University of Michigan, Ann Arbor, MI, USA

Received 1 July 2010; accepted with revision 2 September 2010

KEYWORDS Abstract Dendritic cells (DC) are potent initiators of immune responses, compared to other
Atopy; professional antigen-presenting cells, based on their ability to capture antigen, express high
Dendritic cells; amounts of MHC and co-stimulatory molecules, and to secrete immunostimulatory cytokines.
Cytokines; Altered functions of DC in atopic individuals have been observed, though it is not clear if this is a
Infant

cause or a result of the development of allergic disease. In this report we demonstrate altered
cytokine production by DC isolated from infants with atopic dermatitis but without a diagnosis of
asthma, compared to infants with non-atopic dermatitis. Increased production of IL-6, IL-10 and
IFNa from DC isolated from atopic infants is less apparent when DC from infants were examined
1year later. An increase in the same cytokines was observed in neonatal mice that are
genetically predisposed towards allergic inflammation. These results suggest that an atopic
environment promotes altered cytokine production by DC from infants.

© 2010 Elsevier Inc. All rights reserved.

responsible for initiating the development of allergic responses
are still not clear. Recent work has supported an important role
for basophils as antigen presenting cells in initiating allergic
inflammation [4]. However, it is well established that dendritic
cells (DC) also contribute to the development of allergic
inflammation [5-7]. DC capture allergen in target organs and
activate T cells to initiate the immune response, and can largely
be divided in two populations, myeloid or conventional DC (cDC)

1. Introduction

The link between atopic immune responses (high serum IgE,
allergen-specific IgE, production of Th2 cytokines such as IL-4
and IL-13) and the development of asthma is clear and has been
extensively evaluated in the literature [1-3]. However, the cells
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and lymphoid or plasmacytoid DC (pDC). While cDC predominate
as a percentage in adult blood, pDC predominate in cord blood
[8], suggesting that there are age-dependent changes in DC
homeostasis.
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Previous studies have examined DC numbers and function
in atopic patients. No differences were observed in cDC or
pDC numbers in cord blood from infants with high or low risk
of atopy [9], but pDC numbers were decreased in asthmatic
children or in children that had previous respiratory syncytial
virus infection [9,10] and numbers of pDC are inversely
correlated with the development of subsequent wheezing
and asthma [11]. Atopic children did have lower numbers of
cDC than non-atopic children, although these differences
were not significant when corrected for age, race, skin prick
test positivity and environmental factors [10]. Functionally,
pDC in atopic children or adults produce less IFN« in response
to virus infection than healthy controls [12,13]. Moreover,
TLR9 agonist-stimulated IFNa production is decreased from
adult allergic patients, compared to controls, though decreases
were not associated with changes in pDC numbers or in TLR9
expression [14]. Adults with atopic dermatitis had cDC that
produced lower IL-12 and pDC that produced lower IFN« than
DC from healthy controls [15]. Together these data suggest that
atopic individuals may have decreased pDC following the onset
of atopic disease, and that both ¢cDC and pDC may have
decreased production of cytokines such as IL-12 and IFN« that
promote Th1 development and anti-viral immunity.

Importantly, previous studies have examined children
6 years of age or older, following a diagnosis of asthma, and
no studies have examined the function of DC in infants pre-
disposed to atopic disease. This may be important since there
are age-related changes in DC numbers and function [8]. In a
population of infants with atopic or non-atopic dermatitis, we
have shown that increasing percentages of cDC are associated
with a protective effect from the development of wheezing
episodes in subsequent years [16]. In this report we have
examined DC function in infants upon entry into the study and
1 year later. We demonstrate higher numbers of pDC than cDC
in peripheral blood, similar to previous observations with cord
blood. DC numbers were not significantly different between
atopic and non-atopic infants upon initial evaluation. Howev-
er, DC from atopic infants had increased production of several
cytokines. Similar observations were made in cytokine
production from DC from neonatal mice prone to allergic
inflammation, suggesting that an atopic environment initially
alters DC cytokine production.

2. Methods
2.1. Patient samples

The patient population in this study has been described in
detail elsewhere [16,17]. Briefly, infants were enrolled in

the study between the ages of 2 and 19 months when they
presented in the clinic with dermatitis. There were 116
subjects recruited into the study, and 98 remained in the
study at the second visit 1 year later. Table 1 summarizes the
populations studied at the initial and follow-up visit. There
were no significant differences between the atopic and non-
atopic group in sex, gender or age. Total IgE levels were
significantly higher in atopic infants versus non-atopic
infants (p<0.005) at both visits, though there was no
difference in the family history of asthma between atopic
and non-atopic infants. Peripheral blood mononuclear cells
were isolated from blood using Ficoll-paque™ PLUS (GE
Healthcare, Sweden) and collected from infants at both visits
before cryopreservation at 107 cells/ml/vial using Opti-
Freeze DMSO Cryopreservation Medium (Fisher) in liquid
nitrogen for 6 to 12 months. Because of limited sample
volume, only 69 subjects were examined by flow cytometry
at the first visit, and 92 subjects at the second visit. There
were no significant demographic differences between the
total population and the subset used for flow cytometry. Atopy
was defined as positivity for IgE titers above 0.35 IU/ml for at
least one of 10 allergens (egg white, milk, wheat, cat, house
dust mite, timothy grass, Bermuda grass, ragweed, alternaria,
and cedar) as tested by ImmunoCap. All patient studies were
approved by the Indiana University School of Medicine
Institutional Review Board.

2.2. Human DC purification and culture

Dendritic cell subsets were analyzed and purified using
reagents from Miltenyi Biotec. The percentages of blood
dendritic cells was detected using the Human Blood Dendritic
Cell Enumeration Kit to identify cells that are CD19—, CD14—,
and positive for either BDCA-1 (cDC) or BDCA-2 (pDC) using flow
cytometry. To purify cDC and pDC, the CD1c Dendritic Cell
Isolation Kit and CD304 Microbead Kit were used, respectively,
to purify cells that are positive for BDCA-1 antigen positive
(cDC) or BDCA-4/Neuropilin-1 positive (pDC) according to the
manufacturer's instructions (Miltenyi Biotec). The yield of DC
was 1-1.5% of the total PBMC, and purity of DC after selection
was greater than 90%. Total PBMC or purified DC subsets were
stimulated with control or CpG-ODN (1 pM; Invivogen) or poly (1:
C) (50 pg/ml; Invivogen) for 24 h. Amounts of cytokines in cell-
free supernatants were tested using Multiplex bead assay as
described [18]. Each Multiplex reagent is non-crossreactive to
other cytokines and cytokine concentrations across assays were
similar. Sensitivity of the assay was <3 pg/ml for each cytokine,
and there were no samples in which cytokines were not
detected. Statistics were performed using a Student's t test.

Table 1

Initial evaluation 1-year follow-up Initial (dropped-out) Initial (retained) p Value
Number of subjects 116 98 18 98
Age: months (mean+SE) 10.7+0.4 24.2+0.5 9.57+5.0 10.95+4.6 0.252
Gender (% Males) 56/116 (48%) 49/98 (50%) 7/18 (39%) 49/98 (50%) 0.386
Race (% Caucasian) 53/116 (46%) 48/98 (49%) 5/18 (28%) 48/98 (49%) 0.097
Family history—asthma/allergy (% yes) 89/115 (77%) 82/97 (85%) 11/18 (61%) 78/97 (80%) 0.120
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2.3. Stat6VT transgenic mice

The generation of Stat6VT transgenic mice was previously
described [19]. Transgene positive founders (Stat6VT (78)
line), where the human Staté gene with V546 and T547
mutated to alanine is under transcriptional control of the
CD2 locus control region, were backcrossed to C57BL/6 mice
(Harlan Laboratories). Controls for experiments were trans-
gene-negative littermates, or C57BL/6 mice (Harlan). All
mice were maintained in specific pathogen-free conditions
and experiments were approved by the Indiana University
Institutional Animal Care and Use Committee.

2.4. Mouse DC isolation and culture

Flow cytometry was performed using standard protocols with
the antibodies indicated in the figure. Mouse splenic DCs were
isolated by positive selection with anti-CD11c magnetic beads
following manufacturer's instructions (Miltenyi Biotec). Purity
of CD11c+ cells was 65-75%. Isolated splenic DCs were
stimulated with control or CpG-ODN (Invivogen) for 24 h. Cell
free supernatants were collected. IFNa level was detected
using a mouse IFNa ELISA Kit from PBL Biomedical Laborato-
ries. Amounts of IL-6 and IL-10 were determined using ELISA
(reagents from BD Biosciences, San Jose CA).

2.5. Western analysis for transgene expression

Total cell extracts (50 ug) were prepared from the spleen,
thymus and lymph nodes of STAT6VT transgenic mice, and
splenic DCs isolated as described above from WT and STAT6VT
spleen cells. Cells were homogenized in ice-cold lysis buffer
containing 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 2 mM
EDTA, 10% glycerol, 150 mM NaCl, 50 mM Tris (pH 7.4), and
protein inhibitors (1 mM phenylmethanesulphonylfluoride,
aprotinin at 1 mg/ml, and leupeptin at 1 mg/ml). Western
blot analysis was performed as previously described [20] using
specific Abs against FLAG (Sigma-Aldrich, St. Louis, MO) and
GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) as loading
control.

3. Results
3.1. Altered DC subsets in atopic infants

To examine DC subsets in the peripheral blood of infants with
atopic and non-atopic dermatitis, we examined the percentages
of cells that are CD19—, CD14—, and positive for either BDCA-1
(cDC) or BDCA-2 (pDC) using flow cytometry. At an initial visit,
with infants aged 2-19 months, there were no significant
differences between the atopic (n=48) and non-atopic (n=21)
groups in either cDC or pDC (Fig. 1). Consistent with previous
reports there were higher percentages of pDC than cDC [8]. We
then analyzed the same patient group 1year later. The
percentages of pDC were increased, but were not significantly
different between the atopic (n=57) and non-atopic (n=35)
groups (Fig. 1). The percentages of cDC did not increase
significantly in the non-atopic group, but there was a significant
increase of cDC in the atopic group compared to the non-atopic
group (p=0.016) (Fig. 1).

3.2. Altered cytokine production in DC from
atopic infants

We then tested the responses of total PBMCs to TLR ligand
stimulation from a subset of patient samples where there were
sufficient numbers of cells available for further characteriza-
tion. There were no significant differences in demographics or
total serum IgE among subjects used for TLR ligand stimulation
compared to the entire population. PBMCs from non-atopic
(n=7) or atopic (n=13) infants were stimulated with control or
CpG-oligodeoxynucleotides (CpG-ODN), a ligand for the
endosomal TLR9 receptor expressed predominantly by B cells
and pDC [21-24], and cytokine production was assessed using
multiplex reagents. IFNa and IL-10 production was increased
following stimulation with CpG-ODN, and production was
significantly increased in cultures from atopic infants com-
pared to those from non-atopic infants (Fig. 2A). CpG-ODN
induction of IL-6 was modest in cultures from non-atopic
infants, but was significantly induced in cultures from atopic
infants (Fig. 2A). In contrast there were no significant
differences in TNFq, IL-13 or IL-12 production (data not
shown). The significant increases in IFNa and IL-6 were
consistent in cultures from atopic infants at the follow-up
visit 1 year later (Fig. 2B). There were similar trends in IL-10,
although the differences were not significant.

Since multiple cell types can respond to CpG-ODN [21-24],
we then purified DC subsets from PBMCs before stimulation.
Purified ¢cDC demonstrated minimal responses to CpG-ODN
(data not shown) consistent with their lack of TLR9 expres-
sion [21,22,24,25]. To test responses of these cells, we
stimulated cDC from non-atopic (n=8) and atopic (n=9)
infants with poly I:C, a ligand for TLR3, another endosomal
receptor expressed in cDC [21,22,25,26]. At the initial visit,
cDC from atopic infants secreted significantly more IFNa, IL-6
and IL-10 (p<0.05) than cDC from non-atopic infants (Fig. 3A).
At the follow up visit, cDC from atopic infants still secreted
more IFNa and IL-10 (p<0.05) than non-atopic cDC (Fig. 3B).
However, the trend towards increased IL-6 in the cDC cultures
from atopic infants was not significantly different from the
cultures from non-atopic infants (Fig. 3B).

Stimulation of purified pDCs with CpG-ODN demonstrated
similar results. At the initial visit, pDC from atopic infants
(n=9) secreted significantly more IFNa and IL-10 (p<0.05),
although IL-6 was not significantly increased, compared to
non-atopic (n=8) cultures (Fig. 4A). At the follow up visit, only
the increase in IFNa was still significant (Fig. 4B). The pDC
secreted 5- to 10-fold more IFNa than cDC, consistent with the
role of these cells as primary type | IFN producers [27].

3.3. DC function in STAT6VT transgenic mice

Data from the previous experiments suggested that an atopic
environment might alter the cytokine production from DC,
perhaps by affecting TLR signaling. To test if an atopic
environment alters DC cytokine production, we used a model
wherein mice express a constitutively active STAT6 in T cells
but not in dendritic cells (Fig. 5A) [19]. These mice have
increased Th2 development and are predisposed towards the
development of allergic inflammation [19,28,29]. To test if
the development of DC is altered by the expression of active
STAT6 in T cells, we examined the percentages of splenic DC
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Figure 1

Dendritic cells in atopic and non-atopic infants. PBMCs from atopic (n=57) and non-atopic (n=35) infants at initial visit (age range

2-19 months) and 1 year later were examined for the percentages of cDCs (BDCA-1+) or pDCs (BDCA-2+) using flow cytometry. Cells shown are
gated to eliminate CD14+, CD19+ and dead cells. Numbers indicate the mean percentages+SEM of all patients analyzed. *p=0.016.

subsets in wild type and STAT6VT transgenic mice before the
development of any atopic disease. We observed that the
percentages of pDC (B220+, F4/80—, CD11c+) and cDC (B220-,
F4/80—, CD11c+) were similar in spleens from wild type and
STAT6VT transgenic mice (Fig. 5B). Both populations
contained similar percentages of MHC Il+ cells. Thus, the
development of DC subsets is not altered in STAT6VT
transgenic mice.

Since our initial observations were in infants, we examined
DCin STAT6VT transgenic mice 2 weeks after birth, at the time
of weaning (4 weeks) and in adult mice. CD11c+ cells isolated
from 2-week-old STAT6VT transgenic neonates demonstrated
the same pattern of increases in cytokines (IFN«, IL-6, IL-10),
compared to non-transgenic controls (Fig. 6A), that was
observed from infant DC. However, this was not a stable
phenotype since there was no significant difference between
DC from control and STAT6VT transgenic mice at 4 weeks or
28 weeks of age (Fig. 6B and C). Thus, these results suggest
that the presence of a pro-allergic environment at a young age
promotes anincrease in the production of particular cytokines.

4. Discussion

Dendritic cells scan the environment at mucosal interfaces to
acquire and present foreign antigen. This DC function is

critical for the initiation of both protective anti-pathogen
immune responses and deleterious responses including
allergies. The subsequent initiation of adaptive responses is
directed by the cytokine secretion profile of the APC. Several
reports have suggested that DC from atopic patients have
altered cytokine production. In this report we have examined
cytokine production by DC isolated from infants with atopic or
non-atopic dermatitis. We demonstrate increased production
of several cytokines by DC subsets in response to TLR ligand
stimulation. However, these changes are likely specific to the
early time point examined because differences in cytokine
production were less apparent in the population 1 year later,
and published reports suggest diminished production of some
of these cytokines by older atopic patient DC [12,13]. In
parallel studies we show that transgenic mice predisposed to
atopic disease also have increases in the same cytokines
increased in infant samples at a time point before weaning.
Thus, this altered cytokine production may be a feature of DC
early in the development of an atopic environment.

The development of allergic diseases in mice expressing a
constitutively active STAT6 in T cells has been previously
described [28,29]. However, DC development or function in
these mice has not been extensively examined. We observe
that cDC and pDC development is normal in transgenic mice,
but that there is altered cytokine production in DC from
neonatal mice. At 2 weeks of age TLR9 ligands stimulated
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the indicated cytokines using Multiplex assay. B, PBMCs from atopic
(n=11) and non-atopic (n=10) infants at follow-up visit were
stimulated with control or CpG-containing oligonucleotides for 24 h
before cell-free supernatants were tested for the concentration of
the indicated cytokines using Multiplex assay. *p<0.05.

increased IL-6, IL-10 and IFNa production by CD11c+DC
isolated from transgenic mice, compared to control mice.
However, increased cytokine production is not a stable
phenotype since cytokine production by DC from transgenic
mice is indistinguishable from control DC by the age of weaning
(4 weeks) or in older mice (- 28 weeks). Importantly, this is an
effect of the atopic environment in transgenic mice since the
transgene is expressed in T cells but not DC [19,28] (Fig. 5A),
and cytokine production by bone-marrow-derived DC from
control and STAT6VT transgenic mice was indistinguishable
(data not shown). This is consistent with the observation that
monocyte-derived DC from atopic individuals functioned
similar to controls in response to TLR ligands [30]. One
limitation of the parallels between the analysis of human and
mouse cells is that differences could arise from factors that are
unique to the mouse or human systems, such as the presence of
specific DC subsets in each sample, and their responsiveness to
TLR ligands which differ between species. Thus, our inter-
pretations could be overly simplistic. However, our results
suggest that an atopic environment promoted by Th2 polarized
cells results in altered cytokine production from DC in
neonates.

Previous work has suggested that percentages of DC in the
blood change during development. In cord blood, pDC
predominate over cDC [8]. The percentages of both subsets
expand over time [11], but at some point during development
cDC become the predominant subset in adulthood [8]. Our
results confirm the observations that pDC predominate in
infants and that there are increases in percentages with age,

from atopic and non-atopic infants at initial visit (A) or follow-up
visit (B) were stimulated with poly I:C for 24 h before cell-free
supernatants were tested for the concentration of the indicated
cytokines using Multiplex assay. *p<0.05.
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Figure 4  Cytokine production by infant pDC. Plasmacytoid DCs
from atopic and non-atopic infants at initial visit (A) or follow-up
visit (B) were stimulated with CpG-containing oligonucleotides for
24 h before cell-free supernatants were tested for the concentra-
tion of the indicated cytokines using Multiplex assay. *p<0.05.
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CD11c expression on cDCs (left, B220—, F4/80-) and pDCs (right, B220+, F4/80-). Numbers represent the mean +SEM of three mice of each

genotype.

although we are examining a more limited age range than
previous studies [11]. Developmental stage-dependent
changes in DC function might also explain the early increases
in cytokine production from DC in atopic individuals. It is
known that IL-4 can alter cytokine production by DC [31]. It is
possible that in a sustained environment of IL-4, as would be
present in an atopic individual, DC may become refractory to
further stimulation. Alternatively, there may be a limited
period for DC to respond to this environment during
development because of changes in cytokine receptor
expression, or the atopic environment might promote faster
maturation of DC, although DC in non-atopic children
eventually mature such that there are not differences

between the groups as they age. Further analysis of this cohort
as they age will explore these possibilities.

The age of the children examined in this study, as well as
the methodology used in this study, likely account for some
differences with other published studies. We observed an
increase in the cDC population, using BDCA1 as a marker, at the
second visit (age 15-30 months). Lebre et al. did not observe
any difference in cDC using the same marker, although the
population examined were adults (age 20-50 years) and the
number of subjects was smaller than our study [15]. Upham
et al. observed no increase in cDC percentages in infants
similar in age to our study, though that study used CD11c as the
primary marker [11]. Thus, both the age of the subjects and
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Cytokine production by DC in atopic mice. Splenic CD11c+ DC were isolated from wild type or STAT6VT Tg mice aged

2 weeks (B), 4weeks (C) or 28 weeks (D) and stimulated with control or CpG-containing oligonucleotides for 24 h before
concentrations of the indicated cytokines were assayed using ELISA. Data are the mean +SEM of 7—10 mice in each group. *p<0.05.

the antibodies used to identify cDC likely impact the
conclusions of the study. Lebre et al. also observed decreased
IFNa from DC isolated from AD patients [15], opposite to our
observations. As noted above, the previous study examined
adults, and since we noted age-related changes in cytokine
production during infancy, further changes in cytokine
production may occur as the atopic subjects age. The
continued study of our population through childhood will
allow us to examine some of these questions.

There are several limitations to this study. The foremost is
that the number and cytokine production of DC isolated from
the blood may not reflect the number or function of DC in
tissues of environmental exposure, such as airways and skin.
It is difficult, in infants, to isolate DC from those tissues both
technically, due to the small sample size, and ethically, due
to increased risk to the subjects. Thus cells isolated from the
peripheral blood represent an approximation of tissue DC
function, similar to many other published studies [12—15].
Another limitation is in the comparison of different ligands
for the isolated DC subsets. This is necessary due to the
restricted expression of specific TLR on DC subsets
[21,22,25,26]. However, the similar patterns of cytokine
production among PBMCs stimulated with CpG-ODN or LPS
(Fig. 2 and data not shown), pDC with CpG (Fig. 4) and cDC
stimulated with poly(l:C) (Fig. 3) suggests that the effects
observed are common to multiple Toll-like receptors.

There are obvious differences between the cytokines
produced by stimulated PBMC and purified DC subsets as
there are other CpG-responsive cells in total PBMC cultures,
and DC represent a minor population of all PBMC. While IL-6,
IL-10 and IFNa were all significantly increased in PBMC cultures
from atopic infants, IFNa was the cytokine predominantly

increased in pDC cultures. IFNa production was also increased
in poly(l:C)-stimulated cDC cultures from atopic infants,
though quantities were less than those produced by pDC. IL-6
was produced in greater concentrations from both DC subsets
than from PBMC, though the differences between cultures
from atopic or non-atopic infants were less dramatic from
purified DC. IL-10 was also increased in cDC cultures from
atopic infants, and in concentrations considerably higher than
from PBMC or pDC cultures. These differences among in
purified DC versus total PBMC likely reflect the specialization
of the cells; pDC characterized as potent IFNa producers for
anti-viral activity [32], and cDC producing cytokines that
effect multiple cell types by secreting IL-6 and IL-10 [5,6].
Moreover, altered cytokine production in cultures from atopic
infants may reflect changes in TLR ligand responses in cells
other than DC.

It is unclear whether the altered DC cytokine production is
simply a result of an atopic environment, or whether the
increases in IL-6, IL-10 and IFNa facilitate further allergic
responses. The function of type | IFNs, particularly from pDCs,
is thought to be anti-viral, and increases might be expected to
aidin clearance of viral infections, which might decrease virus-
induced wheezing. Indeed, we, and others have observed that
increasing percentages of pDC and cDC in infants are
negatively correlated with the development of subsequent
wheezy illness or asthma [11,16]. However, IL-10, produced in
the highest amounts by cDC, can inhibit Th1 cytokine
production, and IL-6 can promote Th2 and Th17 development.
Thus it is possible that the increases in cytokine production by
DC may contribute to promoting the atopic environment. It is
likely that the balance between the concentrations of these
cytokines, and where they are locally expressed, will
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determine their effects on viral immunity and promoting
allergic disease.

In this report we have examined the function of dendritic cell
subsets in infants and mice prone to the development of atopic
disease. We observed early increases in cytokine production
from DC that suggests altered DC function during a limited time
frame in vivo. These observations, and further exploring how
they impact the atopic environment in vivo, will be important in
determining the mechanisms promoting allergic disease.
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