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Abstract
Plasmacytoid dendritic cells (pDCs) are key players in the antiviral immune response and type III

IFNs such as IL-29 appear to play a pivotal role in pDC function. Pronounced susceptibility to viral

infections in neonates is partly resulting from diminished antiviral immune mechanisms. Accord-

ingly, the aim of the present study was to investigate the impact of IL-29 in the altered immune

response of neonatal pDCs. PBMCs of adult and term newborns were stimulated with CpG-

ODN2216 in the presence or absence of IL-29 and assessed for IFN-𝛼 production, downstream-

signaling, and activation marker expression. A significantly lower IL-29 production after

TLR9-specific stimulation was demonstrated in neonatal pDCs. IL-29 enhanced the IFN-𝛼

production of pDCs in adults compared to newborns. Newborn pDCs displayed a significantly

lower surface expression of IL-10 and IL-28R𝛼 receptor resulting in diminished STAT1 and IRF7

activation. Interestingly, concomitant stimulation with CpG-ODN2216/IL-29 had no impact on

the expression of surface activation and maturation markers of pDCs in neither population. The

diminished antiviral immune response of neonatal pDCs is associated with reduced production

and cellular responses toward IL-29. Potential therapeutic agents enhancing the IL-29 response

in neonatal pDCs possibly augment viral protection in newborns.
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1 INTRODUCTION

The susceptibility to infections of newborn infants partly results froma

hyporesponsiveness of innate immune responses against bacterial and

viral antigens. This “immaturity” of neonatal immune responses is asso-

ciated with neonatal morbidity and mortality.1 In recent years, novel

insights in immunological impairments of the neonatal immune sys-

tem have been described, revealing diminished defending responses

against infectious triggers.2–4

Abbreviations: n.s., not significant; pDC, plasmacytoid dendritic cell.
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Plasmacytoid dendritic cells (pDCs) are rare peripheral blood cells,

however, this small population of cells is a crucial player in the antivi-

ral innate immune response, due to their ability to produce 100 times

more type I IFNs than other cell types in response to viral anti-

gens. Although neonatal pDCs show a gestational-age dependent

maturation of early antiviral immune responses after TLR engage-

ment, they still display reduced responses when compared to healthy

adults.4,5 During the last decade, type III IFNs have been described as

new IFN family members adding additional concepts to the complex
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immunological network of antiviral immune responses. The type III IFN

family consists of IL-29 (IFN-𝜆1), IL-28A (IFN-𝜆2) as well as IL-28B

(IFN-𝜆3) and was demonstrated to possess potent antiviral activity.

Despite the similarity to type I IFNs, type III IFNs signal through

distinct receptors. The type III IFN receptor is composed of the

IL-28 receptor 𝛼 (IL-28R𝛼)- and the IL-10 receptor 2 (IL-10R2)-chain.6

Whereas the IL-10R2 chain is ubiquitously expressed, the IL-28R𝛼

receptor appears to be more selectively expressed on immune cells

such as pDCs, B cells, orM𝝓s.7 Both receptor complexes share similar

downstream-signaling pathways including JAK/STAT and IRF proteins.

Tyrosine kinase 2 (TYK2) is an important signaling molecule to mount

a functional IFN-𝛼 response.8 Interestingly, type III IFN signaling and

function was not influenced in a patient with TYK2-deficiency.9

Up to date, few studies investigated the physiological and

immunomodulatory effect of type III IFNs, especially of IL-29, on

immune cells. IL-29 appears to augment the antiviral immune response

in human peripheral blood and exert different immunomodulatory

effects on pDCs.10–12 To date, data in respect to type III IFNs in

neonatal immunity are missing. Detailed knowledge on respective

mechanisms and regulatory circuits could open up new concepts

of therapeutic or prophylactic immunomodulation upon clinical

necessity in a state of immunological impairment. Accordingly, the

aim of our study was to delineate the role of type III IFNs in the

neonatal early antiviral immune response and, furthermore, to

investigate the immunomodulatory properties of IL-29 on adult and

neonatal pDCs.

2 MATERIALS AND METHODS

2.1 Donors

Blood samples from healthy adult volunteers (age 18–40 years) were

obtained by puncture of an antecubital vein after informed consent.

Umbilical cord bloodwas obtained after cesarean section fromhealthy

term newborns (38–42weeks of gestation).Written informed consent

from the mother was obtained prior to birth. The study protocol was

approved by the ethics committee of theMedical University of Vienna

(1989/2015).

2.2 Cell culture

PBMCs were obtained from adult peripheral blood and term new-

born cord blood (CBMCs) by Ficoll Hypaque (Amersham Bioscience,

Uppsala, SWE) density gradient centrifugation. For better understand-

ing of the manuscript, we use the term PBMCs for both, PBMCs and

cord blood mononuclear cells. Fresh PBMCs were directly analyzed

by flow cytometry or cultured for further experiments. For stimula-

tion assays, 2 × 106 PBMCs were cultured in 12-well plates in 2 ml

RPMI-1640 supplemented with 10% FCS (both Thermo Fisher Sci-

entific, Waltham, MA) and 10 ng/ml IL-3 (Peprotech, Rocky Hill, NJ).

PBMCs were treated with vector (PBS, Sigma–Aldrich, St. Louis, MO),

IL-29 (Peprotech), IFN-𝛼 (Peprotech), CpG ODN2216 (InvivoGen, San

Diego, CA), or HSA (Sigma–Aldrich) alone or in combination.

2.3 Surface and intracellular TLR9 staining of pDCs

PBMCs were stimulated with PBS (negative control) or CpG (pos-

itive control) or CpG combined with IL-29 or HSA (protein con-

trol) for 8 h at 37◦C. Cells were harvested, washed twice with

staining buffer (PBS + 1% FCS), incubated for 5 min with Fc

blocking reagent (Miltenyi Biotec, Bergisch Gladbach, GER), and

stained for 20 min at 4◦C with following anti-human antibodies:

BDCA2 APC (AC144, Miltenyi Biotec), CD123 PerCP-Cy5.5 (3.9),

CD40 FITC (5C3), CD3/CD14/CD16/CD19/CD20/CD56 eFluor450

(Lineage-marker), ICOS-L PE (MIH-12), CCR7 PE-Cy7 (3D12, all from

Thermo Fisher Scientific), HLA-DR V500 (G46-6; BD Biosciences),

IL-10R APC (90220), IFNLR1 PE (601106, both from R&D Sys-

tems, Minneapolis, MA), IFNAR1 PE (85228, Thermo Fisher), and

IFNAR2APC (REA124,Miltenyi Biotec). Cells werewashed, fixedwith

4% paraformaldehyde, and immediately analyzed on a LSRII flow

cytometer (BD Biosciences). TLR9 staining (TLR9-PE (eB72-1665),

Thermo Fisher Scientific) was performed on fixed and permeabilized

cells using the Intracellular Fixation & Permeabilization Buffer Set

(Thermo Fisher Scientific).

2.4 Cytokinemeasurement in cell

culture supernatant

PBMCs were stimulated as described above for 24 h at 37◦C.

Cell free supernatant was obtained by 2 centrifugations steps at

10,000 × g for 10 min at 4◦C. Supernatant was aliquoted and frozen

at –80◦C until analysis. IFN-𝛼 (Thermo Fisher Scientific) and IL-

29 (R&D Systems) were assessed using an ELISA according to the

manufacturer’s protocol.

2.5 Intracellular IFN-𝜶 staining

PBMCs were stimulated as described above for 8 h at 37◦C. After

2 h of stimulation, brefeldin A (5 µg/ml, Thermo Fisher Scientific) was

added to the cell culture. Cells were harvested, washed twice in stain-

ing buffer, and surface stainedwith BDCA2- APC (Miltenyi Biotec) and

anti-CD123 PerCP-Cy5.5 (Thermo Fisher Scientific) for 20min at 4◦C.

Afterward, cells were fixed and permeabilized using the Intracellular

Fixation&PermeabilizationBuffer Set (ThermoFisher Scientific). Cells

were stained with anti-IFN-𝛼 FITC (EBI-10, Thermo Fisher Scientific)

for 30 min at 4◦C, washed twice with staining buffer, and immediately

analyzed by flow cytometry.

2.6 Intracellular IRF7 staining

PBMCs were stimulated as described above for 16 h at 37◦C.

Cells were harvested, washed twice in staining buffer, and sur-

face stained with anti-CD123 PE, anti-CD11c Alexa Fluor 700

(3.9), and CD3/CD14/CD16/CD19/CD20/CD56 eFluor450 (Lineage-

marker, all from Thermo Fisher) for 20 min at 4◦C. Afterward,

cells were fixed and permeabilized using the PerFix-nc Kit from

Beckman Coulter (Marseille, FRA) according to the manufacturer’s

instructions. Intracellular IFN regulatory factor 7 (IRF7) was stained
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using the anti-IRF7 Alexa Fluor 647 (RDP4ND4, Thermo Fisher)

for 60 min at room temperature in the dark. Cells were washed

twice and immediately analyzed using a Cytoflex LX flow cytometer

(Beckman Coulter).

2.7 STAT1 signaling and protein expression

PBMCs were stimulated with IL-29 (500 ng/ml) or IFN-𝛼 (500 ng/ml,

both from Peprotech) or left unstimulated for 20 min at 37◦C. Cells

were harvested, washed with ice-cold staining buffer, blocked with Fc

blocking reagent, and surface stained with BDCA-2 PE (both fromMil-

tenyi Biotec) and CD123 FITC (Thermo Fisher Scientific) for 20 min at

4◦C.Cellswere fixedwith4%paraformaldehyde for10min andperme-

abilized with PERM Buffer III (BD Biosciences) according to the man-

ufacturer’s protocol and stained for 30 min with anti-pSTAT1(pY701)

Alexa Fluor 647 (4a, BD Biosciences). Cells were washed twice with

staining buffer and immediately analyzed by flow cytometry. For total

STAT1 protein expression, unstimulated PBMCs were analyzed using

the total STAT1 ELISA kit (Abcam, Cambridge, UK) according to the

manufacturer’s instructions.

2.8 Fluorescence cell sorting and RNA extraction

For transcriptional analysis, pDCswerepurified byFACSusing aMoFlo

Astrios flowcytometer cell sorter (BeckmanCoulter). PBMCswere left

untreated or stimulated with CpG alone or in combination with IL-29

for 3.5 h at 37◦C. Cells were harvested and stained with anti-lineage

(CD3/CD14/CD19/CD20/CD56), anti-CD123, and anti-BDCA2 for

20 min at 4◦C. A minimum of 1000 lineage−/CD123+/BDCA2+ cells

were sorted in sterile PCR tubes. Total RNA was extracted using using

the RNeasy Plus Mini Kit (Qiagen, Venlo, NL). RNA quantity and qual-

ity were assessed using the Agilent Bioanalyzer RNA 6000 nano kit

(Agilent Technologies,Waldbronn, GER).

2.9 TaqMan quantitative RT-PCR

The ABI PRISM 7500HT Sequence Detection System (Applied Biosys-

tems, Foster City, CA, USA) and One-Step RT-qPCR kit (Bio-Rad,

Hercules, CA, USA) was used for quantitative RT-PCR analysis.

Primer-probes sets for IFNA FAM and GAPDH VIC were obtained

predesigned from Applied Biosystems and tested for primer efficacy

(gene expression assays Hs00265051_s1). Multiplex amplification

was carried out in a total volume of 20 µl for 40 cycles of 3 s at

95◦C and 30 s at 60◦C. Initial denaturation was performed for

3 min at 95◦C. Target gene expression was normalized to GAPDH

housekeeping gene expression. Normalized target gene expression

was analyzed by the comparative ΔΔCT method and calculated as

x-fold expression.

2.10 Statistical analysis

Statistical analysis was performed with R 3.5.1. Shapiro-Wilk test was

performed to prove normal distribution and Levene test was applied

to verify the homogeneity of variance. Data were then analyzed using

1-way ANOVA in accordance with Tukey. Data that were not normally

distributed were analyzed using Kruskal-Wallis test. Flow cytometry

data analysis was carried out with FlowJo X (FlowJo LLC, Ashland,

Oregon). A P-value≤ 0.05was considered as statistically significant.

3 RESULTS

3.1 Concomitant TLR9 and type I or III IFN

stimulation differentially activate adult and

term PBMCs

Initially, we investigated the potential of different TLR agonists

(Poly(I:C) - TLR3, R848 - TLR7/8; CpG2006 - TLR9; CpG2216 -TLR9)

to induce IFN-𝛼 production of adult PBMCs. Time-kinetics revealed

a maximum IFN-𝛼 secretion at 24 h after stimulation with CpG2216.

R848 induceda significantly lowerproductionof IFN-𝛼 after 24-h stim-

ulation compared to CpG2216 (Fig. 1A); poly(I:C) as well as CpG2006

hadnoeffect on the IFN-𝛼 production (data not shown). Thus,we chose

CpG2216 as optimal stimulus and conducted as next investigational

step a dose-kinetic response. Increasing concentrations up to 50 µM

CpG2216 resulted in comparable IFN-𝛼 levels. In case of IL-29 secre-

tion, stimulation with 1 µMCpG2216 resulted in a significantly higher

production of IL-29 compared to 10 and 50 µMdosages (Fig. 1B), leav-

ing 1 µM CpG2216 as optimal concentration for further experiments.

TLR9 specific stimulation led to a significantly higher secretion of IL-

29 in adult PBMCs compared to termnewborns (Fig. 1C). Interestingly,

CpG2216 had no effect on the secretion of IL-28A and IL28B in our

experimental setting (data not shown).

Next, we investigated the immunomodulatory effect of concomi-

tant TLR9 and type I or III IFNs on the secretion of the complemen-

tary IFN type. First, we analyzed the dose-response relation of IL-29

showing a significant higher IFN-𝛼 secretion in adult PBMCs when

simultaneously stimulated with 1000 ng/ml IL-29. In contrast, term

PBMCs did not respond to concurrent IL-29 stimulation displaying

significantly lower IFN-𝛼 levels (Fig. 1D). Subsequently, concomitant

stimulation with CpG2216 and increasing IFN-𝛼 dosages resulted in a

significant increase of IL-29 secretion in both groups (Fig. 1E). Adult

PBMCs demonstrated a significantly higher IL-29 production after

stimulation with CpG2216 and 1000 ng/ml IFN-𝛼 compared to term

newborns (Fig. 1F).

3.2 Newborn pDCs exhibit diminished response

against IL-29

In the next step, we investigated the impact of simultaneous stimu-

lation with CpG2216 and IL-29 on the single cell level in newborns

and adults. Stimulating PBMCs simultaneously with CpG2216 and

IL-29 resulted in significantly higher IFN-𝛼 levels in adult probands

compared to CpG2216 alone. On the contrary, IFN-𝛼 secretion in new-

borns was significantly diminished after stimulation with CpG2216

alone or in combination with CpG2216/IL-29 compared to healthy

adult controls (Fig. 2A). In addition, we investigated whether IL-29
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F IGURE 1 Concomitant TLR9 and type I or III interferon stimulation differentially activate adult and term PBMCs. (A) Time-kinetic exper-
iment with adult PBMCs (n = 5) stimulating with R848 (TLR7/8 agonist; 100 ng/ml; black triangles) and CpG2216 (TLR9 agonist; 10 µM; black
dots). (B) Adult PBMCs (n = 5) were stimulated for 24 h with increasing doses of CpG2216 and the secretion of IFN-𝛼 (left) and IL-29 (right) was
determined by ELISA. (C) IL-29 release after stimulation of adult and term PBMCs (both groups n= 10) for 24 hwith CpG2216. (D) Dose-response
experiment with increasing dosage of IL-29 was conducted to determine the effect of IFN-𝛼 release on CpG2216 stimulated adult (n = 6; black
dots) and term (n = 5; black triangles) PBMC cultures. (E) Dose-response experiment with increasing dosages of IFN-𝛼 to assess the impact on IL-
29 release in adult (n=5; black dots) and term (n=5; black triangles) PBMCs after 24 h stimulation. (F) Production of IL-29 in adult probands (n=5)
and term newborns (n = 5) after stimulation with CpG2216 and 1000 ng/ml IFN-𝛼. Cytokine levels in supernatants were assessed by ELISA. Data
are shown as mean ± SD or as mean alone. Normal distributed data were analyzed using 1-way ANOVA in accordance with Tukey and not-normal
distributed data were analyzed using Kruskal-Wallis test or Student’s t-test. *P< 0.05; **P< 0.01; ***P< 0.001; HSA, human serum albumin

affects IFN-𝛼 expression on a transcriptional level. Adult pDCs showed

a significantly higher expression of IFN-𝛼mRNA after stimulationwith

CpG2216/IL-29 compared to CpG2216 alone. Furthermore, adult

pDCs showed a significantly higher IFN-𝛼 mRNA expression after

both stimuli compared to term newborns (Fig. 2B). To validate our

culture supernatant results and mRNA experiments, we performed an

intracellular IFN-𝛼 staining assay. Accordingly, a significantly higher

intracellular concentration of IFN-𝛼 after co-incubation with IL-29

and CpG2216 was observed in healthy adult pDCs. However, pDCs

from term newborns showed a significantly lower production of

IFN-𝛼 after stimulation with CpG2216 alone or in combination with

IL-29/CpG2216 (Fig. 2C lower panel and D), and the amount of IFN-𝛼

increase upon IL-29 stimulation was not significant in comparison

to CpG alone. Interestingly, a higher fraction as well as higher IFN-𝛼

production per pDCwas observed in adult probands andwith no effect

in the newborn group, which is illustrated in the upper panel of Fig. 2C.

3.3 Downstream signaling of IL-29 is decreased in

neonatal pDCs

To determine the mechanism behind the diminished functional

response against IL-29 of newborn pDCs, we investigated the

expression of surface receptors and associated signaling molecules of

type I and III IFNs pathways. First, we examined the expression of the

involved receptors for IFN-𝛼 (IFNAR1/IFNAR2), IL-29 (IFNLR/IL10R),

and CpG2216 (TLR9) recognition. Adult pDCs expressed significantly

higher levels of IFNLR and IL10R compared to term newborns (Fig. 3C

and D). IFNAR1, IFNAR2, and TLR9 expression was similar between

healthy adults and term newborns (Fig. 3A, B, and E). Next, we inves-

tigated the phosphorylation levels of STAT1 of pDCs after stimulation

with IFN-𝛼 or IL-29. We detected significantly lower levels of phos-

phorylated STAT1 after IL-29 challenge in termnewborns compared to

adults. Stimulation with IFN-𝛼 exhibited comparable phosphorylation



WISGRILL ET AL. 1181

F IGURE 2 Production of IFN-𝜶 in plasmacytoid dendritic cells (pDCs). (A) Secretion of IFN-𝛼 in adult probands (n = 10) and term newborns
(n= 10) after stimulation with CpG2216 alone or in combination with IL-29. Supernatants were analyzed by ELISA. (B) PDCswere sorted by FACS
and the IFN-𝛼 mRNA expression upon CpG2216 stimulation alone or in combination with IL-29 was assessed by RT-PCR of healthy adults (n = 5)
and term newborns (n = 5). IFN-𝛼 mRNA was normalized to 18s RNA and IFN𝛼 mRNA expression was compared between CpG2216-stimulated
and untreated cells. Values are shown as fold change in relation to unstimulated control. (C) PDCs of adults (n = 5) and term newborns (n = 5)
were stimulated with CpG2216 or IL-29 alone and in combination of both for 8 h and IFN-𝛼 production was assessed by intracellular staining via
flow cytometry (lower panel). The percentage of IFN-𝛼 positive pDCs (black bars) are shown in the upper panel. (D) Representative histograms of
6 independent experiments of the intracellular levels of IFN-𝛼 in pDCs. The black line in dotplots represents the mean value. Normal distribution
was determined with Shapiro-Wilk test. Normal distributed data was analyzed using 1-way ANOVA in accordance with Tukey and not-normal
distributed data were analyzed using Kruskal-Wallis test. *P< 0.05; **P< 0.01; ***P< 0.001;MFI, mean fluorescence intensity

levels of STAT1 in both age groups (Fig. 3F). The overall expression

of STAT1 in adult and newborn PBMCs showed no difference in both

groups (Fig. 3G).

Next, we investigated the expression levels of the transcription fac-

tor IRF7 in adult and neonatal pDCs. Adult pDCs showed a significant

up-regulation of IRF7 after CpG, type I and III IFNs aswell as combined

stimulation compared to term infants. In infants, stimulation with

the indicated stimuli had no significant effect on IRF7 up-regulation

(Fig. 3H). Unfortunately, we were not able to detect phosphorylated

IRF7 via flow cytometry.

3.4 Combined stimulationwith CpG2216 and

IL-29 had no impact on the expression of surface

activationmarker

Next, we aimed to investigate the effect of concomitant stimulation

with CpG2216 and IL-29 on the expression of surface activation and

maturation marker of pDCs. Upon CpG2216 stimulation, adult and

neonatal pDCs displayed a significantly higher expression of HLA-

DR, ICOS-L, and CCR7 compared to unstimulated controls. CD40

was not significantly up-regulated after CpG2216 stimulation in term

neonates. Adult pDCs exhibited significantly higher expression levels

of CD40, HLA-DR, and CCR7 after CpG2216 engagement compared

to neonates. Overall, the concomitant stimulation with CpG2216 and

IL-29 had no influence on the expression pattern of CD40, HLA-DR,

ICOS-L, and CCR7 in both study groups. (Fig. 4).

4 DISCUSSION

IL-29 exerts a variety of immunomodulatory effects on various

cell types.10,13–15 In recent years, several reports have shed light

onto the type III IFN system and its role during viral infections

such as airway-inflammation16 or hepatitis.17 Reduced production

of IFN-𝛼 in response to RSV infection is associated with a signifi-

cant increase in the frequency of upper respiratory infections and

pneumonia.18 Important cellular players of innate immune responses

fighting viral pathogens are pDCs. Although low in number in circulat-

ing blood, pDCs are the major producers of IFN-𝛼 after viral pathogen

encounter.19 Recently, several reports described the immunomodula-

tory effect of IL-29 on the enhancement of IFN-𝛼 production in human

pDCs.12,15,20 In our previous studies, we had demonstrated that pDCs

from term and preterm neonates exhibit diminished IFN-𝛼 production

anddecreased expressionof activationmarkers after TLR-specific trig-

gers, which is thought to contribute to the susceptibility toward viral

infections in neonates.3 4 Now, for the first time, we analyzed the pro-

duction as well as the immunomodulatory effects of IL-29 on adult and

neonatal PBMC and pDCs.

First, we determined the role of IL-29 in induction of IFN-𝛼 upon

TLR-specific engagement. In addition to pDCs, BDCA3+ myeloid den-

dritic cells (mDCs) are described to be a major IL-29 producer in

peripheral blood after TLR3-specific stimulation.21 Therefore, besides

TLR7/8 and TLR9-agonists, we included poly(I:C) as TLR3-specific

agent. In our experimental setting, we could only detect a robust IL-

29 production in adult PBMCs—but not in neonatal PBMCs—upon
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F IGURE 3 Expression of surface receptors and associated downstreammolecules of type I and type III IFNs on plasmacytoid dendritic cells
(pDCs). Surface expression of (A) IFNAR1, (B) IFNAR2, (C) IFNLR, (D) IL10R as well as intracellular expression of (E) TLR9 was evaluated by flow
cytometry in healthy adults (n=5) and termnewborns (n=5). Representative histogramsof 12 independent experiments are depicted (F) Phospho-
rylation level of signal transducer and activator of transcription 1 (STAT1) in pDCsof adults (n=5; black bars) and termnewborns (n=5;white bars)
after stimulationwith IFN-𝛼 (500 ng/ml) and IL-29 (500 ng/ml) for 20min. Signalingwas analyzed using flow cytometry. Representative histograms
of 5 independent flow cytometry experiments of the phosphorylation levels of STAT1 in pDCs after activation with IFN-𝛼 and IL-29 are shown. (G)
Protein expression of STAT1 in adult (n= 5) and term (n= 5) PBMC cell lysate determined by semiquantitative ELISA. (H) Expression levels of IRF7
in adult (n = 4) and term (n = 4) pDCs after 16 h stimulation with IFN-𝛼, IL-29, or CpG2216 alone or in combination. IRF7 levels were determined
by flow cytometry. Representative histograms from 1 of 6 independent experiments are shown. Data are shown as mean ± SD or as mean alone.
Normal distributionwas determinedwith Shapiro-Wilk test. Normal distributed datawere analyzed using 1-wayANOVA in accordancewith Tukey
or Student t-test and not-normal distributed data was analyzed using Mann-Whitney or Kruskal-Wallis test. *P < 0.05; MFI, mean fluorescence
intensity; OD, optical density
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F IGURE 4 Gating strategy and surface activa-
tion and maturation marker expression on plasma-
cytoid dendritic cells (pDCs). (A) Peripheral blood
pDCs were identified by the lack of lineage-marker
and the expression of HLA-DR, CD123, and BDCA2.
(B) Surface expression of CD40, HLA-DR, ICOS-
L, and CCR7 was evaluated by flow cytometry in
healthy adults (n= 4; gray boxes) and term newborns
(n = 4; white boxes) after stimulation with CpG2216
alone or in combination with IL-29. Boxes display
the 25th and 75th percentiles and error bars indi-
cate the 5th and the 95th percentiles. Median val-
ues are represented by the box middle line. Normal
distribution was determined with Shapiro-Wilk test.
Normal distributed data were analyzed using 1-way
ANOVA in accordance with Tukey and not-normal
distributed data were analyzed using Kruskal-Wallis
test. *P < 0.05; #P < 0.05 compared to respective
MOCK control

stimulation with CpG2216. Our observations stand in line with previ-

ous published results, showing a diminished IL-29 response of neona-

talmDCs in-vitro after infectionwith human cytomegalovirus.22 These

lower levels of IFNs cannot be explained by different cell counts of

pDCs or BDCA3+ mDCs as shown in our previous study.4 Thus, this

impaired IL-29 secretion might be an intrinsic functional deficiency of

the neonatal innate immunity.

IL-29 appears to exhibit direct immunomodulatory effects on pDCs,

asmentionedbyengagement of a receptor being built of a heterodimer

of the IL28R𝛼- and the IL10R2-chain. First described inmice, knock out

of the type III IFN receptor IL-28R𝛼 resulted in a diminished antiviral-

like immune response after encounter with TLR3 or TLR9 agonists.23

In humans, pDCs display a high constitutive surface expression of

IL-28R𝛼 and, additionally, was shown to up-regulate the receptor after

TLR-specific stimulation.10 Thus, activation of pDCs seem to prone

the cell to respond more effectively to paracrine/autocrine secreted

IL-29. In consequence, we hypothesized that the functional deficiency

of the type III IFN system might be due to altered surface receptor

expression. Neonates displayed a significantly lower expression of

IL-28R𝛼 resulting in significantly lower phosphorylation of STAT1

and expression of IRF7 after stimulation with IL-29. However, the

activation of STAT1was similar in neonates and healthy adults in pDCs

after IFN-𝛼 stimulation. Hence, neonates not only display an impaired

IL-29 production after TLR-specific activation, but furthermore show

a diminished type III IFN response upon IL-29 encounter of pDCs. Our

findings are underlined by the study of Danis et al.24 showing an

impaired nuclear translocation of IRF7 in neonatal pDCs. Facing the

fact that innate immune responses train the adaptive immunity in

order to promptly and efficiently react on specific antigen encounter,

we clearly postulate that diminished innate immune responses of

neonates have a relevant impact on the antiviral immune response of

this early age infants.

Recent studies implicate that IL-29 enhances the IFN-𝛼 response

of human mononuclear cells indicating a potential therapeutic use

boosting the neonatal immune responses.11,20 As a consequence,

we investigated the immunostimulatory properties of recombinant

IL-29 to augment the IFN-𝛼 response of term newborn and adult

pDCs. Strikingly, IL-29 showed a dose-dependent increase of IFN-𝛼

secretion in adult pDCs but not in term neonates. Using high doses up

to 1000 ng/ml, we tried to mimic high IL-29 concentration of the pDCs

micro-milieu in our PBMC cell culture as this cell population is capable

of secreting high amounts of IL-29 after CpG stimulation.10 To our

knowledge, we here presented for the first time, that the reduced IL-

28R𝛼 expression and concomitant signaling via STAT1 and IRF7 results

in diminished functional IL-29 response in neonatal pDCs revealing

a novel cellular paracrine mechanism behind impaired antiviral

immune responses of neonates. Furthermore, the secretion of IL-29 in

neonates was significantly enhanced via stimulation of IFN-𝛼 suggest-

ing that the dampened production of IL-29 might be due to reduced

primary IFN-𝛼 secretion as well as diminished IL-29 responsiveness.
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Our last investigational step was to investigate the notion that

IL-29 may exhibit its effects by influencing the expression profiles

of activation and maturation markers of pDCs. Correspondingly,

concomitant stimulation with CpG2216 and IL-29 did alter the

expression of T cell co-stimulatory molecules and homing receptors of

pDCs possibly paving the way for the initiation of an adaptive immune

response. Thus, IL-29 mediates its immunomodulatory antiviral

effects on pDCs by enhancing the primary cytokine response, but by

altering expression profiles of activation and homing markers after

TLR9-specific engagement.

The impaired ability of neonatal pDCs to initiate an adequate antivi-

ral immune response upon TLR-specific activation implies clinical and

immunological relevance in this infection prone population. Indeed,

IL-29 seems to be a promising candidate for the treatment of acute

and chronic viral infections such as hepatitis C or E.25,26 However,

based on our data, therapeutic approaches targeting IL-29 might dis-

play reduced efficacy in neonates.Megjugorac et al. described that IL-4

lead to higher secretion of IL-1 receptor agonist (IL-1Ra) in monocytes

resulting in augmented IL-29output of pDCs. Thus, targeting pathways

such as IL-1Ra might be beneficial to augment the IFN-𝛼 response of

neonatal pDCs. Neonates seem to produce comparable amounts of IL-

1Ra during bacterial infections compared to adults.27 The role of IL-

1Ra in neonatal viral infections and the impact on the IFN-𝛼 response

will need to be elucidated inmore detail in the future.

We conclude that not only the diminished IL-29 production but

moreover lack of efficient IL-29 responsiveness is associated with

the impaired capability of neonatal pDCs to secrete IFN-𝛼 after

TLR9-specific stimulation. This deprived loop of IFN-𝛼 associated

immunological answers leaves newborns, specifically preterm new-

borns, susceptible to severe viral infections. A deeper understanding

of the ontogeny of the human immune system provides relevant

insights into the complex cellular mechanistics underlying newborn

antiviral immune responses. Detailing the multiple players and their

dynamics is essential when facing the challenge to identify potential

immunomodulating targets overcoming innate immune immaturity.
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