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ABSTRACT
Background: Allergic sensitization and reduced ability to respond to viral infections may contribute to virus-induced wheeze 
and asthma development in young children. Plasmacytoid dendritic cells (pDC) are rare immune cells that produce type I inter-
ferons (IFN-I) and play a key role in orchestrating immune responses against viruses.
Objective: To further evaluate the function of pDC in children with asthma.
Methods: This study was based on a subset of 71 children from the Early Life Lung Function (ELLF) cohort at the age of 7 years. 
As part of the ELLF study, participants were characterized for atopic sensitization, viral infection history, and lung function test-
ing. pDC responses to a TLR7/8 agonist were assessed in the presence or absence of anti-IgE using an in vitro assay. Responses 
were evaluated utilizing flow cytometry, multiplexed cytokine assays, and transcriptional analysis of isolated pDC.
Results: pDC responses varied considerably across individuals, and those who responded with IFN-I following stimulation 
showed a lower proportion of asthma compared to those who responded with TNF-only. A TNF-only response was associated 
with increased atopy and reduced upregulation of IFN-associated genes. Anti-IgE stimulation reduced pDC activation, and the 
reduction was associated with baseline expression of the IgE receptor (FcεR1). A reduction in a gene module centralized around 
genes such as TPM2, LILRA4, and CLEC4C was also observed.
Conclusion: Together, these findings suggest that pDC responses are variable, associated with asthma, and appear influenced 
by environmental stimuli. This response thus appears to be an important aspect of asthma pathology in children.

1   |   Introduction

In young children, wheezing during a viral respiratory in-
fection is common and affects almost 50% of children before 

the age of 5 years [1]. However, some children experience 
recurrent episodes of wheeze, and a subset of these are sub-
sequently diagnosed with asthma. Impaired innate immune 
responses to viruses [2], atopic sensitization [3] and repeated 
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infections [4] leading to fever [5] appear to be associated 
with asthma development [6]. However, the contribution of  
each of these factors remains unclear and controversial 
[7]. A current hypothesis suggests that atopic sensitization  
negatively impacts anti-viral responses, which in turn  
leads to repeated infections and increased risk of asthma 
development [3].

Plasmacytoid dendritic cells (pDC) are a rare immune cell 
subset and constitute < 0.5% of circulating immune cells [8]. 
They are major producers of type I interferons (IFN-I) and 
central to anti-viral responses, including rhinovirus infec-
tion [9]. An excessive Th2 response, elevated IgE serum lev-
els, or IgE crosslinking all negatively impact IFN-I responses 
[10–12]. On pDC, the impact of IgE is reversible using anti-IgE 
therapies such as Omalizumab [13] that also reduced asthma 
exacerbations in a clinical setting [14, 15]. We and others 
have previously demonstrated the high affinity IgE receptor 
(FcεR1) is upregulated in children with atopic asthma com-
pared to atopic children without asthma [16, 17]. We have 
also demonstrated reduced levels of pDC during the first 
years of life increased asthma risk at 5 years of age [18] and 
that early life interferon responses are decreased in children 
who developed asthma later in childhood [19]. Furthermore, 
we demonstrated that failure to mount interferon responses 
in pDC during wheezing episodes appears more common in 
children diagnosed with asthma compared to those with re-
solving wheeze [20]. Although significant progress has been 
made in our understanding of asthma pathology, the molecu-
lar mechanisms integrating IgE sensitization, virus responses, 
and asthma remain unclear.

In the current study, we leveraged the rich clinical history of 
the Early Life Lung Function (ELLF) cohort [21] and employed 
short-term in vitro cultures to evaluate the functional response 
of pDC and the impact of IgE crosslinking on this response. 
We observed at 7 years of age two distinct phenotypical pDC 
responses following TLR7/8 stimulation, where a response de-
fined by lack of IFN production was associated with current 
asthma and elevated atopy. In  vitro IgE crosslinking resulted 
in decreased pDC activation and reduced expression of a gene 
module with hub-genes associated with IFN regulation.

2   |   Methods

2.1   |   Study Participants

The ELLF study assessed respiratory outcomes in children by 
conducting annual reviews between ages 3–7 years, includ-
ing standardized respiratory health questionnaires and phys-
ical examinations [22]. These children were originally part of 
the Observational Research in Childhood Infectious Diseases 
(ORChID) study [23, 24] (Table S1), an unselected community-
based cohort in Brisbane, Australia, which followed 158 healthy 
term-born infants from birth until their second birthday. After 
informed consent was obtained, parents collected weekly nasal 
swabs and recorded daily symptom diaries. Of the 158 children 
enrolled in the original ORChID cohort, 84 (53.2%) children 
participated in the ELLF extension study and provided asthma 

outcome data at ages 5–7 years. Detailed descriptions of both 
studies have been published previously [25–27] and have been 
approved by the local ethics committee. Of the 84 ELLF par-
ticipants, 71 (84.5%) provided peripheral blood samples for this 
study (Table S1). In this study, current asthma was defined as 
experiencing wheezing or taking beta-2 agonist or inhaled cor-
ticosteroid asthma medication during the last 2 years. Atopy 
was defined as returning a positive skin prick test to one of the 
following allergens: cat, house dust mite, mixed mold, or bahia 
grass pollen.

2.2   |   Cell Thawing and Culture

Peripheral blood mononuclear cells (PBMCs) were thawed at 
37°C in RPMI supplemented with 10% heat-inactivated fetal 
calf serum (Hi-FCS). Cells were washed, and viability was de-
termined using trypan blue exclusion. For each sample, a por-
tion of cells was allocated for ex vivo staining (see below) and 
the remaining cells resuspended in RPMI with 10% Hi-FCS and 
50 μM 2-Mercaptoethanol. Following this, 0.5 × 106 cells were 
transferred per well into a 96-well plate and cultured with 10 μg/
mL of the TLR7/8 agonist Resiquimod (R848, Invivogen) or as 
an unstimulated, cell media-only control. For some cultures, 
cells were pre-incubated with 4 μg/mL rabbit anti-IgE (Bethyl 
Laboratories) for 1 h at 37°C and 5% CO2 prior to 1 h stimulation 
with R848, after which, 5 μg/mL of the Golgi block, Brefeldin 
A (Biolegend) was added, and cells were incubated for an addi-
tional 16 h. For a subset (n = 23) of samples (Table S2), cultures 
were conducted in duplicate with no Brefeldin A added to the 
second well. These samples were utilized for flow cytometry-
assisted cell sorting for transcriptomic analysis, as detailed in 
the Supporting Information, as well as cytokine analysis using 
the Bio-Plex Pro human Cytokine 17-plex Assay (BioRad) and 
the VeriKine human Interferon-Alpha ELISA kit TCM (PBL 
Assay Science) on thawed cell culture supernatant according 
to the manufacturer's instructions or as per previously [28]. 
Lower limits of detection for the Bio-Plex assay are displayed in 
Table S3.

2.3   |   Statistics

For comparisons of continuous variables across two groups, 
such as for children with and without asthma or children with 
an IFNhi versus IFNlow pDC response, the Mann–Whitney U 
test was used. For paired analysis, following in  vitro stimula-
tion, a Wilcoxon matched-pair test was utilized. Hierarchical 
clustering, using the Ward method, was utilized to identify 
pDC response clusters, and Fisher exact test or chi-square tests 
were used to identify associations across nominal variables. 
Adjustment for multiple comparisons was made where relevant 
using a two-stage step-up method [29]. For evaluation of po-
tential confounders, a nominal logistic regression was utilized. 
Comparison of season-adjusted time to first virus infection was 
evaluated using a parametric survival model. Correlations be-
tween continuous variables were calculated using Spearman's 
correlation. All statistical analysis was performed using JMP 
17.2.0 software (SAS). Data were visualized by Prism 10.4.1 soft-
ware (GraphPad).

 
 



3

3   |   Results

3.1   |   Asthma-Specific Circulating Immune Cell 
Profile

To assess if children with asthma displayed a specific immuno-
logic profile, immune cell abundance was evaluated ex vivo in 71 
ELLF-cohort [25–27] participants at the age of 7 years (Table 1). 
Immune cell subsets were identified using two custom-made 
immune cell panels (Figure 1A,B, Figures S1 and S2) and abun-
dances were plotted across the cohort (Figure 1C). Abundances 
were also compared between children with and without current 
asthma (Figure  1D). Children with asthma displayed an in-
creased abundance of NK CD16hi cells and B Memory IgG+ cells 
(Figure 1E) whereas the abundance of conventional DC type 2 
(cDC2), CD4+ T cells, and pDC were decreased (Figure 1F).

3.2   |   pDC Responses Associate With Asthma

To follow-up on our previous finding that viral response net-
works were decreased during an episode of wheezing in chil-
dren who were later diagnosed with asthma [20], we evaluated 
pDC responses to R848 stimulation in vitro utilizing production 
of TNF, IFNα and IP-10 (CXCL10). These responses were man-
ually gated (Figure S3) and three types of cytokine-producing 
pDC subsets were quantified: (i) TNF+ [IFN−/IP-10−], (ii) TNF+ 
[IFN+/IP-10+] and (iii) TNF− [IFN+ or IP-10+]. The abundance of 
these subsets in each individual was used for hierarchical clus-
tering, which generated three clusters: (a) IFN/IP-10 dominated, 
(b) TNF dominated, and (c) Low response. These were used to 
form two IFNhi and IFNlow pDC response clusters (Figure 2A). 

Comparing the proportion of children with current asthma in 
the two response clusters suggested an IFNhi response was as-
sociated with a reduced likelihood of asthma compared to indi-
viduals with an IFNlow response (Figure 2B). This association 
remained significant after adjusting for current asthma thera-
pies that may impact pDC responses (Figure  S4A). The IFNhi 
and IFNlow responders were also compared across other clini-
cal parameters, identifying that IFNlow individuals displayed 
increased rates of eczema, whilst they were less likely to have 
attended care during the last year (Figure 2C, Table S8). Care at-
tendance was also independent of asthma status (Figure S4B–D). 
Of note, there was no difference in the prevalence of children 
who ever wheezed or had current atopy (Figure 2C). However, 
the IFNlow group displayed significantly elevated average skin 
prick test wheal size compared to the IFNhi group (Figure 2D), 
suggesting a higher degree of sensitization in IFNlow individuals 
compared to the IFNhi group. The association between asthma 
and IFNlow responses remained significant after adjusting for 
wheal size (Figure S4E).

3.3   |   Limited Difference in Early-Life Viral 
Infection History Between IFNhi and IFNlow 
Responding Individuals

IFN-I responses are essential for virus defense; to identify poten-
tial susceptibilities we compared the early-life history of virus 
infections in the two groups. We did not observe any difference 
in season-adjusted time-to-first infection of either respiratory 
syncytial virus (RSV) or human rhinovirus (HRV) infection 
following birth (Figure 3A,B). However, children in the IFNhi 
group had a higher proportion of HRV+ tests during the first 

TABLE 1    |    Table of subset of ELLF cohort utilized in this study.

Clinical parameter Current asthma (n = 26) No current asthma (n = 45) p

Age (year), median (range) 7.03 (7.0–8.0) 7.05 (7.0–7.8) 0.19

Male, N (%) 12 (46.2%) 21 (46.7%) 0.97

Vaginal delivery, N (%) 16 (61.5%) 30 (66.7%) 0.66

Current smoking in Family, N (%) 0 (0%) 8 (17.8%) 0.02

Attending center-based care, N (%) 17 (65.4%) 29 (64.4%) 0.94

Family history of Asthma, N (%) 15 (57.7%) 24 (53.3%) 0.72

History of wheeze, N (%) 23 (88.5%) 20 (44.4%) < 0.001

Current Atopy, N (%) 9 (36.0%) 12 (26.6%) 0.41

Current Eczema, N (%)a 9 (34.6%) 12 (26.7%)

Confirmed HRV infection < 2 year, N (%) 26 (100%) 44 (97.8%) 0.44

Confirmed RSV infection < 2 year, N (%) 14 (53.85%) 27 (60.0%) 0.61

Season of peripheral blood collection

Winter, N (%) 9 (34.6%) 9 (20.0%) 0.29

Spring, N (%) 6 (23.1%) 16 (35.6%)

Summer, N (%) 8 (30.8%) 10 (22.2%)

Fall, N (%) 3 (11.5%) 10 (22.2%)
aData missing from one individual.
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2 years of life (Figure 3C,D). In particular, children in the IFNhi 
group with asthma at 6–7 years of age appeared with a high 
proportion of HRV+ tests (Figure 3E). In the same analysis, no 

difference in mean viral load was observed between the two 
groups (Figure  3F). Interestingly, in the IFNlow group, an in-
creased proportion of positive HRV tests positively correlated 

FIGURE 1    |    Immune cell abundance in children with asthma (A, B). Flow-SOM clusters projected onto a UMAP of immune cell populations iden-
tified using a general immune panel (A) or a pDC/B cell panel (B). (C) Cell abundance of relevant immune cell subsets from samples with ex vivo data 
available. (D) Abundance of immune cell subsets in children with asthma or with no asthma. (E, F) Immune cell subsets identified to be increased 
(E) or decreased (F) in children with asthma. The significance of the difference between children with asthma and with no asthma was calculated 
using the Mann–Whitney test; p-values are displayed as *p < 0.05.

FIGURE 2    |    pDC response to stimulation and association with asthma. (A) Clustering of pDC responses based on TNF, IFNα, and IP-10 expres-
sion following R848-stimulation. (B) Prevalence of asthma in the two main response clusters, IFNhi and IFNlow. (C) Associations of pDC responses 
and clinical parameters. (D) Comparison of average wheal size in IFNhi and IFNlow individuals. Statistical significance of differences was calculated 
using Fisher's Exact test for (B, C). The Mann–Whitney test was used for (D). p-values are displayed as a number or as *p < 0.05, **p < 0.01.
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with the percentage of days with a lower respiratory tract infec-
tion (LRI), whereas in the IFNhi group, no such correlation was 
observed (Figure 3G).

3.4   |   pDC Responses Are Associated With pDC 
Phenotype and T Cell Abundance

As pDC function is important for shaping T cell responses, 
we assessed if IFNhi or IFNlow responses were associated with 
differences in circulating T cell subsets ex  vivo. We observed 
a trend toward an increase in CD4+ Naive Tregs and CD4− T 
effector cells in IFNhi individuals, whereas CD4− Naive and 
CD4+ T CM cells appeared decreased (Figure 4A). Evaluating 
the ex vivo phenotype of pDC (Figure S2) revealed that IFNlow 
response individuals displayed an increased proportion of CD5+ 
pDC compared to those with an IFNhi response (Figure S5A). A 
small but significantly increased expression of IRF7 in IFNlow 
individuals was also observed (Figure S5B).

In parallel to evaluating pDC-specific responses, we also com-
pared TNF and IFN/IP-10 production in CD14+ monocytes. 
Although no correlation in TNF+ [IFN−/IP-10−] CD14+ mono-
cytes and pDC was observed (Figure 4B), a strong correlation 
with TNF+ and TNF− [IFNα+ or IP-10+] cells was observed 
(Figure 4C,D). Cytokine production from PBMC following R848 
stimulation was also evaluated in a subset of culture superna-
tants (Table S2). As expected, R848 increased the production of 
most cytokines (Figure  4E), including IFNα, which was mea-
sured separately (Figure 4F). Interestingly, total pDC activation, 
as determined by the proportion of cytokine-producing pDC, 

was inversely correlated to the release of most cytokines from 
the PBMC, except for IFNα, where a positive correlation was ob-
served (Figure 4G). Monocyte activation trended mostly toward 
a positive association with PBMC cytokines, including for IFNα 
(Figure  4G). No difference in total cytokine production was 
observed between IFNhi versus IFNlow individuals or between 
children with or without current asthma (Figure S5C,D), except 
for IFNα (Figure 4H,I). These findings suggest that although the 
IFN-I response to R848 is similar in monocytes and pDC, their 
activation appears to have opposed associations with the PBMC 
immune response, except for IFNα which is aligned with both 
the pDC response clusters and current asthma.

3.5   |   Limited Transcriptional Difference Observed 
Between pDC Response Clusters

Following in vitro stimulation, pDC from a subset of individuals 
(Table S2) were isolated for transcriptomic analysis (Figure S6). 
Multidimensional scaling demonstrated a clear separation be-
tween unstimulated and R848-stimulated samples (Figure 5A). 
Weighted gene co-expression network analysis was performed 
to evaluate systems-based responses to stimulation (Figure 5B). 
Out of the 9 modules that were identified, five were differen-
tially expressed following R848 stimulation; these included the 
turquoise, red, brown, green, and blue modules (Figure  5C). 
Reactome pathway enrichment analysis suggested that these 
were enriched for genes related to IFN signaling (turquoise) and 
generation of secondary messenger molecules (blue) (Figure 5D). 
The red, brown, and green modules were not enriched for a par-
ticular gene pathway. Comparing the fold change of eigengene 

FIGURE 3    |    pDC response clusters and association to early life virus infection. (A, B). Time from birth to first detection of RSV (A) or HRV (B) in 
individuals with an IFNhi or IFNlow response. (C, D). Proportion of RSV (C) and HRV (D) positive tests returned from weekly swabs in IFNhi or IFNlow 
individuals. (E) Proportion of HRV positive tests in children with or without asthma split across IFNhi or IFNlow responses. (F) Average Ct-values 
during HRV+ swabs as a proxy for viral load in IFNhi and IFNlow individuals. (G) Correlation between the proportion of positive HRV tests and the 
proportion of days with a lower respiratory tract infection (LRI) coinciding with HRV infection in children with IFNhi or IFNlow responses. Statistical 
significance of differences in (A, B) was calculated using a parametric survival fit adjusted for the season of birth. In (C, F), a Mann–Whitney test was 
used, and Spearman's correlation was used to evaluate associations in (G). p-values are displayed as *p < 0.05.
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values following R848 stimulation in modules with an associ-
ated pathway between IFNhi and IFNlow individuals suggested 
that the turquoise/IFN module and the grey/nucleotide module 
responded differentially in individuals with an IFNhi versus 
IFNlow response (Figure 5E). At baseline, no difference in the 
turquoise/IFN module was observed, whereas a decreased ex-
pression of the grey/nucleotide module was observed in IFNlow 
individuals (Figure 5F).

3.6   |   IgE-Induced pDC Inhibition Is Associated 
With Reduced Expression of the Blue Module

As IgE binding and IgE crosslinking have been previously 
shown to modulate production of IFN-I in pDC [11] we 

evaluated if IgE crosslinking prior to R848 stimulation im-
pacted the pDC response clusters. As demonstrated by the 
PBMC cytokine response, IgE crosslinking increased the 
release of IL-1β, 2, 4, 5, 6, 12, 17, G-CSF, GM-CSF, IFNγ 
as well as TNF, but not IFNα, into the culture supernatant 
(Figure 6A,B). A small but significant decrease in total pDC 
activation, as defined by the proportion of cytokine-producing 
pDC, was also observed (Figure 6C). To assess if IgE crosslink-
ing impacted TNF or IFN/IP-10 producing pDC differently, 
changes in these subsets were compared. This revealed that 
TNF producing pDC appeared the most impacted, whereas 
the impact on IFN or IP-10 producing pDC appeared varied 
(Figure  6D). No difference in IgE-induced decrease in pDC 
activation was observed based on the IFNhi and IFNlow pDC 
response clusters (Figure S7A). We next evaluated if the extent 

FIGURE 4    |    pDC responses are reflected in pDC and immune cell phenotype. (A) Ratio and significance of immune cell subset abundance in 
children with an IFNhi or IFNlow response. (B–D) Correlation of TNF+ [IFN+/IP-10+] (B), TNF− [IFN+/IP-10+] (C) or TNF− [IFN+ or IP-10+] (D) re-
sponses in pDC and Monocytes following R848 stimulation. (E, F) Cytokine concentration in culture supernatant in unstimulated (unstim) and R848 
stimulated samples from a subset of children. (G) Association with pDC or monocyte activation and cytokine concentration in culture supernatant. 
(H, I) IFNα production in IFNhi and IFNlow individuals (H) or in children with or without asthma (I) following stimulation. Significance of differ-
ence in cell abundance between individuals with an IFNhi or IFNlow pDC or with or without asthma was calculated using the Mann–Whitney test 
and adjusted for multiple comparisons, if relevant, in (A, H, and I). Spearman's correlation was used to evaluate the association between cytokine 
production in pDC and monocytes in (B–D) or between cytokine levels and pDC or monocyte activation in (F). A Wilcoxon paired rank test, follow-
ing adjustment for multiple comparisons, if relevant, was used to evaluate cytokine responses to R848 in (E, F). p-values are displayed as *p < 0.05, 
**p < 0.01, ***p < 0.001.
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of IgE-induced change in TNF or IFN/IP-10 producing pDC 
was associated with ex vivo expression of pDC markers. This 
revealed a significant negative association between ex  vivo 
FcεR1 expression and an IgE-induced reduction of IFN/IP-
10 producing pDC. A weak association (p = 0.05) with IgE-
induced reduction of TNF producing pDC was also observed. 
Finally, a negative association with pDC-bound IgE ex  vivo 
and IgE-induced reduction of IFN/IP-10 producing pDC was 
observed (Figure 6E, Figure S7B).

To identify transcriptional drivers of IgE-mediated reduction in 
pDC activation, the WGCNA module eigengenes were compared 
in a subset of individuals (Table  S2). Following IgE crosslink-
ing, expression of the blue/s messenger module was decreased 
(Figure 6F). Further inspection of the blue module revealed sev-
eral interconnected hub genes including TPM2, LILRA4, and 
CLEC4C (CD303) (Figure 6G). LILRA4 and CLEC4C have pre-
viously been implicated in regulating IFN-I responses in pDC 
[30, 31]. Comparing expression of these genes following IgE 
crosslinking revealed a trend toward decreased expression of 
LILRA4 (Figure 6H).

4   |   Discussion

The current study has demonstrated that pDC responses that lack 
IFN-I production appear linked to atopy and asthma. We further 
demonstrated IgE may contribute to shaping these responses and 
thus extend previous reports suggesting IgE may reduce IFN pro-
duction. The results also highlight an effect of IgE crosslinking on 
pDC-mediated TNF production, and link with atopic disease.

We and others have previously observed children with asthma 
are more likely to mount an insufficient IFN response. 
Findings from our group suggest this phenotype may be pres-
ent from birth [19] and observable in children with recurrent 
wheezing prior to asthma diagnosis [20]. Other studies using 
PBMC have also identified significant variability in IFN re-
sponses following stimulation [32]. Although this study fo-
cuses specifically on pDC activation, altered abundance of 
other circulating immune cells was also observed between 
children with and without asthma. This included a decreased 
abundance of cDC2, that may be linked to Th2 inflammation 
[33]. Focusing on pDC function, clustering in vitro responses 

FIGURE 5    |    pDC specific WGCNA modules and response to stimulation. (A) Multidimensional scaling (MDS) plot of unstimulated (unstim) 
and R848 stimulated samples. (B) Gene clustering based on Topographical Overlap Matrix (TOM)- based dissimilarity to create WGCNA modules. 
(C) Comparison of eigengene values in unstim and R848 stimulated samples. (D) Overrepresented Reactome pathways in each module. (E, F) Fold 
change and baseline levels in module eigengene values in annotated modules following R848 stimulation (E) or at baseline (F) in children with an 
IFNhi or IFNlow pDC response. Significance of difference following stimulation in (C) or between children with an IFNhi or IFNlow pDC response in 
(E, F) was calculated using Mann–Whitney tests. p-values are displayed as *p < 0.05, **p < 0.01, ***p < 0.001.
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into either IFNhi or IFNlow responses, demonstrating that el-
evated atopy, eczema, and current asthma are all associated 
with an IFNlow response with varied levels of TNF production. 

The association with asthma remained significant after ad-
justing for the level of atopy or the use of asthma medica-
tion, suggesting an independent association. Evaluating the 

FIGURE 6    |     Legend on next page.
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ex  vivo phenotype of pDC suggested the IFNlow response 
was associated with an increased abundance of CD5+ pDC, 
which aligns with reports suggesting CD5-expressing pDC 
have reduced IFN-I production [34]. In IFNhi individuals, a 
trend toward increased abundance of CD4+ Naive Treg was 
also observed, aligning with demonstrated effects of pDC on 
CD4+ Treg induction that also appear sensitive to IgE levels 
in both atopic [35] and other inflammatory conditions [36]. 
Counterintuitively, the expression of IRF7, a central gene in 
IFN-I responses, was increased in IFNlow individuals. Further 
investigation into the functional aspect of IRF7 in these indi-
viduals may be warranted as the current study did not evaluate 
the intracellular location or phosphorylation status of IRF7. 
Increased expression may also be an attempt to restore IFN-I 
production in IFNlow individuals. It is important to note that 
the response phenotypes described in this study were detailed 
in circulating pDC and limited to stimulation by the TLR7/8 
agonist R848. These may differ from IFN-producing ability in 
the respiratory mucosa [37] of following activation through 
other receptors, such as RIG-I [38]. Another aspect of our find-
ings is that IFN-I responses in pDC correlated strongly with 
IFN-I responses in monocytes suggesting a similar regulatory 
mechanism and was also reflected in released IFNα into the 
culture supernatant. Little correlation between monocytes 
and pDC was, however, observed for TNF production sug-
gesting that this is controlled by different mechanisms. It is 
also interesting to note that pDC activation correlated nega-
tively with PBMC-cytokine production, suggesting a negative 
influence by pDC, which was reversed by IgE crosslinking. 
However, IgE-induced basophil activation may also contrib-
ute to this observation.

Further studies assessing whether pDC response clusters are 
either a consequence of developing atopy or already present at 
birth remain a priority. To address this, the history of early-life 
virus infections was evaluated without detecting a difference 
in seasonally adjusted time-to-first infection by RSV or HRV 
between the two response clusters. We acknowledge that this 
readout is strongly related to exposures and that other factors, 
in addition to season, may be of importance that were not cap-
tured in this analysis. As part of the ELLF study, weekly nasal 
swabs were collected, and the presence of viruses was assessed. 
Counterintuitively, children in the IFNhi response cluster dis-
played a higher frequency of HRV detections than IFNlow indi-
viduals, as well as a trend toward more frequent RSV infections. 
This appeared driven by a minority of IFNhi individuals who 
had current asthma at 6–7 years of age, potentially suggesting 

other vulnerabilities in those individuals. Although there was 
no difference in mean viral load between the groups, a direct 
correlation between the proportion of HRV+ tests and LRI-
days in IFNlow individuals was observed. This association was 
non-existent in IFNhi individuals, suggesting that susceptibil-
ity to more severe complications with early-life virus infections 
may differ between the two response groups. IFNhi individuals 
also attended significantly more center-based care compared 
to IFNlow individuals; this remained significant after adjust-
ing for asthma. It may be speculated that children attending 
center-based care are exposed to more pathogens; however, this 
is likely more important during the first years of life when no 
difference in attendance was observed. At the age of 7, children 
spend the majority of their time in school, as opposed to care, 
making these findings difficult to interpret.

Accompanying the flow-cytometry-based analysis, pDC were 
also isolated from a subset of participants for transcriptional 
analysis. R848 stimulation was characterized by upregulation 
of the turquoise/IFN-dominated gene module. This module was 
further upregulated in IFNhi compared to IFNlow individuals. 
At baseline, differences in the grey/small nucleotide catabolism 
defect module separated IFNhi and IFNlow individuals, although 
the impact of this remains unclear. Accompanying the cell-
specific analysis, evaluation of cytokine production was also 
performed. Given that no difference in cytokine production, ex-
cept for IFNα production, was observed across the two pDC re-
sponse groups, it is unclear what the wider immune implications 
on an IFNlow phenotype may be.

The impact of crosslinking cell-bound IgE was also evaluated. 
Although it is well established that both bound and crosslinked 
IgE on pDC negatively impact IFN production [10–12] and that 
treatment with anti-IgE (Omalizumab) may restore IFN-I re-
sponses and reduce asthma exacerbations [13–15]. It is less clear 
how anti-IgE impacts other cytokines produced by pDC or in-
deed the two response clusters described in this study. Although 
anti-IgE crosslinking only induced a limited decrease in pDC 
activation and did not differentially impact the two response 
clusters, a clear association with the IgE-crosslinking-induced 
change in TNF and/or IFN/IP-10 production by pDC and base-
line FcεR1 and pDC-bound IgE was observed, aligning with 
previous findings. A specific decrease of the blue/s messenger 
module was also observed, and this module contained several 
hub genes with relevance for pDC function such as CLEC4C 
(CD303) and LILRA4 (ILT-7). These genes have both been im-
plicated in the inhibition of IFNα production previously [30, 31], 

FIGURE 6    |    Impact of IgE crosslinking on pDC activation. (A, B) Cytokine concentration in culture supernatant in R848 stimulated samples with 
or without prior anti-IgE crosslinking. (C) Total pDC activation, based on cytokine production, in R848 stimulated samples with or without prior 
anti-IgE crosslinking. (D) Change in proportion of specific cytokine producing pDC following anti-IgE crosslinking and subsequent R848 stimula-
tion, displayed as fold change to R848 stimulation only. (E) Association of ex vivo expression of pDC markers and change in proportion of specific cy-
tokine producing pDC following anti-IgE crosslinking. (F) Fold change to unstimulated, in annotated WGCNA modules following R848 stimulation 
with or without prior anti-IgE crosslinking. (G) Genes within the blue module with high intramodular connectivity and module membership. (H) 
Difference in gene expression of identified hub genes in R848 stimulated samples with or without prior anti-IgE crosslinking. (A) Wilcoxon paired 
rank test was used to evaluate cytokine responses in (A, B), significance of difference in pDC activation in (C), and fold change following anti-IgE 
crosslinking in (D). Spearman's correlation was used to evaluate association between marker expression and IgE-induced change in pDC activation 
in (E). Differences in module eigengene values in (F) or gene expression levels in (H) were calculated using the Wilcoxon paired rank test. p-values 
are displayed as *p < 0.05, **p < 0.01, ***p < 0.001.
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where LILRA4 is an adaptor protein to FcεR1 and essential for 
BST2 mediated inhibition of IFN-I production [31, 39]. Further 
evaluation of baseline protein expression, impact on virus de-
fence, and sensitivity to atopy may provide additional insights 
into the contribution of these proteins to asthma development.

Finally, it is important to note that the transcriptional analysis 
was carried out on the total pDC population following stimu-
lation. Inclusion of non-responding cells may have diluted the 
transcriptional signal from IFN-I producing pDC, as these cells 
are rare [40] with a median of 12% of total pDC in this study 
following R848 stimulation. Some effects on IFN-I producing 
pDC may thus not have been detectable by the bulk sequencing 
methodology we applied. Another factor separating the flow cy-
tometry and transcriptional analysis was the addition of a Golgi 
block to samples evaluated by flow cytometry. This was added 
to allow for detection of intracellular cytokines, but may have 
limited exposure of pDC to cytokines produced by adjacent cells, 
including adjacent pDC.

In summary, this study demonstrates that in  vitro pDC re-
sponses in 7-year-old children are strongly associated with 
atopy and asthma. However, associations with early-life viral 
infections are limited, leaving it unclear whether this represents 
an inherited predisposition. Further evaluation of the develop-
ment and longitudinal stability of these responses during early 
life is warranted and may provide biomarkers for the risk of fu-
ture disease or uncover novel therapeutic targets that can reduce 
asthma development in children.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1. Gating strategy for identifi-
cation of immune cell populations from the general immune cell panel. 
Data from one representative individual is displayed. Figure S2. Gating 
strategy for identification of immune cell subsets from the pDC/B cell 
spectral panel. Data from one representative individual is displayed. 
Figure S3. Gating strategy for detection of cytokine production in pDC 
and Monocytes following stimulation with R848. Data from one rep-
resentative individual is displayed. Figure S4. (A) Association of pDC 
responses following adjustment for current use of asthma therapies. 
(B, C) are attendance (y/n) at each age for IFNhi and IFNlow individu-
als. (C) hours per week at specific type of care locations for IFNhi and 
IFNlow individuals. (D) Association of attending centre-based care ad-
justed for current asthma status in IFNlow individuals. (E) Association 
of IFNlow pDC responses with asthma following adjustment for wheal 
size. Statistical significance of differences in (B, C) was calculated using 
a Mann–Whitney test adjusted for multiple comparisons. p-values are 
displayed as **p < 0.01, *p < 0.05 or as indicated. Figure S5. (A, B) 
Distribution of ex vivo pDC subsets (A) or expression of markers asso-
ciated with pDC function (B) in individuals with an IFNhi or IFNlow 
pDC response. (C, D) Comparison of cytokine concentration in culture 
supernatant in children with an IFNhi versus IFNlow (C) or with or with-
out current asthma (D). Statistical significance of differences in (A–D) 
was calculated using a Mann–Whitney test adjusted for multiple com-
parisons. p-values are displayed as *p < 0.05. Figure S6. Gating strategy 
for flow cytometry assisted cell sorting of pDC following culture. Data 
from one representative individual is displayed. Figure S7. (A) change 
in total pDC activation between IFNhi and IFNlow response clusters. (B) 
Correlation plots for change in TNF and IFN/IP-10 producing pDC fol-
lowing IgE crosslinking and FcεR1 and IgE expression. Statistical sig-
nificance of differences in A was calculated using a Mann–Whitney test 
and associations were evaluated using Spearman's correlation. p-values 
are displayed as *p < 0.05 or as indicated. 
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