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Background: Atopy and viral respiratory tract infections
synergistically promote asthma exacerbations. IgE cross-linking
inhibits critical virus-induced IFN-a responses of plasmacytoid
dendritic cells (pDCs), which can be deficient in patients with
allergic asthma.
Objective: We sought to determine whether reducing IgE levels
in vivo with omalizumab treatment increases pDC antiviral IFNa responses in inner-city children with asthma.
Methods: PBMCs and pDCs isolated from children with
exacerbation-prone asthma before and during omalizumab
treatment were stimulated ex vivo with rhinovirus and influenza
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in the presence or absence of IgE cross-linking. IFN-a levels
were measured in supernatants, and mRNA expression of IFN-a
pathway genes was determined by using quantitative RT-PCR
(qRT-PCR) in cell pellets. FcεRIa protein levels and mRNA
expression were measured in unstimulated cells by using flow
cytometry and qRT-PCR, respectively. Changes in these
outcomes and associations with clinical outcomes were analyzed,
and statistical modeling was used to identify risk factors for
asthma exacerbations.
Results: Omalizumab treatment increased rhinovirus- and
influenza-induced PBMC and rhinovirus-induced pDC IFN-a
responses in the presence of IgE cross-linking and reduced pDC
surface FcεRIa expression. Omalizumab-induced reductions in
pDC FcεRIa levels were significantly associated with a lower
asthma exacerbation rate during the outcome period and
correlated with increases in PBMC IFN-a responses. PBMC
FcεRIa mRNA expression measured on study entry significantly
improved an existing model of exacerbation prediction.
Conclusions: These findings indicate that omalizumab
treatment augments pDC IFN-a responses and attenuates pDC
FcεRIa protein expression and provide evidence that these
effects are related. These results support a potential mechanism
underlying clinical observations that allergic sensitization is
associated with increased susceptibility to virus-induced asthma
exacerbations. (J Allergy Clin Immunol 2017;nnn:nnn-nnn.)
Key words: Plasmacytoid dendritic cells, rhinovirus, IFN-a,
asthma, IgE, omalizumab, FcεRa

Allergic sensitization is a risk factor in the development of
acute asthma exacerbations with viral respiratory infections.
Heymann et al1 demonstrated that allergic sensitization and
increased serum IgE levels to house dust mite enhance the likelihood that a rhinovirus respiratory tract infection will cause an
asthma exacerbation. Furthermore, allergen exposure in allergic
patients increases the risk for respiratory virus–induced wheezing
and asthma exacerbations.2,3
A critical link between IgE levels and suppression of Toll-like
receptor (TLR) 9–induced plasmacytoid dendritic cell (pDC)
IFN-a responses was first described by Schroeder et al,4 suggesting that pDC antiviral responses might be suppressed similarly in
the setting of atopy. We observed that the magnitude of pDC IFNa responses to ex vivo viral challenge is inversely related to serum
IgE levels.5 In addition, we showed that stimulation of the IgE/
FcεRI pathway in pDCs through IgE cross-linking abrogates viral
and TLR7-induced pDC IFN-a production,5,6 a finding that could
explain why pDCs isolated from patients with allergic asthma
have impaired IFN-a responses to viruses. Furthermore, surface
expression of FcεRI on pDCs significantly correlates with serum
IgE concentrations7 and is associated with diminished virus1
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induced IFN-a responses in these cells.5 Reduction of IgE levels
with omalizumab can significantly reduce pDC FcεRI expression,8,9 a finding that could translate to improved antiviral responses in these cells. Collectively, these data suggest a
significant interaction between IgE level, FcεRI expression, and
asthma exacerbations and also that reducing IgE and FcεRI
expression in vivo could restore IFN-a responses and possibly
contribute to the prevention of virus-provoked asthma
exacerbations.
The Preventative Omalizumab or Step-up Therapy for Severe
Fall Exacerbations (PROSE) study (clincaltrials.gov no.
NCT01430403) was designed to evaluate the effect of reducing
IgE levels with omalizumab in vivo on asthma exacerbations, as
well as on ex vivo pDC antiviral IFN-a responses. Children
treated with omalizumab had a significant restoration of ex vivo
IFN-a responses in PBMCs, and the group with a greater restoration in IFN-a responses had a lower asthma exacerbation rate.10
In this report we tested the hypothesis that omalizumab treatment
would (1) boost antiviral IFN-a responses of both PBMCs and purified pDCs in the presence and absence of IgE cross-linking and
(2) attenuate pDC FcεRIa expression. We also investigated
whether these omalizumab-induced cellular changes were associated with clinical outcomes. Finally, we used multivariate
modeling to determine whether the cellular phenotypes and
IFN-a responses in our study would improve the predictive value
of a previously developed model for asthma exacerbations in this
population of high-risk children.

METHODS
Mechanistic study design
In participants from 2 of the 8 sites of the PROSE clinical trial (UT
Southwestern Medical Center, Dallas, Texas, and National Jewish Health,
Denver, Colorado), blood for ex vivo assays was drawn before randomization
and 12 to 16 weeks after initiation of treatment. These assays were designed to
measure the effect of IgE cross-linking on virus (rhinovirus and influenza)–
induced and TLR7 agonist (gardiquimod)–induced IFN-a in cultures of
PBMCs (all participants) and pDCs (in a subset of participants) and to determine the effect of omalizumab versus placebo treatment on these IFN-a
responses.

Isolation of PBMCs, pDCs, culture conditions, and
reagents
PBMCs were isolated by means of density centrifugation with Ficoll-Paque
(GE Healthcare, Fairfield, Conn). In a subset of participants, pDCs were
purified from PBMCs by means of negative selection with antibody-coated
magnetic particles (EasySep Human Plasmacytoid DC Enrichment Kit,
Catalog #19062; STEMCELL Technologies, Vancouver, British Columbia,
Canada), according to the manufacturer’s Manuel EasySep Protocol and as
previously used in our studies.11 Purity of the isolated pDCs (defined as
Lin2HLA-DR1CD11c2CD1231 events) was greater than 80%. pDCs were
distinguished from basophils by means of HLA-DR expression (because
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pDCs express high levels of HLA-DR, whereas basophils lack HLA-DR
expression). Basophil contamination in purified pDC samples was minimal
(median of <0.1% in pDC samples obtained during both the prerandomization
and postrandomization phase of the study). Aliquots of PMBCs and pDCs
were preserved in Cyto-Chex solution (Streck, Omaha, Neb) for subsequent
antibody staining and flow cytometric analysis. Cells were cultured at
0.5 3 106/0.2 mL (PBMCs) or 0.1 3 105/0.2 mL (pDCs) in 96-well roundbottom plates in complete RPMI 1640 medium supplemented with 10%
heat-inactivated FBS, 1% penicillin-streptomycin, 1% sodium pyruvate, 1%
HEPES buffer solution, 1% nonessential amino acids, 1% glutamate,
100 mmol/L b-mercaptoethanol, and 10 ng/mL IL-3. Cells were cultured
for 18 hours in the presence or absence of an IgE cross-linking antibody (rabbit
anti-human IgE, 1 mg/mL; Bethyl Laboratories, Montgomery, Tex). This antibody differs from omalizumab in its ability to bind and cross-link IgE on cellsurface FcεRIa receptors, whereas omalizumab only binds to free IgE. After
18 hours, PBMCs were stimulated with RV-A16 (106 plaque-forming units/
mL; a gift from Wai-Ming Lee and Yury Bochkov, University of WisconsinMadison, Madison, Wis), influenza virus (A/PR/8/34 [H1N1], 0.1 plaqueforming units/cell; Charles River Laboratories, Malvern, Pa), or gardiquimod
(a TLR7 agonist, 1 mg/mL; InvivoGen, San Diego, Calif) for 24 hours. Cells
and supernatants were then harvested by means of centrifugation and stored at
2808C for RNA extraction/qRT-PCR and IFN-a ELISA, respectively.

Flow cytometry
PBMCs were stained5 with the following fluorochrome-conjugated antihuman antibodies: HLA-DR allophycocyanin (APC)–Cy7, lineage–fluorescein isothiocyanate (FITC) mixture, CD14–Pacific Blue, CD123-PeCy5
(BD Biosciences), and FcεRIa-PE (eBioscience, San Diego, Calif); acquired
on a BD LSR II flow cytometer (BD Biosciences); and analyzed by using
FlowJo software (TreeStar, Ashland, Ore). pDCs were identified as lineagenegative, HLA-DR1, and CD1231 cells. The mean fluorescence intensity of
FcεRIa was determined by using flow cytometry and subsequently converted
to molecules of equivalent soluble fluorochrome by using the Ultra Rainbow
Calibration Kit (BD Biosciences).

IFN-a quantification
IFN-a levels were measured by using the Human IFN-a (panspecific to
detect 12 IFN-a subtypes) ELISA Kit (MabTech, Cincinnati, Ohio) and
analyzed on an ELISA reader DTX 880 Multimode detector (Beckman
Coulter, Fullerton, Calif).

RNA isolation and qRT-PCR for detection of FcεRIa
and mRNA of interferon signaling and response
genes
Total pDC RNA was extracted from 2 3 104 pDCs by using RNA-Bee (TelTest, Friendswood, Tex) and chloroform, as previously described, and stored
at 2808C.5 Total PBMC RNA was extracted from 1.5 to 2 3 106 PBMCs with
the Qiagen RNeasy Mini Kit (Qiagen, Valencia, Calif). cDNA synthesis was
carried with a High Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, Foster City, Calif). Expression of TLR7 and FCER1A mRNA in unstimulated pDCs and PBMCs and FCER1G mRNA in unstimulated PBMCs
was quantified by performing quantitative RT-PCR with the CFX384 Real
Time system (Bio-Rad Laboratories, Hercules, Calif). TLR7, IFNB1,
IFNA1, IFIT1, interferon regulatory factor 7 (IRF7), and DDX58 expression
was also measured in cultured PBMCs. Sequences for TLR7 and FcεRIa
probes/primers (TaqMan) shown in Table E1 in this article’s Online Repository at www.jacionline.org were used, as previously reported.5 The reporter
dye and quencher were 6-fluorescein amidite and tetramethylrhodamine,
respectively. Applied Biosystems TaqMan Assays (Thermo Fisher Scientific,
Waltham, Mass) shown in Table E2 in this article’s Online Repository at www.
jacionline.org were used for IRF7, IFNB1, IFNA1, DDX58, and IFIT1. mRNA
expression for all genes in cultured PBMCs was normalized to hypoxanthineguanine phosphoribosyltransferase mRNA (Thermo Fisher Scientific). mRNA
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FIG 1. Enhanced PMBC and pDC IFN-a responses after omalizumab. PBMC and pDC IFN-a responses to
rhinovirus (RV) and influenza virus (FLU) significantly increased during the intervention phase of the study
in the omalizumab group. Bars represent geometric mean IFN-a concentrations (in picograms per milliliter)
measured in supernatants. Ratio of geometric means comparing postintervention versus preintervention
values within each group are annotated above the bars, along with associated 95% CIs. Boldface indicates
a P value of less than .05, as determined by using the paired t test. A, A 2.06-fold increase in PBMC IFN-a
response to rhinovirus plus IgE cross-linking (P 5 .01). B, A 1.57-fold increase in PBMC IFN-a response to
influenza virus plus IgE cross-linking (P 5 .02). C, A 4.15-fold increase in pDC IFN-a response to rhinovirus
plus IgE cross-linking (P 5 .003) was observed between prerandomization (green bars) and postrandomization (blue bars) values in the omalizumab group.

TABLE I. Effect of omalizumab on PBMC and pDC IFN-a* secretiony
Mechanistic
parameter
Cell
type

Ex vivo
stimulus

PBMC Rhinovirus
Anti-IgE plus
rhinovirus
Influenza
virus
Anti-IgE plus
influenza
virus
Gardiquimod
pDC
Rhinovirus
Anti-IgE plus
rhinovirus
Influenza
pDC
Gardiquimod

Omalizumab

Placebo

PrePostRatio of
PrePostrandomization, randomization, geometric means
P
randomization, randomization,
No.
mean (SD)
mean (SD)
(95% CI)
value No.
mean (SD)
mean (SD)

Ratio of
geometric
means (95% CI)

P
value

64
56

1365.8 (6.1)
201.7 (6.9)

1035.8 (7.0)
415.7 (8.2)

0.76 (0.47-1.22)
2.06 (1.20-3.55)

.25
.01

23
23

1443.1 (6.3)
169.7 (5.5)

764.2 (7.9)
129.0 (6.4)

0.53 (0.21-1.32)
0.76 (0.34-1.71)

.16
.49

64

7304.7 (2.2)

7301.8 (2.4)

1.00 (0.80-1.24)

>.99

23

6864.2 (3.7)

6371.6 (2.6)

0.93 (0.50-1.74)

.81

38

4352.1 (2.6)

6814.9 (2.3)

1.57 (1.09-2.25)

.02

10

4043.6 (5.6)

4637.1 (3.9)

1.15 (0.20-6.51)

.86

64
25
14

856.4 (3.8)
125.2 (5.3)
94.8 (4.4)

1167.3 (4.1)
237.5 (7.1)
393.6 (6.4)

1.36 (1.00-1.87)
1.90 (0.83-4.34)
4.15 (1.76-9.77)

.05 23
.12 12
.003 7

1314.3 (4.7)
216.3 (7.6)
174.8 (7.2)

985.4 (3.4)
260.4 (8.0)
277.7 (6.7)

0.75 (0.49-1.16)
1.2 (0.26-5.64)
1.59 (0.19-13.14)

.18
.80
.61

25
21

236.6 (3.7)
936.6 (6.5)

317.5 (3.5)
1900.2 (4.7)

1.34 (0.87-2.08)
2.03 (0.85-4.83)

.18
.10

171.6 (4.7)
1280.3 (6.6)

340.2 (3.4)
1955.4 (2.7)

1.98 (0.84-4.70)
1.53 (0.33-7.14)

.11
.55

11
11

Boldface indicates P < .05.
*IFN-a concentrations (in picograms per milliliter) measured in supernatants after depicted ex vivo stimulations.
Means are geometric means, and SDs are geometric SDs.

expression for all genes in unstimulated PBMCs and pDCs was normalized to
hypoxanthine-guanine phosphoribosyltransferase mRNA or PPIA mRNA
(Thermo Fischer Scientific). Results were based on 22DDct values.

Statistical analysis
Cell values were skewed and therefore log-transformed for statistical
tests and models. To compare differences between prerandomization and
postrandomization within treatment groups (placebo and omalizumab),
paired t tests were used, and ratio of geometric means were reported. Change
between prerandomization and postrandomization was calculated by using a
log difference. Change was dichotomized at the median value to compare
exacerbation rates by the level of prerandomization versus postrandomization change. Logistic regression was performed (Firth method was used in
the case of zero counts) by using dichotomized change as the predictor

and any exacerbation as the outcome; associated odds ratios were reported.
Pearson correlations were used to compare continuous change between
variables.
Because of the larger sample size required for multivariate modeling of
exacerbations, participants from the third arm of the PROSE clinical trial, an
arm that received an inhaled corticosteroid boost, were pooled together with
placebo-treated participants. Notably, the primary outcome in the inhaled
corticosteroid arm did not differ from placebo in the PROSE trial.10 The
multivariate modeling process consisted of 3 steps. First, prerandomization
mechanistic variables were compared between exacerbators and nonexacerbators by using t tests within treatment group (non-omalizumab and omalizumab). Because of the exploratory nature of the analysis, we did not
account for multiple comparisons. Next, an elastic net procedure was performed to select the most relevant baseline mechanistic outcomes after adjusting for known baseline predictors of exacerbations.12 Finally, logistic
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TABLE II. Effect of omalizumab on TLR7* expression in unstimulated PBMCs and pDCsy
Mechanistic parameter
Cell type

Method
measured

PBMC
Purified pDC

RT-PCR
RT-PCR

Omalizumab
Readout*

No.

Prerandomization,
mean (SD)

TLR7 mRNA
TLR7 mRNA

64
18

1.2 (1.6)
0.3 (1.7)

Postrandomization,
mean (SD)

1.0 (1.8)
0.2 (1.5)

Boldface indicates P < .05.
*TLR7 mRNA values represent expression measured before ex vivo stimulation and normalized to HPRT expression (22Dct).
Means are geometric means, and SDs are geometric SDs.

TABLE III. Effect of omalizumab on rhinovirus-induced PBMC expression of IFN-a signaling and responsiveness genes*
Omalizumab

Placebo

Ratio of
Ratio of
mRNA
Prerandomization, Postrandomization, geometric means
P
Prerandomization, Postrandomization,
geometric
P
expressiony No.
mean (SD)
mean (SD)
(95% CI)
value No.
mean (SD)
mean (SD)
means (95% CI) value

TLR7
IRF7
IFNB1
IFNA1à
DDX58
(RIG-I)
IFIT1

56
56
55
32
56

2.5
7.1
23.8
17.9
6.2

(2.2)
(3.4)
(11.6)
(11.5)
(3.6)

56

44.8 (13.2)

3.0
7.6
46.4
32.0
8.9

(2.3)
(2.7)
(8.8)
(12.5)
(2.8)

75.5 (8.5)

1.21
1.07
1.95
1.79
1.43

(0.94-1.55)
(0.75-1.54)
(1.04-3.66)
(0.65-4.94)
(1.03-1.99)

.13
.70
.04
.25
.04

22
22
20
13
22

2.6
8.0
27.2
65.4
9.1

(2.1)
(2.8)
(7.2)
(6.5)
(2.7)

1.69 (0.85-3.34)

.13

22

65.9 (8.0)

2.4
5.9
20.7
24.2
6.4

(2.0)
(2.8)
(8.2)
(5.6)
(3.3)

24.5 (10.9)

0.94
0.74
0.76
0.37
0.7

(0.66-1.34)
(0.45-1.21)
(0.28-2.05)
(0.12-1.15)
(0.41-1.22)

.73
.21
.57
.08
.20

0.37 (0.14-1.01)

.05

Boldface indicates P < .05.
*Means are geometric means, and SDs are geometric SDs.
Cells were stimulated ex vivo with anti-IgE plus rhinovirus and mRNA expression of demonstrated genes normalized to HPRT expression (22Dct).
àMeasuring transcriptional levels of total IFN-a was not feasible given the existence of at least 12 distinct IFN-a subtypes.

models were fit by using known baseline predictors of exacerbations (age,
total IgE, atopy, blood eosinophils, exacerbations in the previous 90 days,
FEV1/forced vital capacity ratio, and treatment step)13 stratified by treatment group. Similar models were fit by using the known predictors of exacerbations and the PBMC mechanistic outcomes selected by using the elastic
net procedure.14 All cellular phenotype and IFN-a response variables with
less than 40% missing data were included as candidate predictors. Before
multivariate modeling, any missing data among the candidate predictors
(which amounted to 5% of the values) were imputed by using an imputation
based on a random forest approach. Nested models were compared by using
likelihood ratio tests and area under the receiver operating characteristic
curve. SAS 9.3 (SAS Institute, Cary, NC) and R version 3.3.2 software
were used for analyses.

RESULTS
IFN-a responses were evaluated in participants receiving
omalizumab and placebo treatment (n 5 92) at 2 clinical sites.
Participants had similar demographic and laboratory characteristics as those in the multisite clinical trial, including low income,
predominant Hispanic ethnicity, increased peripheral blood
eosinophil counts, and total serum IgE levels (see Table E3 in
this article’s Online Repository at www.jacionline.org). No significant differences in baseline characteristics were found between subjects from the 2 sites (data not shown).
Effect of omalizumab treatment on ex vivo antiviral
IFN-a responses in PBMCs and purified pDCs
Ex vivo antiviral IFN-a responses were first measured in
PBMC cultures (n 5 92) obtained at 2 time points in the study:
before randomization and 12 to 16 weeks after treatment was
initiated. As previously reported, PBMC generation of IFN-a to

rhinovirus in the presence of IgE cross-linking was significantly
increased in the postomalizumab treatment group compared
with the posttreatment placebo group.10 We now report that omalizumab treatment significantly increased IFN-a responses after
IgE cross-linking and stimulation with either rhinovirus (ratio
of geometric means, 2.06; 95% CI, 1.20-3.55; P 5 .01) or influenza virus (ratio of geometric means, 1.57; 95% CI, 1.09-2.25;
P 5 .02; Fig 1 and Table I). In contrast, omalizumab treatment
did not significantly affect IFN-a responses to rhinovirus, influenza virus, or gardiquimod in the absence of ex vivo IgE crosslinking.
pDCs were purified from a subset of participants (n 5 43) to
determine whether omalizumab affected pDC antiviral IFN-a
responses. Similar to effects noted with PMBCs, omalizumab
significantly enhanced rhinovirus-induced IFN-a responses of
purified pDCs in the presence of IgE cross-linking treatment (Fig
1 and Table I; ratio of geometric means, 4.15; 95% CI, 1.76-9.77;
P 5 .003). In contrast, omalizumab treatment had no significant
effects on pDC-secreted IFN-a responses in the absence of IgE
cross-linking. Because of the low frequency of pDCs in blood
samples, insufficient numbers of pDCs were available to evaluate
influenza virus– or gardiquimod-stimulated pDC IFN-a responses in the presence of IgE cross-linking.
We reported previously that the risk for asthma exacerbation
after omalizumab treatment was related to restoration of
rhinovirus-induced IFN-a responses of PBMCs.10 Here we investigated whether omalizumab’s effects on IFN-a responses, as
induced by other ex vivo stimulation conditions in PBMCs or
pDCs, had a similar relationship to asthma exacerbations (see
Table E4 in this article’s Online Repository at www.jacionline.
org). We found no additional significant relationships between
IFN-a restoration and proportions of exacerbations.
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FIG 2. Loss of pDC FcεRIa surface expression is associated with restoration of IFN-a responses and
decreased exacerbations. A, pDC surface FcεRIa expression is expressed as mean equivalent soluble fluorochrome values in the omalizumab group (represented in pink) and placebo group (represented in blue).
Points represent geometric mean values at corresponding time points; vertical segments cover the 95% CI
around the geometric mean. B, Correlation between change in IFN-a level and change in pDC FcεRIa surface
expression in the omalizumab group. IFN-a levels were measured in PBMC (left) or pDC (right) supernatants
after stimulation with anti-IgE plus rhinovirus; pDC FcεRIa expression was measured in unstimulated cells.
Change is calculated as a log difference. Blue line and shading represent a linear model fit and its 95% CI. C,
Proportion of exacerbations in the omalizumab group is associated with FcεRIa change. Bars represent the
proportion of exacerbations during the study for each group (less than and greater than the median level of
change in FcεRIa), and error bars represent SEs. Numbers annotated on the bars represent the number of
subjects. Odds ratios, associated 95% CIs, and P values are annotated above the bars.
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TABLE IV. Effect of omalizumab on FcεRIa expression* in unstimulated PBMCs and pDCsy
Mechanistic parameter
Cell type

pDCsà
PBMCs
Purified pDCs

Omalizumab

Method
measured

Readout*

Flow cytometry
RT-PCR
RT-PCR

Surface FcεRIa expression
FCER1A mRNA
FCER1A mRNA

No.

Prerandomization,
mean (SD)

Postrandomization,
mean (SD)

64
64
18

3231.2 (1.7)
1.9 (1.8)
0.4 (1.7)

1381.7 (1.6)
1.9 (1.7)
0.4 (1.9)

Boldface indicates P < .05.
*FCER1A mRNA values represent expression measured before ex vivo stimulation and normalized to HPRT expression (22Dct).
Means are geometric means, and SDs are geometric SDs.
àpDCs and basophils gated in total PBMCs for flow cytometric analysis (unstimulated cells).

Effect of omalizumab on TLR7 mRNA expression in
unstimulated PBMCs and pDCs
TLR7, a sensor of single-stranded viral RNA, plays an
important role in virus-induced pDC IFN-a secretion,15,16 and
IgE cross-linking has been shown to impair virus-induced
TLR7 expression.15 We hypothesized that omalizumab can
induce TLR7 expression and that this effect could contribute to
observed increases in IFN-a responses. Unexpectedly, treatment
with omalizumab resulted in decreased expression of TLR7
mRNA in unstimulated PMBCs (P 5 .002) and pDCs
(P 5 .008), as shown in Table II. In addition, there were nonsignificant trends for lower exacerbation rates in the group with
the greatest omalizumab-associated change/decrease in PBMC
and pDC TLR7 expression (see Table E5 in this article’s Online
Repository at www.jacionline.org). Omalizumab did not affect
baseline PBMC expression of IRF7, a master regulator of pDC
IFN-a secretion (data not shown).17

We next tested whether omalizumab-induced reductions in
pDC FcεRIa surface expression were related to increased
rhinovirus-induced IFN-a secretion in the presence of IgE
cross-linking and found a modest inverse correlation (Fig 2, B,
left panel; Pearson correlation 5 20.26; P 5 .05). There was a
similar trend in parallel studies with purified pDCs (Fig 2, B, right
panel). Finally, among omalizumab-treated participants, a significant association between changes in pDC FcεRIa surface expression and exacerbation rate was observed (odds ratio, 0.17; 95%
CI, 0.02-0.74; P 5 .02; Fig 2, C, and see Table E5).
Sample sizes for all of the mechanistic variables included in
Tables I-IVand Figs 1 and 2, A-C, are displayed in Table E6 in this
article’s Online Repository at www.jacionline.org by treatment
group and asthma exacerbation status. Fig E1 in this article’s Online Repository at www.jacionline.org provides a visual representation of the overlap between participants with available
mechanistic data and exacerbation status.

Effect of omalizumab on transcription of genes
related to IFN-a responses
We next tested the hypothesis that omalizumab was associated
with upregulation of other genes involved in type I interferon
signaling, including TLR7; IRF717; IFNB1, the first member of
the type I interferon (IFN-a/b) family to be secreted; IFNA1,
one of at least 12 distinct IFN-a subtypes18; IFIT1, an
interferon-stimulated gene18; and DDX58 (retinoic acid–inducible gene I [RIG-I]), a cytoplasmic sensor of pathogenassociated molecular patterns within viral RNA. Cells obtained
before and during omalizumab treatment were stimulated with
rhinovirus and IgE cross-linking. Omalizumab significantly
increased transcription of IFNB1 (ratio of geometric means,
1.95; 95% CI, 1.04-3.66; P 5 .04) and DDX58 (RIG-I; ratio of
geometric means, 1.43; 95% CI, 1.03-1.99; P 5 .04) mRNA
(Table III). Transcription of TLR7, IRF7, IFNA1, and IFIT1 was
not significantly affected.

Prediction of asthma exacerbations
To investigate the association between mechanistic variables
and exacerbations within treatment groups (omalizumab and nonomalizumab), we first explored univariate associations (see Table
E7 in this article’s Online Repository at www.jacionline.org).
Mechanistic variables assessed during the prerandomization
period included PBMC IFN-a responses; unstimulated PBMC
expression of FCER1A, TLR7, and IRF7 mRNA; and pDC surface
FcεRIa expression. Only variables with less than 40% missing
data were included. Two variables were identified as risk factors
for exacerbations in the non-omalizumab group, including
PBMC IRF7 mRNA after stimulation with rhinovirus and IgE
cross-linking (ratio of geometric means exacerbators/nonexacerbators, 0.44; P 5.04) and FCER1A mRNA expression in unstimulated PBMCs (ratio of geometric means, 0.61; P 5 .03).
We next investigated whether addition of these baseline
mechanistic measurements could improve an existing predictive
model for asthma exacerbations. Using a multivariate model that
includes clinical and laboratory parameters,12,13 we obtained a
significant area under the curve (0.89 and 0.87 and P 5 .01 and
.008 for the ‘‘non-omalizumab’’ group [combined placebo and
inhaled corticosteroid boost] and the omalizumab group, respectively; model 1, Table V).
Using the variable selection procedure, we next added mechanistic variables measured at prerandomization (baseline) to this
model. In the non-omalizumab group baseline PBMC FCER1A
mRNA expression was found to be a significant predictor of
exacerbations after accounting for the set of clinical and laboratory
parameters in model 1. In particular, addition of baseline PBMC
FCER1A mRNA expression increased the area under the curve

Effects of omalizumab treatment on surface FcεRIa
expression on pDCs
As previously demonstrated,8 omalizumab treatment significantly reduced FcεRIa surface expression on pDCs (Fig 2, A,
and Table IV). We next tested whether omalizumab affected
FcεRIa mRNA levels in either PBMCs or pDCs and found that
this was not the case (Table IV). Similarly, omalizumab treatment
did not affect mRNA levels of the FcεRI receptor g chain
(FcεRIg), a transmembrane adaptor of the FcεRI complex (data
not shown). FCER1G mRNA expression was measured only in
PBMCs because of the limited availability of pDC RNA.
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Omalizumab

Placebo

Ratio of geometric means
(95% CI)

P
value

0.43 (0.37-0.49)
1.02 (0.91-1.13)
1.07 (0.80-1.42)

<.001
.78
.62

No.

Prerandomization,
mean (SD)

Postrandomization,
mean (SD)

Ratio of geometric means
(95% CI)

P value

23
23
7

3540.0 (1.6)
1.5 (1.8)
0.3 (2.1)

3974.9 (1.6)
1.3 (2.1)
0.2 (1.7)

1.12 (0.85-1.48)
0.85 (0.67-1.08)
0.69 (0.53-0.9)

.40
.17
.02

by 0.08 to 0.97 (P 5 .002) and reduced the proportions of falsepositive and false-negative predictions by 50% (see Table E8 in
this article’s Online Repository at www.jacionline.org).19 No
mechanistic parameters were found to be significant additions to
known clinical predictors of exacerbations in the omalizumab
group.

DISCUSSION
Overexpression of FcεRIa and cross-linking of this receptor
can disrupt virus-induced IFN-a responses,5,6 and this represents
a potential mechanism for more severe viral respiratory illnesses
in patients with allergic asthma. We demonstrated previously that
omalizumab treatment of urban children with moderate asthma
restores ex vivo PBMC IFN-a responses and that these improved
responses were related to a lower risk for asthma exacerbation.10
In the present study we extend these findings by showing that
omalizumab treatment in vivo restores IFN-a responses to both
rhinovirus and influenza. Furthermore, we demonstrated omalizumab’s effects on pDCs, including reduced expression of FcεRIa
on the cell surface and increased virus-induced IFN-a responses
in the presence of IgE cross-linking. These effects on pDCs,
which are the major source of virus-induced IFN-a among immune cells,20 were inversely correlated. Type I interferons suppress development and stability of TH2 lymphocytes; increasing
IFN-a levels could thus diminish TH2-mediated allergic inflammation associated with asthma pathogenesis.21 In support of
this, inhaled IFN-b has shown promise as a potential treatment
for virus-induced asthma exacerbations.22 These findings provide
additional insights into IgE-mediated mechanisms that suppress
antiviral responses.
Our findings suggest that omalizumab improves IFN-a
responses through reduction of FcεRIa, the a-chain of the
high-affinity IgE receptor, on pDC surfaces. Elegant studies of
pDC signaling performed by Cao et al23,24 suggest that the mechanism for this effect might involve FcεRIg, an immunoreceptor
tyrosine–based activation motif–containing transmembrane
adaptor of the FcεRI complex that can transduce inhibitory
signals through pDC surface receptors ILT7 (immunoglobulinlike transcript 7) and BDCA-2 (blood dendritic cell antigen-2).
FcεRIg signaling through these receptors inhibits TLR7/9-induced
pDC interferon responses through a B-cell receptor–like pathway
involving Lyn/BLK, Syk, and BLNK.24 This immunoreceptor tyrosine–based activation motif–mediated inhibition of pDC interferon
is effectively reversed by Syk inhibition in primary human pDCs23
and by knockdown of Syk and FcεRIg in a pDC cell line25 and is
likely also involved in IgE-mediated inhibition of pDC IFN-a responses through FcεRIa-induced FcεRIg signaling. Therefore

reduction of surface FcεRIa could diminish subsequent FcεRIg
signaling in the presence of IgE cross-linking conditions and lead
to increased capacity of pDCs to secrete IFN-a in an allergic environment, although we were unable to assess this in our study. The
increased rhinovirus-induced PBMC IFNB1 and DDX58 (RIG-I)
mRNA levels observed in the posttreatment omalizumab group
suggest that pathways downstream of FcεRIg and upstream of
IFN-a signaling might be affected. Although we observed no differences in IRF7 transcription in the posttreatment omalizumab
group, it is possible that critical signaling events, such as IRF7
phosphorylation, which is required for IRF7 activation, nuclear
translocation, and induction of type I interferon expression, could
be enhanced in the setting of reduced IgE and FcεRIa. Other posttranslational modifications known to regulate IRF7, including ubiquitination,26 could contribute similarly to the observed effects but
were not assessed in our study. Because RIG-I (DDX58) signaling
also promotes type I interferon production,27 increased rhinovirusinduced RIG-I mRNA levels after omalizumab could also
contribute to enhanced IFN-a responses. Proof of this concept
would require demonstration of diminished FcεRIg signaling in
pDCs from omalizumab-treated participants, which was not
feasible given the limited numbers of pDCs available for these
analyses. Investigating the effect of omalizumab on pDC FcεRIg
signaling could be tested in future omalizumab treatment studies
in adults, from whom higher blood volumes could be obtained.
The finding that omalizumab reduces pDC surface FcεRIa
protein levels without regulating FcεRIa transcription suggests
that this effect is likely related to reduction of free serum IgE
levels. Consistent with this idea, free IgE levels have been shown
to correlate with pDC surface FcεRIa expression both before and
after omalizumab treatment.9 The duration of reduced pDC
FcεRIa expression after discontinuation of omalizumab was not
measured in our study. Basophil surface FcεRIa protein expression has been shown to increase after omalizumab withdrawal
in atopic subjects, paralleling the increase in free serum IgE
levels.19 Given that serum IgE similarly regulates surface FcεRIa
protein expression on pDCs, it is reasonable to hypothesize that
pDC FcεRIa levels would also increase after omalizumab withdrawal as free serum IgE levels increase to preomalizumab levels.
Whether such a return to preomalizumab pDC FcεRIa protein
expression levels would result in loss of the observed improved
IFN-a responses also remains undetermined and represents an
area for future investigation.
In addition to FcεRIa- and FcεRIg-mediated effects, other
mechanisms of allergic inflammation–induced inhibition of
antiviral responses have been reported. Aeroallergen-induced
IL-33 can suppress pDC IRF7 expression and impair IFN-a
production and promote a respiratory virus–induced asthma
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TABLE V. Multivariate modeling* to predict asthma exacerbations
Non-omalizumaby

Model

Variablesz

Omalizumab

Area under the
ROC curve
P value

1: Known clinical predictors

Age, total IgE, atopy, blood
eosinophils, exacerbations
in previous 90 d, FEV1/FVC ratio,
treatment step
2: Known clinical predictors
Known clinical predictors plus PBMC
plus new selected mechanistic
FCER1A mRNA expression
variables

0.89

.01

0.97

.002

Variablesz

Age, total IgE, atopy, blood
eosinophils, exacerbations in
previous 90 d, FEV1/FVC ratio,
treatment step
NA

Area under
the ROC
P
curve
value

0.87

.008

NA

NA

FVC, Forced vital capacity; NA, no variables were selected by the feature selection algorithm; ROC, receiver operating characteristic.
*The set of mechanistic variables considered by using the feature selection procedure included data obtained from unstimulated PMBCs (FcεRIa protein and mRNA expression
and TLR7 and IRF7 mRNA expression) and from ex vivo rhinovirus-stimulated PBMC assays (IFN-a response). The new mechanistic variables selected by using the feature
selection procedure were then included in model 2.
Includes participants receiving placebo (n 5 23) and inhaled corticosteroid boost (n 5 36) treatments.
àKnown clinical predictors include age, total IgE level, atopy, blood eosinophil count, exacerbations in previous 90 days, FEV1/forced vital capacity ratio, and treatment step.

phenotype in a murine model of asthma.28 TLR7 hyporesponsiveness and reduced function have been reported in both murine and
human studies of allergic disease28-30 and likely contribute to
associated defective IFN-a antiviral responses. Reduced
rhinovirus-induced PBMC expression of other critical signaling
molecules, including IRF1, IRF7, nuclear factor kB family members, and signal transducer and activator of transcription 1, have
also been reported in patients with allergic asthma30 and suggest
roles for both interferon-dependent and independent pathways in
the synergistic contributions of allergens and viruses to exacerbations of atopic asthma. In addition, the TH2 cytokines IL-4 and IL13 inhibit TLR3 expression and IRF3 activation, resulting in
impaired rhinovirus-induced interferon responses in human bronchial epithelial cells.31
The clinical relevance of omalizumab’s effect on pDC surface
FcεRIa expression is underscored by association of a lower
exacerbation rate with omalizumab-induced change in FcεRIa
surface protein expression. Based on this, one might expect that
higher baseline FcεRIa expression would have predicted exacerbations in this population of high-risk children. Surprisingly,
this was not the case; pDC surface FcεRIa expression did not
improve the ability to predict exacerbations when added to an
existing prediction model, which can be attributed to its high
correlation with total IgE levels. In contrast, baseline FCER1A
mRNA expression in unstimulated PBMCs significantly
enhanced the accuracy of an existing predictive model of asthma
exacerbations12 in our study population, although this factor was
not influenced by omalizumab treatment. The finding that mRNA
levels for FcεRIa fit and improve this asthma exacerbation prediction model supports the concept that the high affinity IgE receptor plays an important role in exacerbations.
We have demonstrated that omalizumab therapy results in
improved virus-induced pDC IFN-a responses and have linked
omalizumab-induced changes in surface pDC FcεRIa expression
to improved clinical outcomes (decreased asthma exacerbation
rate). Our finding that FCER1A mRNA expression is not affected
by omalizumab yet can be used to improve prediction of asthma
exacerbations is intriguing and underscores the complexity of
FcεRIa regulation in immune cells.32 Future studies investigating
the connection between virus-induced pDC IFN-a responses and
FcεRIa regulation are needed to further define the mechanisms
underlying the connection between atopy, antiviral response,
and allergic disease. Our findings support the concept that

targeting the IgE pathway in pDCs represents a promising strategy to increase interferon responses, improve antiviral activity
in the airways, and reduce exacerbations of allergic asthma.
Key messages
d

Treatment with omalizumab restores ex vivo IFN-a responses to rhinovirus and influenza virus in the presence
of IgE cross-linking and decreases pDC surface FcεRIa
expression.

d

The relationship between increases in rhinovirus-induced
IFN-a levels and reduced pDC surface FcεRIa expression
in the omalizumab group suggests one potential mechanism underlying the link between atopy and viruses in
promoting asthma exacerbations.

d

The enhancement of exacerbation prediction by addition
of baseline PBMC FCER1A mRNA measurements to an
existing model of known clinical risk factors highlights
the critical role of the IgE high-affinity receptor FcεRIa
in promoting asthma exacerbations in children.
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FIG E1. Venn diagram displaying amount of overlap between participants with nonmissing values for 7
variables of interest. The figure includes 6 mechanistic variables and 1 clinical variable (asthma
exacerbations). Circle size reflects sample size for each variable.
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TABLE E1. Sequences of primers/probes for quantitative PCR analysis
Gene

Sequence

TLR7

Forward: 5-TTA CCT GGA TGG AAA CCA GCT ACT-3
Reverse: 5-TCA AGG CTG AGA AGC TGT AAG CTA-3
Probe: *6FAM-AGA TAC CGC AGG GCC TCC CGC-TAMRA
Forward: 5-GTG AAC CTG TGT ACC TGG AAG TCT T-3
Reverse: 5-CAT CCC AGT TCC TCC AAC CA-3
Probe: *6FAM-TGA CTG GCT GCT CCT TCA GGC CTC-TAMRA

FCER1A

*6FAM, 6-Fluorescein amidite; TAMRA, tetramethylrhodamine.
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TABLE E2. TaqMan probe and primer sets used for quantitative PCR analysis
Gene

IRF7
IFNB1
IFNA1
DDX58
IFIT1
HPRT
PPIA

Assay ID*

Hs01014809_g1
Hs01077958_s1
Hs00855471_g1
Hs00204833_m1
Hs00356631_g1
Hs99999909_m1
Hs99999904_m1

National Center for Biotechnology Information reference
sequences

https://www.ncbi.nlm.nih.gov/nuccore/NM_001572.3
https://www.ncbi.nlm.nih.gov/nuccore/NM_002176.3
https://www.ncbi.nlm.nih.gov/nuccore/NM_024013.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_014314.3
https://www.ncbi.nlm.nih.gov/nuccore/NM_001548.4
https://www.ncbi.nlm.nih.gov/nuccore/NM_000194.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_001300981.1

*Assays were purchased from Thermo Fisher Scientific. Note: Thermo Fisher Scientific does not provide sequence information for predesigned commercial gene assays.

GILL ET AL 9.e4

J ALLERGY CLIN IMMUNOL
VOLUME nnn, NUMBER nn

TABLE E3. Demographics and clinical data*
Overall mechanistic
(n 5 92)

Study cohort, no. (%)
2012
2013
Injection schedule, no. (%)
Once per 2 wk
Once per 4 wk
Race or ethnic group, no. (%)
African American
Hispanic
White, mixed, or other
Annual household income <$15,000, no. (%)
Age (y)
Male sex, no. (%)
Duration of asthma (y)
C-ACT score in the previous month, age 4-11 y
_12 y
ACT score in the previous month, age >
Asthma-related symptoms, days in prior 2 wkà
FEV1 (% predicted)
FEV1/FVC ratio 3100
Medication, no. (%)§
Step level 2-4
Step level 5
>
_1 Asthma exacerbation, no. (%)
Composite asthma severity index at randomization
Asthma-related symptoms, days in prior 2 wk
Total IgE (kU/L)
Eosinophil cationic protein at visit 4T (mg/L)
Eosinophils (K/mL)

Placebo
mechanistic (n 5 23)

Omalizumab
mechanistic (n 5 69)

P value

.90
47 (51.1)
45 (48.9)

11 (47.8)
12 (52.2)

36 (52.2)
33 (47.8)

32 (34.8)
60 (65.2)

9 (39.1)
14 (60.9)

23 (33.3)
46 (66.7)

.80

.69
31
54
7
57
10.0
63
6.75
21.2
20.8
2.27
90.2
78.2

(33.7)
(58.7)
(7.61)
(63.3)
(8.00-13.0)
(68.5)
(4.29-9.25)
(4.16)
(2.91)
(2.94)
(82.0-101)
(72.8-84.9)

9
12
2
13
10.0
14
5.08
21.2
19.7
2.09
94.0
79.2

(39.1)
(52.2)
(8.70)
(56.5)
(7.50-12.5)
(60.9)
(3.67-7.79)
(4.03)
(4.46)
(2.37)
(83.0-101)
(76.7-85.4)

22
42
5
44
10.0
49
7.42
21.2
21.1
2.33
90.0
77.2

(31.9)
(60.9)
(7.25)
(65.7)
(8.00-13.0)
(71.0)
(4.92-9.92)
(4.25)
(2.28)
(3.11)
(81.5-99.3)
(72.8-83.9)

44
48
33
5.38
2.27
230
938
0.37

(47.8)
(52.2)
(35.9)
(2.60)
(2.94)
(135-442)
(290-2542)
(0.24)

12
11
9
5.45
2.09
316
722
0.38

(52.2)
(47.8)
(39.1)
(2.56)
(2.37)
(152-452)
(246-1631)
(0.31)

32
37
24
5.36
2.33
203
1003
0.37

(46.4)
(53.6)
(34.8)
(2.63)
(3.11)
(125-442)
(318-2677)
(0.22)

.59
.70
.52
.05
.96
.48
.69
.61
.40
.81

.90
.88
.69
.30
.21
.90

FVC, Forced vital capacity.
*Values are counts (percentages), means (SDs), or medians (interquartile ranges).
Scores on the Childhood Asthma Control Test (C-ACT) and Asthma Control Test (ACT) were measured on scales of 0 to 27 and 5 to 25, respectively. A score of 19 or less on
either test indicates that asthma is not well controlled. The minimally important difference for ACT equals 3 points; for the C-ACT, a 3-point increase suggests a clinically relevant
improvement in asthma control, whereas a 2-point decrease suggests a clinically relevant worsening.
àThe number of days with symptoms was calculated as the largest of the following variables during the previous 2 weeks: number of days with wheezing, chest tightness, or cough;
number of nights of sleep disturbance; and number of days when activities were affected. This symptom scale ranges from 0 to 14 days per 2-week period.
§Six treatment steps were established, which is consistent with report 3 of the National Asthma Education and Prevention Program guidelines to standardize prescribing patterns
according to levels of asthma severity summarized here. Steps 1 and 2 apply to mild asthma, step 3 applies to moderate asthma, and steps 4 through 5 apply to severe asthma. At
step 0, the recommendation is for no asthma control medication or albuterol as needed; at step 1, the recommendation is for 50 mg of fluticasone twice a day; at step 2, the
recommendation is for 100 mg of fluticasone twice a day; at step 3, the recommendation is for 250 mg of fluticasone twice a day; at step 4, the recommendation is for 250 mg of
fluticasone and 50 mg of salmeterol twice a day (Advair; GlaxoSmithKline, Research Triangle Park, NC); and at step 5, the recommendation is for 500 mg of fluticasone and 50 mg
of salmeterol twice a day (Advair).
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TABLE E4. Proportion of exacerbations by IFN-a change: Omalizumab group
Exacerbations, no. (%)
Cell type

PBMCs

pDCs

Ex vivo stimulation

Rhinovirus
Anti-IgE plus rhinovirus
Influenza virus
Anti-IgE plus influenza virus
Gardiquimod
Rhinovirus
Anti-IgE plus rhinovirus
Influenza virus
Gardiquimod

Less than median IFN-a change

6
6
4
0
5
3
3
3
3

(18.8)
(21.4)
(12.5)
(0.0)
(15.6)
(23.1)
(42.9)
(23.1)
(27.3)

Greater than median IFN-a change

5
1
7
2
6
6
2
6
5

(15.6)
(3.6)
(21.9)
(10.5)
(18.8)
(50.0)
(28.6)
(50.0)
(50.0)

Odds ratio (95% CI)

0.80
0.14
1.96
5.57
1.25
3.33
0.53
3.33
2.67

(0.21-2.98)
(0.01-0.88)
(0.53-8.23)
(0.42-789.38)
(0.34-4.80)
(0.63-21.03)
(0.05-4.86)
(0.63-21.03)
(0.45-18.35)

P value

.74
.03
.32
.21
.74
.16
.58
.16
.28
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TABLE E5. Proportion of exacerbations by TLR7 and FcεRIa expression change in unstimulated cells: Omalizumab group
Exacerbations, no. (%)
Cell type

PBMCs
pDCs
pDCs

Variable*

Less than median change

Greater than median change

Odds ratio (95% CI)

P value

TLR7 mRNA
TLR7 mRNA
FcεRIa surface expression

8 (25.0)
5 (55.6)
9 (28.1)

3 (9.4)
2 (22.2)
2 (6.3)

0.31 (0.06-1.20)
0.23 (0.02-1.62)
0.17 (0.02-0.74)

.09
.14
.02

*TLR7 mRNA values represent expression normalized to HPRT (for PBMCs) and PPIA (for pDCs) expression (22Dct); FcεRIa was measured by using flow cytometry.
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TABLE E6. Sample size in mechanistic population by treatment group and exacerbation status*y
Mechanistic parameter
Cell type

PBMCs

Ex vivo stimulus

PBMCs

Rhinovirus
Anti-IgE plus rhinovirus
Influenza virus
Anti-IgE plus influenza
virus
Gardiquimod
Rhinovirus
Anti-IgE plus rhinovirus
Influenza virus
Gardiquimod
Anti-IgE plus rhinovirus

PBMCs

None

pDCs

None

pDCs

None

pDC

Omalizumab
No.

secretion
secretion
secretion
secretion

64
56
64
38

53
49
53
36

(82.8%)
(87.5%)
(82.8%)
(94.7%)

11
7
11
2

(17.2%)
(12.5%)
(17.2%)
(5.3%)

23
23
23
10

17
17
17
9

(73.9%)
(73.9%)
(73.9%)
(90%)

6
6
6
1

(26.1%)
(26.1%)
(26.1%)
(10%)

IFN-a secretion
IFN-a secretion
IFN-a secretion
IFN-a secretion
IFN-a secretion
TLR7 mRNA
IRF7 mRNA
IFNB1 mRNA
IFNA1 mRNA
DDX58 (RIG-I) mRNA
IFIT1 mRNA
TLR7 mRNA
FCER1A mRNA
TLR7 mRNA
FCER1A mRNA
Surface FcεRIa protein
expression (MESF)

64
25
14
25
21
56
56
55
32
56
56
64
64
18
18
64

53
16
9
16
13
49
49
48
26
49
49
53
53
11
11
53

(82.8%)
(64%)
(64.3%)
(64%)
(61.9%)
(87.5%)
(87.5%)
(87.3%)
(81.2%)
(87.5%)
(87.5%)
(82.8%)
(82.8%)
(61.1%)
(61.1%)
(82.8%)

11
9
5
9
8
7
7
7
6
7
7
11
11
7
7
11

(17.2%)
(36%)
(35.7%)
(36%)
(38.1%)
(12.5%)
(12.5%)
(12.7%)
(18.8%)
(12.5%)
(12.5%)
(17.2%)
(17.2%)
(38.9%)
(38.9%)
(17.2%)

23
12
7
11
11
22
22
20
13
22
22
23
23
7
7
23

17
7
4
7
7
16
16
15
11
16
16
17
17
4
4
17

(73.9%)
(58.3%)
(57.1%)
(63.6%)
(63.6%)
(72.7%)
(72.7%)
(75%)
(84.6%)
(72.7%)
(72.7%)
(73.9%)
(73.9%)
(57.1%)
(57.1%)
(73.9%)

6
5
3
4
4
6
6
5
2
6
6
6
6
3
3
6

(26.1%)
(41.7%)
(42.9%)
(36.4%)
(36.4%)
(27.3%)
(27.3%)
(25%)
(15.4%)
(27.3%)
(27.3%)
(26.1%)
(26.1%)
(42.9%)
(42.9%)
(26.1%)

IFN-a
IFN-a
IFN-a
IFN-a

Nonexacerbators

Placebo

Readout

Exacerbators

No.

Nonexacerbators

Exacerbators

MESF, Molecules of equivalent soluble fluorochrome.
*Numbers reflect the number of participants with both prerandomization and postrandomization measures.
The table applies to all analyses except the prediction model, which combines the placebo and inhaled corticosteroid (n 5 36) groups into a non-omalizumab group. All variables
entered in the prediction model have full sample size (n 5 128) because of imputation.
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TABLE E7. Difference in baseline mechanistic variables between exacerbators and nonexacerbators*
Non-omalizumab (n 5 59)
Variable measured
before randomization

PBMC IFN-a (pg/mL),
rhinovirus
PBMC IFN-a (pg/mL),
anti-IgE plus
rhinovirus
PBMC IFN-a (pg/mL),
influenza virus
PBMC IFN-a (pg/mL),
gardiquimod
PBMC TLR7 mRNA,
unstimulated
PBMC IRF7 mRNA,
unstimulated
PBMC TLR7 mRNA,
rhinovirus
PBMC TLR7 mRNA,
anti-IgE plus
rhinovirus
PBMC IRF7 mRNA,
rhinovirus
PBMC IRF7 mRNA, antiIgE plus rhinovirus
PBMC IFNB1 mRNA,
rhinovirus
PBMC IFNB1 mRNA,
anti-IgE plus
rhinovirus
PBMC DDX58 mRNA,
rhinovirus
PBMC DDX58 mRNA,
anti-IgE plus
rhinovirus
PBMC IFIT1 mRNA,
rhinovirus
PBMC IFIT1 mRNA,
anti-IgE plus
rhinovirus
pDC FcεRIa MESF,
unstimulated
PBMC FcεRIa mRNA,
unstimulated

Nonexacerbators,
mean (SD), n 5 49

Exacerbators,
mean (SD),
n 5 10

Ratio of
geometric
means (95% CI)

1287.09 (5.5)

757.58 (10)

111.56 (5.7)

Omalizumab (n 5 69)
P
value

Nonexacerbators,
mean (SD),
n 5 57

Exacerbators,
mean (SD),
n 5 12

Ratio of
geometric
means (95% CI)

P
value

0.59 (0.11-3.18)

.50

1485.08 (6.5)

969.23 (5.4)

0.65 (0.21-2.06)

.44

95.14 (4)

0.85 (0.29-2.5)

.76

207.84 (6.6)

75.15 (4.5)

0.36 (0.13-1.04)

.06

5850.31 (3)

7085.5 (3.2)

1.21 (0.51-2.86)

.64

7499.6 (2.3)

7191.63 (1.7)

0.96 (0.64-1.43)

.83

927.01 (4)

1203.52 (7.1)

1.3 (0.31-5.43)

.70

822.08 (4.3)

1156.59 (3.1)

1.41 (0.64-3.1)

.38

1.32 (1.7)

1.27 (1.6)

0.96 (0.67-1.37)

.80

1.36 (1.6)

0.95 (1.6)

0.7 (0.51-0.96)

.03

8.44 (1.5)

9.84 (1.6)

1.17 (0.81-1.67)

.37

8.6 (1.6)

6.83 (1.4)

0.79 (0.62-1.02)

.07

4.45 (1.7)

3.29 (2.4)

0.74 (0.39-1.4)

.32

4.28 (2.1)

4.56 (1.8)

1.07 (0.71-1.6)

.75

2.75 (2.2)

2.1 (1.9)

0.76 (0.46-1.25)

.26

2.46 (2.2)

2.11 (1.6)

0.86 (0.59-1.24)

.40

11.3 (2.4)

7.07 (2.5)

0.63 (0.32-1.24)

.16

12.45 (1.5)

1.17 (0.8-1.72)

.41

9.62 (2.6)

4.23 (2.9)

0.44 (0.2-0.98)

.04

7.43 (3.2)

6.66 (2.8)

0.9 (0.44-1.83)

.75

118.07 (6.8)

55.57 (8.4)

0.47 (0.1-2.28)

.32

105.97 (7.4)

137.19 (3.8)

1.29 (0.49-3.43)

.59

12.21 (6)

0.55 (0.14-2.18)

.37

23.36 (11)

14.58 (5.7)

0.62 (0.18-2.14)

.43

22.03 (7.7)

10.63 (3)

11.88 (2.3)

7.22 (2.6)

0.61 (0.3-1.25)

.16

10.4 (2.6)

14.14 (1.5)

1.36 (0.96-1.92)

.08

8.22 (2.8)

4.51 (2.5)

0.55 (0.27-1.11)

.09

6.42 (3.1)

5.35 (4.9)

0.83 (0.29-2.37)

.71

49.75 (9.6)

0.41 (0.08-2.15)

.26

122.6 (5.5)

175.52 (2.1)

1.43 (0.77-2.66)

.25

67.21 (6.5)

16.57 (8.4)

0.25 (0.05-1.19)

.08

40.28 (12.5)

38.53 (5.1)

0.96 (0.29-3.15)

.94

3504.17 (1.6)

3643.04 (1.6)

1.04 (0.74-1.46)

.81

3168.2 (1.7)

3950.26 (1.9)

1.25 (0.81-1.92)

.29

1.68 (1.6)

1.03 (1.8)

0.61 (0.4-0.93)

.03

1.98 (1.7)

1.47 (2.1)

0.74 (0.46-1.21)

.21

121.18 (5)

MESF, Molecules of equivalent soluble fluorochrome.
*Means are geometric means, and SDs are geometric SDs.
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TABLE E8. Threshold values for the index for differentiation between exacerbations

Area under the ROC curve
Coefficient of discrimination
Sensitivity§
Specificityk
Positive predictive value#
Negative predictive value{
False positive
False negative

Non-omalizumab* (model 1)y

Non-omalizumab* (model 2)z

Omalizumab (model 1)y

0.89
0.34
0.80
0.80
0.44
0.95
10
2

0.97
0.59
0.90
0.90
0.64
0.98
5
1

0.87
0.29
0.75
0.75
0.39
0.93
14
3

ROC, Receiver operating characteristic.
*Includes participants receiving placebo (n 5 23) and inhaled corticosteroid boost (n 5 36) treatments.
Model 1: Known clinical predictors.
àModel 2: Known clinical predictors plus new mechanistic predictors.
§Sensitivity 5 true positive/total positive.
kSpecificity 5 true negative/(false positive 1 true negative).
#Positive predictive value 5 true positive/(false positive plus true negative).
{Negative predictive value 5 true negative/(false positive 1 true negative).

