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ABSTRACT

Background: Allergies are on the rise globally, with an enormous impact on affected individuals’
quality of life as well as health care resources. They cause a wide range of symptoms, from slightly
inconvenient to potentially fatal immune reactions. While allergies have been described and
classified phenomenologically, there is an unmet need for easily accessible biomarkers to stratify
the severity of clinical symptoms. Furthermore, biomarkers marking the success of specific
immunotherapy are urgently needed.

Objectives: Plasma extracellular vesicles (pEV) play a role in coordinating the immune response
and may be useful future biomarkers. A pilot study on differences in pEV content was carried out
between patients with type I allergy, suffering from rhinoconjunctivitis with or without asthma, and
voluntary non-allergic donors.

Methods: We examined pEV from 38 individuals (22 patients with allergies and 16 controls) for
38 chemokines, cytokines, and soluble factors using high-throughput data mining approaches.

Results: Patients with allergies had a distinct biomarker pattern, with 7 upregulated (TNF-alpha,
IL-4, IL-5, IL-6, IL-17F, CCL2, and CCL17) and 3 downregulated immune mediators (IL-11, IL-27,
and CCL20) in pEV compared to controls. This reduced set of 10 factors was able to discrimi-
nate controls and allergic patients better than the total array.

Conclusions: The content of pEV showed potential as a target for biomarker research in allergies.
Plasma EV, which are readily measurable via blood test, may come to play an important role in
allergy diagnosis. In this proof-of-principle study, it could be shown that pEV’s discriminate pa-
tients with allergies from controls. Further studies investigating whether the content of pEVs may
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predict the severity of allergic symptoms or even the induction of tolerance to allergens are
needed.

Keywords: Immune mediators, Allergy, Biomarkers, Extracellular vesicles-exosomes
INTRODUCTION to determine whether EV could serve as a diag-
For decades, scientific efforts have been made
to distinguish patients with allergies from non-
allergic individuals and to detect routinely appli-
cable biomarkers identifying patients successfully
treated with allergen immunotherapy (AIT).1,2

There is still a need for specific quantifiable
factors discriminating sensitized individuals with
no clinically relevant allergic symptoms from
patients with allergy and predicting the severity
of allergic symptoms. Hence, additional
parameters are necessary. Furthermore, single
biomarkers may not be sufficient for reliable
clinical predictions. Instead, patterns of
biomarkers may have a higher diagnostic and
predictive value.

Recent findings have pointed towards extracel-
lular vesicles (EV) as players in the induction and
suppression of allergic inflammation.3 EV are
secreted by virtually all cells and circulate in the
bloodstream in high concentrations. They,
therefore, carry the potential to act as mediators
between distant tissues and organs. Notably, they
carry numerous immunological effectors,
including chemokines, cytokines, other soluble
ligands, microRNAs, and proteases, all of which
may influence inflammation.4–6 As was recently
shown by Sullivan and colleagues, EV and their
cargo can exert regulatory functions through a
combination of mechanisms, including cell
surface receptor engagement, post-uptake sec-
ondary autocrine effects, and even long-term
propagation of the stimulus to passers-by cells.7

In the specific context of that study, these
interlocking mechanisms directly modulate a very
restricted T cell subset, yet they appear to have
the property to induce tolerance in allograft
models. Thus, even small-scale EV-mediated ef-
fects may produce large-scale alterations.

Intrigued by the abundance of factors found in
EV and their role in the immune system, we wanted
nostic tool in distinguishing patients with allergies.
As their extraction is minimally invasive, biomarker
patterns in plasma EV (pEV) may serve as an ideal
monitoring device to assess and supervise the
course of allergies. This study tested the hypothe-
sis that patients with a type I allergy may present a
different biomarker pattern in pEV compared to
participants with no allergies.
MATERIALS AND METHODS

Blood sample collection and processing

Six healthy individuals and 22 patients with al-
lergies were recruited from the pool of participants
of an ongoing study following approval by the
responsible ethics committee. Patients with al-
lergies were identified by a positive history of
symptomatic allergy and an enzyme allergosorb-
ent test (EAST) class >3 (Allergozyme� specific IgE
test, Omega Diagnostics, Reinbek, Germany); a
negative history of allergy was used to select non-
allergic participants as controls. Blood samples of
10 additional healthy controls were included
following the second ethics approval. Here, spe-
cific IgE testing was performed with ImmunoCAP�
System (Thermo Fisher Scientific Inc, USA). Preg-
nant candidates and those with severe or infec-
tious diseases were excluded based on the
eligibility criteria of the German Red Cross for
blood donors. Participants were 18–67 years old at
the time of blood collection, received no cortico-
steroids in the 4 weeks before the blood donation,
and were not on antihistamines.

Fifty milliliters of blood were drawn into EDTA-
containing syringes, of which 1 ml was used to
screen for infection with HIV-1/2, HBV, and HCV.
Within 2 h after blood collection, plasma was ob-
tained by centrifugation and stored at �80 �C. pEV
were purified from 5 ml plasma by standard dif-
ferential centrifugation as described previously.6

pEV preparation was resuspended in 130 ml
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Characteristics Individuals w/o allergies
N ¼ 16

Individuals with allergies
N ¼ 22

Gender N (%)
M 7 (44) 14 (64)
F 9 (56) 8 (36)

Age (years)
Median (IQR) 35 (26–49) 49 (38–54)
Mean � SD 38 � 12 46 � 12
Range 22–57 21–67

Total Serum IgE (kU/l)
N, Median (IQR) 16, 32.7 (11.7–58.7) 16, 179 (126–359)
Range 4.56–199 22–5000

Specific IgEa (kU/l)
N, Median (IQR)

Phleum 16, 0.035 (.01 - .495) 22, 12.5 (5.5–21.2)
Birch 16, 0.02 (.0175 - .745) 14, 19.2 (9.0–23.9)
Bet v1 – 10, 13.6 (6.4–21.6)
Alder – 2, 5.4 (2.8–7.9)
Hazel – 6, 6.6 (5.9–10.4)
House Dust Mites 16, 0.11 (.06 - .14) 6, 27.1 (17.5–82.8)
Mugwort – 5, 0.47 (0.45–1.02)
English Plantain – 2, 0.94 (0.91–0.97)
Cat – 3, 3.6 (1.8–24.4)
Rye – 3, 3.7 (2.5–6.6)
Apple – 1, 11.86
Dog – 1, 0.87
Short Ragweed – 1, 1.38
Yellow Jacket – 1, 0.26

Comorbiditiesb N (%)
Diabetes Mellitus 1 (6.3)
Hypertension 1 (6.3) 2 (9.1)
Het. FVLM, discr. vWS 1 (6.3)
Hyperthyroidism 1 (6.3)
Asthma 1 (6.3) 2 (9.1)
Old pulmonary embolism 1 (4.5)
Prostate Ca in remission 1 (4.5)
Atrial fibrillation 1 (4.5)
Atopic eczema 1 (4.5)
No comorbidity 11 (69) 14 (64)

Medicationb N (%)
AIT (completed in the past) 0 (0) 5 (23)
Metformin 1 (6.3)
Ramipril 1 (6.3)
L-Thyroxine 1 (6.3)
Rivaroxaban 1 (4.5)
Simvastatin, Flecainide 1 (4.5)
Metamizole 1 (4.5)
Not on chronic medication 12 (75) 16 (73)
no data 1 (6.3) 3 (14)

Blood collection (by quarter of year) 0–0 – 15–1 6–12 – 1–2

Table 1. Characterization of study participants. AIT – allergen immunotherapy; Het. FVLM – heterozygous Factor V-Leiden Mutation; discr.
vWS – discrete von Willebrand Syndrome. aOnecase of fish allergy was reported but not followed up with specific IgE measurement. bSomepatients had
more than one comorbidity and/or were on more than one medication
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Fig. 1 Characterization of plasma extracellular vesicles (pEV) from patients with allergies and controls reveals differences in total protein
abundance. (A) Workflow chart for the study. Donor blood was obtained, and plasma-derived extracellular vesicles (pEV) were extracted by
ultracentrifugation. The isolated pEV characteristics were then determined in multiple assays to compare patients with allergies and
controls. (B) Western blot of the pEV markers CD9 and CD63 in the pEV fraction isolated by gradient ultracentrifugation. Three
representative samples from either cohort are shown. (C) þ (D) Scatter plots of (C) EV concentration in plasma or (D) total protein
concentration in pEV from controls and patients with allergies. In (C), a sample of five individuals from each cohort is shown. Horizontal bars
indicate sample or cohort averages, respectively. The observed differences were significant for both characteristics (see p-value below
panels)
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phosphate-buffered saline (Sigma�, lot
RNBC0787) and stored in eight aliquots of
15 ml at �80 �C.

Particle tracking, protein concentration
determination, and Western blot

pEV particle count per ml was determined by
dynamic light scattering with a ZetaView� particle
tracker according to the manufacturer’s
instructions.

Protein concentration was determined with a
bicinchoninic acid (BCA) assay.
Western blots were performed with the primary
antibodies anti-human CD9 (BD Pharmingen,
Becton Dickinson, Heidelberg, Germany,
#555370), anti-human CD63 (BD Pharmingen,
Becton Dickinson, Heidelberg, Germany,
#556019), and the secondary antibody anti-mouse
horseradish peroxidase-linked antibody (Cell
Signaling Technology, #7076) according to an
established protocol. Western blots were devel-
oped using ECL detection reagent (Thermo Sci-
entific, #34094) and chemiluminescence detected
with Amersham Imager 600 (GE Healthcare Europa
GmbH) according to an established protocol.

https://doi.org/10.1016/j.waojou.2021.100583
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Quantification of cytokines

Cytokines were quantified according to the
manufacturer’s instructions using the following
BioLegend LEGENDplex� kits: Human pro-
inflammatory Chemokine panel (Cat No. 740003,
lot B 254807), Human Cytokine Panel 2 (Cat. No
74010 2, Lot B274719), and Human Th Cytokine
Panel (Cat. No 740722, Lot B260858). The absolute
concentration of each factor was determined using
the LEGENDplex� data analysis software based
on a standard curve recorded for each factor and
run.

The LEGENDplex� assay captures molecules
through beads coated with specific antibodies.
Specific biotinylated antibodies then bind to the
captured molecules and are recognized by dye-
coupled streptavidin. The dye signal intensities
are quantified in a flow cytometer.
Statistical analyses

Statistical evaluations and plotting were per-
formed in R.8

A robust statistical analysis requires the
replacement of missing and censored values. We
decided to randomly impute values that failed to
clear the limit of quantification (LOQ) as deter-
mined from the standard curves of the LEG-
ENDplex� measurements. Shapiro-Wilk tests of
normality9 were conducted on the log-
transformed data to assess whether a log-normal
distribution could be assumed for each of the 39
measured factors. After p-value adjustment ac-
cording to the method proposed by Benjamini
and Hochberg,10 only one of the factors (MIP-3a/
CCL20) was found to deviate significantly from
the expected shape of a normal distribution. For
the sake of simplicity and consistency, we
decided to assume a log-normal distribution for
all measured factors in the imputation procedure.
For imputation, the parameters of each factor’s
assumed log-normal distribution were estimated
from the empirical values in the corresponding
measurement batch.11 Measurements below the
LOQ were then replaced by sampling random
values from the parametrized distribution and
selecting the necessary number of those smaller
than the defined LOQ.
Differential abundance analysis was performed
with limma,12 which allowed simultaneous
analysis, significance tests, and p-value correction
for all included factors. The limma pipeline was
employed on log-transformed and imputed data
without any filtering. Sample batches were treated
as blocking variables, including correction for
consensus correlation.

For visualization, the R packages ggplot2,
ggfortify, and pheatmap were used,13–15 and
batch effects in the data were removed
beforehand with limma’s utility function
removeBatchEffects. Hierarchical clustering in
heat maps estimated sample (dis)similarity based
on Euclidean distance. Principal component
analysis was performed with function prcomp
after log and z-score transformation.
RESULTS

The study population (Table 1) included 22
Caucasian patients (8 female and 14 male,
median age 49 years), and 16 non-allergic
Caucasian donors served as controls (9 female
and 7 male, median age 35 years). No notable
immunologically relevant comorbidities were re-
ported at the time of sampling in either group of
the study population, except for atopic disease, ie,
allergic asthma and atopic eczema in the group of
participants with allergies.

After purification and processing of the plasma
samples (Fig. 1A) using differential
ultracentrifugation, a Western blot for CD9 and
CD63 (Fig. 1B) confirmed the presence of
canonical pEV markers in the isolated fractions.
Furthermore, a single-particle tracking analysis
detected EV-sized particles as well as significant
differences in their concentration between patients
with allergies and controls (Fig. 1C). Supporting
this finding, the average amount of protein
obtained after pEV extraction was significantly
higher in patients with allergies (Fig. 1D). This
observation was robust even when accounting for
assumed effects of gender and age in the model
(data not shown). In summary, patients with
allergies showed a 2- to 3-fold increase in pEV
numbers and an up to 6-fold increase in pEV
protein content compared to controls.



Fig. 2 The cytokine profile of pEV is associated with allergies. (A) Illustration of the observed per-sample abundances of 3 specific
measured cytokines: IL-1A (top, the least different among the cohorts), IL-27 (middle, highest gross decrease in patients with allergies), and
TNF (bottom, highest gross increase in patients with allergies). Horizontal grey lines indicate cohort averages. (B) Dimensional reduction of
the full data set via principal component analysis (PCA). Approximately half of the observed variance can be explained by the first 2
principal components. The control and the allergy cohorts occupy distinct but partially overlapping regions in the plot, arguing for an
allergy-specific pattern in the measured cytokine profiles. (C) Heat map and hierarchical clustering of the full data set. While some
subgroups within both cohorts cluster together, there is no high-level separation between allergy and control samples
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Subsequently, the presence of 39 selected cy-
tokines was analyzed in a batched manner (list of
factors in Suppl. Table S1). Random imputation
from modeled empirical distributions was
performed to replace data points outside the
range of the limits of quantification. (see Suppl.
Fig. S1 for an example of the largest measured
batch and Methods in detail). Due to
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Fig. 3 Bioinformatics analysis reveals a subset of ten cytokines whose discriminatory power surpasses that of the full data set, yielding a pEV
allergy signature. (A) Waterfall plot illustrating the observed abundance differences (shown as log2 fold change) of the nine cytokines
selected as significantly different between the cohorts by a high-throughput analysis method that corrects for multiple testing. Upregulation
in the allergy cohort (seven cytokines) is indicated by solid black, while downregulation (three cytokines) is shown as a black outline with
white fill. (B) PCA with the allergy signature cytokines. The explained variance of the first two principal components is around 17% points
higher than in the PCA on the full data set (Fig. 2B). Although there is no obvious improvement in separation of the control and allergy
clusters, apart from less overlap along the first principal component. (C) Heat map and hierarchical clustering of the allergy signature
cytokines. Compared to Fig. 2C, the reduced cytokine set improves the separation between allergy and control samples even though it fails
to disentangle two mixed clusters with 13 out of 38 samples
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unrecoverably missing values, one factor (CCL4)
was removed at this point.

Pre-analysis inspection of the cytokine abun-
dancies revealed a mixed pattern of increases and
decreases. We found that some factors like IL-1A
were unchanged while others were up to 5-fold
more (TNF) or less (IL-27) abundant in the allergy
cohort (Fig. 2A). To assess the data set’s ability to
discriminate between patients with allergies and
controls, we performed a principal component
analysis (PCA) using all cytokines after removing
batch effects (Fig. 2B). We found a mix of
separation and overlap in the result, with three
controls and one allergy sample, respectively,
crossing into the opposite cluster’s territory. A
heat map and hierarchical clustering of the full
data set (Fig. 2C) partially replicated the findings
from the PCA plot, with an obvious cluster
structure; however, poor high-level separation of
clusters. This observed distribution suggested a
limited ability of the full set of measured cytokines
to separate the two cohorts.

In the next step, we asked whether a subset of
the measured cytokines would allow proper
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discrimination between patients with allergies and
those with no allergies. We applied a method from
high-throughput analysis workflows to our data set
and identified ten cytokines that were significantly
different between the two cohorts at an alpha level
of .05 (Suppl. Table S1). The 10 cytokines and their
calculated log2 fold changes are shown in Fig. 3A.
While TNF-a, IL-4, IL-5, IL-6, IL-17F, CCL2, and
CCL17 were increased in patients with allergies,
CCL20, IL-11, and IL-27 were decreased.

We then performed a PCA on this reduced data
set with only 10 cytokines (Fig. 3B). While the
relative cohort positions are nearly identical to
Fig. 2B, there is an increase in explained variance
in the first 2 dimensions from 53% to 70%,
suggesting that the reduced set yielded a
cleaner internal structure than the full data set.

In the corresponding heat map (Fig. 3C), we
found an improvement in the high-level structure,
with 1 pure allergy cluster on the left, 1 pure con-
trol cluster on the right, and 2 mixed clusters in
between.

In summary, we found changes in gross protein
concentration and cytokine content in pEV that
could help to discriminate patients with allergies
from non-allergic controls and may serve as bio-
markers to select and monitor therapeutic
interventions.
DISCUSSION

In this proof-of-principle study with a limited
number of samples and factors, we demonstrated
that biomarker patterns in pEV might be able to
discriminate allergic from non-allergic individuals.
EVs are involved in the upregulation and down-
regulation of numerous inflammatory and defense
mechanisms. They comprise various kinds of
bioactive molecules, such as cytokines, RNAs, and
others. Numerous sources of their release,
including immunonologically active cells, epithelial
cells, vascular endothelium, and secretory organs
(ie, liver), must be considered during interpretation
of pEV pattern in special conditions of the immune
response.16

Consistent with the knowledge of measure-
ments of interleukins in sera of individuals with
allergies, the abundances of pro-allergic cytokines
IL-4 and IL-5 in pEV of patients with allergies were
higher than in healthy controls combined with the
pro-inflammatory cytokines IL-6 and TNFalpha.
Furthermore, the concentration of MCP-1 (mono-
cyte chemoattractant protein 1, CCL2) was higher
in pEV of patients with allergies than in healthy
controls. The chemokine CCL2 and its main che-
mokine receptor CCR2 have been implicated in
the pathogenesis of several different disease pro-
cesses, including vascular permeability and
attraction of immune cells during metastasis, a
number of different neurological disorders, auto-
immune diseases, obesity, and atherosclerosis.17

Interestingly, a recent study on the definition of
biomarkers predicting symptoms in patients with
or without allergy upon seasonal pollen exposure
found that nasal MCP-1 was higher in patients
with seasonal allergic rhinitis than in individuals
without symptoms.18

Moreover, the pattern of elevated factors in
patients with allergies involves CCL17. CCL17 is
present on dermal blood vessels in a pro-
inflammatory microenvironment and interacts
with Th2-activated helper cells, promoting their
migration into the skin.19,20 Additionally, IL-17 F
was increased in patients with allergies in our
study, which aligned with its known involvement
in allergic asthma and its abundance in upper
airway nasal epithelia.21,22

Three factors were reduced in pEV of patients
with allergies compared to healthy controls:
CCL20, IL-27, and IL-11. The effect of IL-27 in
airway allergies depends on the balance of its
signaling pathways on different target cells of
innate immunity and adaptive immunity and the
stage of allergic response.23 Many inconsistencies
exist when evaluating its role in allergic airway
disease, as IL-27 may have pro-inflammatory and
attenuating effects. Nevertheless, it is known that
tolerance induction during AIT is supported by
dendritic cells influencing naïve T-cells with a
cocktail of IL-10, IL-12, and IL-27 to either provoke
Th1 deviation or induction of regulatory T-cells
(Tregs)- both promoting a Th1 dominant milieu.24

The association of lower levels of IL-11 in pEV of
patients with allergies compared to controls is
interesting. IL-11 is involved in inflammation,
osteogenesis, hematopoiesis, fertility, and can-
cer.25,26 It is almost absent from the body fluids of
healthy individuals, and it is not clear which cells

https://doi.org/10.1016/j.waojou.2021.100583
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produce IL-11 in vivo.27 Additionally, its effect has
been described as pro-and anti-inflammatory.28 IL-
11 receptors are present on numerous cells,
including T cells, osteoclasts, megakaryocytes,
macrophages, endothelial cells, and epithelial
cells. However, the precise role of IL-11 in allergic
contexts remains to be elucidated.

Further studies will be needed to address the
reproducibility of the signature before it can be
evaluated and its application as a predictor in
clinical context can be warranted. In particular,
larger cohorts in conjunction with intelligent data
mining approaches may increase the diagnostic
power of the signature. Biomarker data sets, rather
than individual factors, may constitute a next-
generation test system that could recognize and
monitor abnormal immune conditions like
allergies.

Aside from their diagnostic value, the question
arises whether such findings match and extend the
knowledge on the pathogenesis of allergies. The
ten-cytokine signature that we found brings
together factors with an established mechanistic
role in allergy and factors whose impact is not yet
clear. The nature of these factors suggests a vesicle
secretion by cells of the immune system or a
secretory organ like the liver.29 The inflammatory
content of pEV may increase the reactivity of
innate immune cells, hence, lowering the
threshold for an allergic reaction. In line with this
assumption, it has been observed that
inflammatory pEV contributes to a pro-allergic
immune response.30–33 While pro-allergic
signaling cascades are thought to occur mainly
via soluble factors engaging membrane re-
ceptors,33,34 ligand-receptor interactions or
cellular signaling may also occur following EV
internalization on the level of endosomal com-
partments.35 Recent research demonstrated that
the opposite is also possible, and pEV may coat
target immune cells to induce immune tolerance.7

Plasma EV may also differentiate cells, such as
monocytes, towards inflammatory dendritic cells,
which may lead to secondary secretion events.
Together this could lead to a pro-allergic micro-
environment, e.g., characterized by a Th2 pre-
dominance.33,34 The increased abundance of TNF,
IL-4, IL-5, IL-6, IL-17 F, CCL-2, and CCL-17 in pEV of
our allergy cohort would support such a view.
From cytokine studies, we know, immune regu-
latory mechanisms change very fast in AIT. There-
fore, in a future project, a defined group of
patients with clinical risk markers and early
changes in pEV could help identify patterns of
markers that could be monitored during AIT. Such
markers could allow identifying individuals who
benefited from an AIT or who would profit from
this therapeutic option.
CONCLUSION

In summary, this is a proof-of-principle study
raising hope that by measuring additional factors
in pEV and with the use of more sophisticated data
mining algorithms, a better and more compre-
hensive diagnosis of allergic reactions might be
possible. This may even help to predict the severity
of clinical symptoms or discriminate responders
and non-responders before or after allergen
immunotherapy.
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