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Abstract

Background Activation of mast cells through IgE results in secretion and shedding of mast cell proteins and in vivo models
suggest that these processes are governed by IgE antibody affinity. Methods We passively sensitized cultured primary human
mast cells with recombinant human IgE clones with either high or low affinity for Der p 2, with a 200-fold affinity difference, and
activated them with recombinant allergen. Activation was assessed by CD63 upregulation and PGD 2 secretion. Supernatants
collected from mast cells activated for 0, 3, 6 and 24 hours were assessed for PGD 3 and inflammatory mediators on the OLINK
platform at repeated time points. Results CD63 upregulation and PGD g synthesis scaled with affinity, as did secretion of
cytokines like IL-8 and IL-13. Secretion of chemokines like CCL3 and CCL4 appeared to depend less on affinity, whereas
shedding of surface markers CD40, SLAMF4 and CD5, and secretion of intracellular markers SIRT2 and CASP-8, were elevated
by stimulation through low affinity IgE compared with high affinity IgE, illustrating differential responses dependent on the
affinity of IgE. Conclusion Cytokine secretion and shedding of surface receptors of sensitized, cultured primary human mast
cells is differentially regulated depending on the affinity of IgE for the Der p 2 allergen and may shape the chronic response to

repeated allergic activation.
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Abstract (208 words)

Background

Activation of mast cells through IgE results in secretion and shedding of mast cell proteins and in vivo
models suggest that these processes are governed by IgE antibody affinity.

Methods

We passively sensitized cultured primary human mast cells with recombinant human IgE clones with either
high or low affinity for Der p 2, with a 200-fold affinity difference, and activated them with recombinant
allergen. Activation was assessed by CD63 upregulation and PGDy secretion. Supernatants collected from
mast cells activated for 0, 3, 6 and 24 hours were assessed for PGDs and inflammatory mediators on the
OLINK platform at repeated time points.

Results

CD63 upregulation and PGD, synthesis scaled with affinity, as did secretion of cytokines like IL-8 and IL-13.
Secretion of chemokines like CCL3 and CCL4 appeared to depend less on affinity, whereas shedding of surface
markers CD40, SLAMF4 and CD5, and secretion of intracellular markers SIRT2 and CASP-8, were elevated
by stimulation through low affinity IgE compared with high affinity IgE, illustrating differential responses
dependent on the affinity of IgE.

Conclusion

Cytokine secretion and shedding of surface receptors of sensitized, cultured primary human mast cells is
differentially regulated depending on the affinity of IgE for the Der p 2 allergen and may shape the chronic
response to repeated allergic activation.

Introduction (text 3113 words, 31 refs, 5 figures, 2 tables)

Signaling mediated by antibodies and their receptors through ITAM motifs has been shown to be subject to
molecular editing through kinetic proofreading in mouse and rat models, resulting in distinct responses of
myeloid effector cells depending on the affinity of the immunoglobulin-antigen interaction(1,2). Activation
with low affinity antigen reduces leukotriene and cytokine (TNF-a, IL-6, IL-13) production but enhances
production of chemokines CCL2, CCL3 and CCL4. This is reversed in cells activated with high affinity
antigen (2). We hypothesize that human mast cells stimulated through high- and low affinity IgE respond
similarly.

The generation of cytokines and chemokines from activated mast cells is a result of de novo synthesis
and release of these soluble mediators. Ectodomain shedding of membrane proteins is another, more rapid,
mechanism of control of membrane proteins that can lead to generation of soluble messengers and feedback
loops (3). This process is, however, uncharted on mast cells during activation. CD5, CD6, CD40 (4) and
SLAMF4 (5) are regulatory molecules expressed on mast cells. CD5 has not been identified in mast cells by
immunohistochemistry (6), but activity at the CD5 promoters has been documented recently (7). Differential
regulation of these surface markers may affect mast cell function significantly.



We have previously shown that, in the immediate allergic response, reactivity increases threefold and sensi-
tivity (EC50) increases 15000-fold in cultured human mast cells (MC) sensitized with two low affinity IgE
clones compared with two high affinity IgE clones specific for the house dust mite Dermatophagoides pte-
ronyssinus class two allergen (Der p 2) (8,9). A tenfold increase in the affinity of IgE clones contributing to
complex formation resulted in 19% increase in mast cell reactivity (9).

Here we present evidence using the major allergen Der p 2 and cloned pairs of IgE molecules specific for
Der p 2 with affinity differing 200 fold (8,9), that a broad range of cytokine and chemokine expression as
well as shedding of surface receptors of primary cultured human mast cells, depends on the affinity of Igk
for allergen. This is the first documentation of molecular editing due to variation in affinity of the cellular
response in human mast cells and suggests that measures of quantity of allergen specific IgE (sensitization)
is inadequate without knowledge of the affinity of the interaction between IgE and its cognate allergen. In
previous work, the significance of complexity and composition of IgE clones has been illustrated (8).

Methods
Mast cell culture

CD133" stem cells purified from buffy coats were cultured for 8 weeks to become mature mast cells as

described(10):(11):(12). The regional ethics committee approved use of buffy coats for mast cell research
(#63, 1995).

IgE antibodies for mast cell sensitization

After 6 weeks of culture each cell line was divided in two aliquots that were sensitized with 80 kU/L recom-
binant human IgE (rIgE) containing 7% each of non-overlapping Der p 2-specific IgE clones in combination
with 86% of a non-allergen-specific IgE antibody (8); clones H10:H12 (kD 284 nM) and P4C (kD 291 nM)
for low affinity stimulation and clones H12 (kD 1.12 nM) and P4E (kD 1.4 nM) for high affinity stimulation.
The difference in affinity of IgE between the conditions was thus approximately 200-fold.

Mast cell activation and generation of supernatant samples

After 8 weeks of culture, IgE sensitized mast cells were activated by challenge with recombinant Der p 2
allergen in logjgdilutions for 30 minutes in a water bath at 37° C. Activation was assessed by flow cytometry
as surface expression of CD63. Supernatants were generated by activating MCs for 3, 6 or 24 hours at 37°
C with an optimal concentration of Der p 2 allergen determined above. After centrifugation for 10 minutes,
4° C, 2000G, the supernatant and pellet were frozen separately. A supernatant sample not activated with
allergen (time 0 hours) was saved as baseline control.

Assessment of PGDgy release

Release of PGDy was monitored by the use of the PGD2-MOX EIA kit from Cayman Chemicals (Ann Arbor,
Michigan, USA) as instructed by the manufacturer. In addition, release of PGDy and its metabolites was
validated in a separate experiment by quantitative UPLC/MS-MS as described (13).

Measurement of cytokines and chemokines in the supernatant

Soluble mediators were assessed using the Inflammation panel from the OLINK Proteomics platform(14)
in the supernatant (n = 4) at 0 hours (resting state) and at 3, 6 and 24 hours after activation with high
and low-affinity IgE. Samples only containing cell culture medium were analyzed as a blank control. The
normalized protein expression values used are calculated from Ct values of a proximity extension assay that
has been shown to have superior sensitivity compared to other detection methods (15). Sensitivity and range
of detection for each analyte is available on OLINKSs home page.

Statistics

The fraction of mast cells expressing CD63 was plotted against the logarithm of allergen concentrations.
The maximal reactivity (%CD63 mast cells) and mast cell sensitivity (ECso) were estimated by four-



parameter logistic regression. The results for mast cell reactivity and sensitivity are given as median and
interquartile range (IQR). The statistical significance of reactivity, sensitivity, prostaglandin D2 synthesis and
soluble mediator expression was analyzed using 2way ANOVA. GraphPad Prism v5 was used for statistical
calculations.

Normalized Protein Expression (NPX, Olink’s arbitrary unit in log2) values from the biomarkers that pas-
sed quality control (NPX value > +/- 0.3 compared to medium control), were used as input for differential
expression analysis using the R Bioconductor packagelimma. Using this package, a model design was imple-
mented to test for differential expression between non-activated mast cells (0 h) and activated mast cells (3
h, 6 h and 24 h respectively), while correcting for donor variability (cell line number) (16). For the analysis of
the PEA assay, limma uses an empirical Bayesian method that considers the variance across all biomarkers
to estimate per biomarker variance for model estimation. Contrasts were used to conduct comparisons of
interest and generate p-values from the moderated t-test. P < 0.05 was considered significant.

Results

Reactivity and sensitivity of mast cell degranulation and Prostaglandin Dy synthesis increase with increasing
affinity of IgE for allergen.

Mast cell reactivity was threefold higher with high affinity IgE clones (65%; IQR = 47 — 80) than with low
affinity clones (20%; IQR = 12 — 25, p=0.0081) (figure 1A). Mast cell sensitivity (ECso) decreased 12.850-
fold from 0.07 pg/ml (IQR = 0.02 — 7.2) Der p 2 allergen with high affinity clones to 900 pg/ml (IQR
= 0.3 — 1.1) Der p 2 allergen when low affinity clones were used for sensitization (p=0.0395). Release of
prostaglandin D2 assessed at 0, 3, 6 and 24 hours by EIA developed with significance for time (p<0.007)
and affinity (p=0.0437) compared with baseline (n=3, Figure 1B). The release of PGD and its metabolites
PGJs, delta-12-PGJy and 15-deoxy-delta-12,14-PGJs was validated by mass spectrometry in a separate cell
line (Figure 1, c-f). Four-fold more PGDy was synthesized with high affinity IgE than with low affinity IgE
activation after 3 (p=0.0024) and 6 (p=0.0188) hours (n=4).

Soluble mediator release by high and low IgE affinity activation

Amongst the 54 mediators detected (table 1), 19 did not change expression in response to IgE activation,
among them IL-4, IL-6 and SCF, that were added to the culture medium. 37 mediators were not detected.
Among the remaining substances that responded to change in affinity of IgE 24 could be grouped into 3 types
of proteins: 10 soluble cytokines and chemokines and 3 soluble cytoplasmic proteins (Figure 2, Table 2), 9
Type I Transmembrane molecules including cytokine receptors and membrane-bound cytokines and 2 Type
IT Transmembrane molecules (Figure 3, Table 2). A further 6 cytokines and chemokines, 3 transmembrane
proteins and 3 cytoplasmic proteins were detected but did not vary significantly (Figure 4). Mediators are
presented in order of strength of response in figure 2 and figure 3. In figure 5, momentary distributions of
reactants measured at 3, 6 or 24 hours are plotted.

Cytokine and chemokine response

CCL2, CCL3, IL-8, OSM and LIF were expressed at high levels at baseline (Table 1). IL-13, IL-8, LIF,
HGF, and CCL2 (Figure 2, a-c, e, g) and membrane bound CSF-1 and FL3L (Figure 3, h, i) were only
upregulated through high affinity IgE activation at all times investigated. OSM, CCL3 and CCL4 were
released by stimulation through both low- and high affinity IgE activation at 3 hours, but at higher levels
for high affinity IgE (Figure 2, d, h, i). Production through high affinity IgE activation of CCL3 and CCL4
had ceased at 24 hours. CCL7/MCP3 (Figure 2, j) was significantly upregulated through low affinity IgE
activation.

Cytoplasmic markers in the supernatant

CASP-8 (Figure 2, k) was significantly upregulated with low affinity IgE and differentially regulated with



low- and high affinity IgE activation. SIRT2 (Figure 2, 1) was significantly upregulated with low affinity IgE
but not with high affinity IgE activation. STAMBP (Figure 2, m) was upregulated through high affinity IgE
activation only.

Shedded type I and type II transmembrane molecules

CD40 and CD5 (Figure 3, a, b) were elevated through low affinity IgE after 6 and 24 hours. CD40, CD5,
SLAMF4, IL1I0RB, CD6 and TGF-a were differentially regulated with low- and high affinity IgE. PD-L1 was
upregulated by both low- and high affinity IgE (Figure 3, g).

The soluble TMII molecules TNFSF12 and TNFSF14 (Figure 3, j, k) were upregulated primarily through
activation with high affinity IgE at all time points, while low level upregulation by low affinity IgE activation
happened later.

Discussion

We hereby confirm that increase of IgE affinity increases both reactivity and sensitivity of degranulation
measured as CD63 activation, and de novo synthesis of lipid mediators measured as the release of PGD2 and
its metabolites by human mast cells (Figure 1). Furthermore, we confirm results obtained in murine models,
that IgE affinity directs the soluble mediator expression from activated mast cells(2) which may dictate the
late phase response in vivo. Activation of human mast cells through high affinity IgE induced secretion of
cytokines and chemokines, whereas stimulation through low affinity IgE resulted primarily in the release of
membrane bound receptors.

The immediate degranulation response

Basophil reactivity has been associated with severity of allergic symptoms while sensitivity has been correla-
ted with the allergen threshold(17) (18). Increasing affinity increases both reactivity and sensitivity of a mast
cell response (Figure 1A). Previous work has shown that clonality of IgE and the relative concentrations of
IgE clones play a role in basophil activation (8) as well as in mast cell activation (9). We find that PGDy
is secreted by mast cells with increased sensitivity and reactivity when activated by high affinity IgE with
a peak at 3 hours (Figure 1b), and that metabolites PGJ3, delta-12-PGJs and 15-deoxy-delta-12, 14 PGJa,
accumulate at later time points to support this finding (Figure 1 c¢-f).

Late phase response of protein secretion; difference between the low and high affinity activation

In order to assess mediator release during mast cell activation by either low- or high affinity stimulation, we
analyzed the expression of 91 soluble inflammation markers in the supernatant of mature mast cells after 3,
6 and 24 hours of activation and detected 54 of these at at least one of the four time points sampled. The
early response after 3 hours was dominated by cytokines IL-8, IL-13, LIF, HGF and CCL4 produced due
to high affinity IgE crosslinking. PD-L1 was induced by both high and low affinity and with no significant
difference. A number of shedded surface markers (TNFSF12, TNFSF14, CSF-1, TGF-a) and the cytosolic
protein STAMPB, were induced earlier and more persistently by high affinity IgE than by low affinity IgE.

Most effects of signalling through low affinity IgE appeared after 6 hours, and many markers detected after
low affinity activation were shared with high affinity signalling. The cytosolic proteins CASP8 and SIRT2
were specifically induced by low affinity IgE at 3 hours. The markers that most notably appeared to be specific
for low affinity signalling were shedded CD40, SLAMF4 and CD5. This is consistent with the observations
that low affinity IgE signalling has slower onset than high affinity signalling (2). CD40 is involved in the
somewhat controversial antigen presentation of mast cells (4). In mast cells, CD5 may not be expressed in
the same way as it is on T cells (6), but transcriptional activity at the promoter suggests it is expressed(7).
SLAMF4 is expressed as a regulatory molecule on mast cells (5) that may have inhibitory as well as activating
functions. Extensive shedding after 6 hours of these molecules as well as IL10-RB and CD6 and significantly
more release of CCL3, TGF-b and CASP-8 differentiates the low affinity response of human mast cells from
a high affinity response. One may speculate that the phenotype of the mast cell now adapts to the low



affinity stimulus. In addition, the membrane receptors released become soluble signals that may modulate
the physiologic response.

CSF-1, Fit3L, TGF-a, CD40 and TNFSF11 are known to be targets of ADAMI17 that is expressed in mast
cells, but there was no clear association of ADAMI17 and affinity of IgE or timing of release. CD6 and its
ligand CD318 (CDCP1) were shedded after low affinity IgE stimulation at 6 and 24 hours, respectively. While
IL-18 and IL-10 were released at 3 and 6 hours under conditions of high affinity IgE, IL-18R1 and IL-10Rb
were shedded under low affinity IgE conditions at 6 and 24 hours, suggesting the presence of a feedback loop.
Shedding of a receptor may be a method to quickly change the phenotype of the cell by releasing the surface
receptor, or to generate a signal molecule, or both (3).

Effect of mast cell derived mediators

LIF, OSM, CCL2, CCL3 and CCL4 were released both by high and low affinity IgE signalling, with CCL3
being the only mediator still differentially upregulated by low affinity stimulation 24 hours after activation.
This is in contrast to comparable results from a murine response at six hours, where CCL2, CCL3 and CCL4
were predominantly induced by low affinity IgE (2). Possible explanations for this are the lesser difference
in IgE affinity in our model (200-fold) than in the murine model (1600-fold), and the inbred nature of the
murine model compared with the outbred human mast cell cultures derived from independent individuals.
Moreover, the extreme difference in affinity of the murine system is due to different antigens, and not due to
difference in antibody affinity for the same allergen, which is used in our system employing well characterized
recombinant human IgE clones.

The affinity related differential mediator response was demonstrated to have functional consequence in the
previously mentioned mouse model; the distinct signaling profile including IL-8 elicited from the high affinity
stimulation accumulated more neutrophils than monocytes/macrophages whereas the low affinity stimulation
recruited fewer neutrophils and more monocytes(2). Increased amounts of CCL2, CCL3 and CCL4 have been
measured in BAL of patients with severe asthma compared with controls(19,20). Our data suggests that these
chemokines could be derived from activated mast cells as part of their modulation of the late phase response.

The presence of neutrophils in induced sputum or BAL of patients with allergic asthma is associated with
severe, chronic asthma (21), but the relationship of neutrophils to mast cell induced T2 disease is less clear.
The murine study and our human data suggest that sputum neutrophilia may also be explained by high
affinity IgE in addition to corticosteroid use or Th1l/Th17 immunity (22). Neutrophils release elastase which
activates matrix metalloproteinases (MPPs) and degrades extracellular matrix proteins such as collagens to
contribute to the development of chronic airway inflammation (23). IL-8 recruits and activates neutrophils
during the late phase reaction(24) and elevated levels of T1-8 have been found in BAL fluid from asthmatic
patients(25). We observed a significant increase in IL-8 with high affinity IgE compared to low affinity IgE and
baseline. Considering the strong effect of IL-8 on neutrophils, our results indicate that the presence of high
affinity IgE antibodies may increase the number of neutrophils and thereby the risk for developing chronic
allergic inflammation. The role of monocytes/macrophages in allergic asthma is less well understood (26).
IL-13 is secreted by Th2 cells, mast cells and basophils(27). It induces IgE class-switch recombination in B-
cells and activates, recruits and promotes survival of mast cells and eosinophils(28). Consistent with results
from BMMCs(2) we observed a significant increase in IL-13 with high affinity IgE stimulation compared
to low affinity IgE and baseline. (29) These observations suggest that mast cells may have a role in both
neutrophil, eosinophil and granulocytic asthma, and that affinity of IgE for allergen may explain the shift
from one endotype to another.

Effects beyond the late phase

The detected amounts of IL-8, IL-13 and LIF are still significantly different from baseline 24 hours after
allergen activation (p < 0.001) (figure 2, a~c). This could indicate an effect of these cytokines that goes
beyond the late phase response (6-8 hours) and possibly adds to the development of chronic inflammation.
Increased cytokine secretion may be associated with asthma severity as is supported by studies showing
higher levels of IL-8 and IL-13 in patients with chronic severe asthmatic disease in addition to a negative



correlation of cytokine secretion with lung function (20,30,31) . Several cytokines novel to the mast cell
were also significantly upregulated by high affinity IgE (CSF-1, FLT3L, HGF, OSM and IL-12b). CSF-1
and Flt3L may be involved in maintenance and activation of hematopoietic progenitors, and HGF supports
angiogenesis and tissue regeneration of epithelial cells. OSM remains poorly defined, but closely related to
IL-6 and LIF.

When combining the current results with data from animal models(1,2) mast cells seem to be able to sense
differences in IgE affinity and this may have important implications for their role in shaping early and
late phase allergic responses and may even impact chronic asthma by bridging between different endotypes
dominated by immune cell subsets favored by different mast cell mediators. Clearly, additional experiments
are needed to substantiate the direct effects of molecular editing through kinetic proofreading in human
as well as mouse mast cells and its downstream effects. Moreover, links between IgE affinity and asthma
endotypes may be followed up in allergic individuals with primarily high vs low affinity IgE towards well
characterized allergens.

Conclusion

Activation through high affinity IgE leads to well-characterised cytokine release. When activating primary
human mast cell lines through low affinity IgE with the native allergen Der p 2, some chemokines, and
cytoplasmic proteins were released, and surface receptors were solubilized. The impact of finely tuned IgE
affinity for allergen to the nature of the mast cell response in both cytokine and chemokine production as
well as surface marker profile may modulate the severity of the late phase response and determine the chronic
response to repeated allergic activation.
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Figure legends
Figure 1

a: Mast cell activation as CD63 expression after stimulation with recombinant Der p 3 allergen for 30 min
at 37C at high (red) and low (blue) IgE affinity.

b: Prostaglandin Dy synthesis from 3 independent cell lines at high (red) and low (blue) IgE affinity. (c-f)
Small graphs chart the metabolism of PGDs through PGJs and delta-12-PGJs to 15-deoxy-delta-12,14-PGJq
detected by MS of one cell line.

Figure 2:

Plots of cytokines and chemokines and secretory proteins up-regulated significantly by high-affinity (red)
compared to low-affinity (blue) activation, or, low-affinity compared to high-affinity activation after activa-
tion. The upregulation is shown as fold change compared with resting (0 hour) mast cells,. Ordinates are
dimensioned to illustrate the particular reactants variation. An * next to the reactant indicates significance
in the limma analysis, a 7 and" indicate that a marker is upregulated significantly with high or low affinity
IgE. Detailed information is given in table 1.

Figure 3:

Plots of shedded surface markers up-regulated significantly by high-affinity (red) compared to low-affinity
(blue) activation, or, low-affinity compared to high-affinity activation after activation. The upregulation is
shown as fold change compared with resting (0 hour) mast cells,. Ordinates are dimensioned to illustrate the
particular reactants variation. An * next to the reactant indicates significance in the limma analysis, a
and " indicate that a marker is upregulated significantly with high or low affinity IgE. Detailed information
is given in table 1.

Figure 4

Secretory proteins detected at different timepoints after activation. The up-regulation is shown as the fold
change compared to corresponding resting mast cells (0 hour).

Figure 5

An alternate visualization of the detection of reactants in mast cell supernatants after stimulation through
either high or low affinity IgE. The up-regulation is shown as the fold change compared to corresponding
resting mast cells (0 hour). At 24 hours the range of upregulation is only 8-fold, where it is 64-fold at 3 and
6 hours.

Table Legends



Table 1

Mean Olink NPX data for all measured reagents at all time points.

Table 2

Results of a limma analysis of changes over time of mast cells activated through either high- or low affinity
IgE.
b PGD, secretion

a allergen specific activation of mast cells
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