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IgE+ plasmablasts predict the
onset of clinical allergy

Elisabeth M. Simonin †, Susanna Babasyan †, Justine Tarsillo
and Bettina Wagner*

Department of Population Medicine and Diagnostic Sciences, College of Veterinary Medicine, Cornell
University, Ithaca, NY, United States
Introduction: IgE+ plasmablasts develop following allergen exposure and B cell

activation. They secrete IgE and therefore are directly linked to maintain the

mechanisms of IgE-mediated allergies. Here, we show that the presence of IgE+

plasmablasts in peripheral blood not only coincides with clinical allergy, but also

predicts the upcoming development of clinical disease.

Methods: Using an equine model of naturally occurring allergy, we compared the

timing of allergen exposure, arrival of IgE+ plasmablasts in peripheral blood, and

onset of clinical disease.

Results: We found that IgE+ plasmablasts predict the development of clinical

allergy by at least 3 weeks and can be measured directly by flow cytometry or by

IgE secretion following in vitro culture. We also compared the IgE secretion by

IgE+ plasmablasts with total plasma IgE concentrations and found that while IgE

secretion consistently correlates with clinical allergy, total plasma IgE does not.

Discussion: Together, we describe IgE+ plasmablasts as a reliable and sensitive

predictive biomarker of allergic disease development.
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1 Introduction

Immunoglobulin E (IgE) causes allergic reactions through binding to IgE receptors on

effector cells and stimulation by specific allergens (1). Allergen-specific IgE is often used to

diagnose allergy development and severity (2, 3). Testing for allergen-specific serum IgE can

also guide which allergens should be included in allergen immunotherapy (4) and predict

treatment effectiveness (3). However, the concentration of allergen-specific IgE in circulation

can be low and the identification of causal allergens can be difficult in part due to cross

reactivity between major and minor allergens (5) and missing information of which allergen

epitopes are clinically relevant (6). In addition, IgE levels may not predict treatment success,

for example as was seen in an Omalizumab trial (7). Due to this variability, allergic patients

can be surprised by unexpected allergic reactions to new allergens or left unsure of the true

disease severity. In addition, there are currently no biomarkers to determine whether allergen
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immunotherapy treatment is effectively desensitizing the individual.

As a result, there is need for an allergy biomarker that can better

predict and monitor allergy development and severity and can also

guide treatment decisions.

IgE is produced when allergen-specific B cells are activated by

allergen in the presence of the cytokines IL-4 and IL-13 (8–10),

leading to class switch recombination of the constant region to

express the IGHE gene (11, 12). These class-switched B cells, now

expressing an IgE B cell receptor, then receive additional survival

signals and begin differentiating into memory B cells and plasma cells,

which secrete high concentrations of IgE into circulation (13–15).

During this activation process, some IgE+ B cells differentiate into

IgE+ plasmablasts. IgE+ plasmablasts secrete antibodies and enter

peripheral blood, providing a snapshot of the IgE+ B cell to plasma

cell differentiation process simultaneously occurring in the lymph

node or local tissue. Peripheral IgE+ plasmablasts may home to the

bone marrow where they further differentiate into plasma cells (16).

We have recently characterized IgE+ plasmablasts as IgE secreting

cells in peripheral blood that positively correlate to both clinical

allergy severity and secreted IgE concentrations (17). Due to the close

connection between B cell activation by allergen and their

differentiation into IgE+ plasmablasts, we proposed that circulating

IgE+ plasmablasts could be a direct marker of clinical allergy

development and severity. To explore the relationship between

allergen exposure, IgE+ plasmablasts in the periphery, and the

development of clinical disease, we used a natural horse allergy

model of Culicoides (Cul) hypersensitivity (18). Horses can

naturally develop Culicoides (Cul) hypersensitivity, which is an IgE-

mediated allergic response (19) to salivary proteins of Cul midges

(20–28). When exposed to Cul midges in the environment, allergic

horses undergo an immediate hypersensitivity reaction and develop

clinical signs including pruritis, dermatitis and alopecia at bite sites,

which can persist for several months in the summer (25, 29).

Cul hypersensitivity is seasonal and recurrent. All individuals in

our study, allergic and healthy, lived together and were exposed to the

same environment and frequency of allergen exposure, through Cul

bites, in the summer. Allergic horses, therefore, were exposed to

allergen and developed clinical allergy in synchrony (30). Typically,

signs of clinical allergy developed 3-4 weeks after allergen exposure

began, providing an initial window of time when horses were exposed
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to allergen but did not yet show clinical disease (17). We used this

allergy model to ask what the relationship is between allergen

exposure and the migration of IgE+ plasmablasts into peripheral

blood, and if IgE+ plasmablasts precede clinical allergy.
2 Materials and methods

2.1 Animals, sample collection, and allergy
scoring

All experiments were conducted on samples from Icelandic

horses with and without clinical allergy (Table 1). All horses lived

together in the same environment with similar natural exposure to

Culmidges frommid-April to mid-October. Cul were absent from the

environment during winter months. Vaccination and deworming

were synchronized. All horses were annually vaccinated against

rabies, tetanus, West Nile virus and Eastern and Western

Encephalitis virus, as well as dewormed with moxidectin and

praziquantel (Zoetis, Parsipanny, NJ, USA) once a year in

December. All horses were on the same diet. They were kept full

time on large pastures with run-in-sheds, free access to water, mineral

salt blocks, were grazing in the summer and fed grass hay in

the winter.

Icelandic horses in this study were either clinically healthy or had

seasonal, recurrent Cul hypersensitivity. Cul hypersensitivity was

confirmed, as previously described (19), by intradermal skin testing

with Cul whole body extract (WBE; Stallergenes Greer Inc.,

Cambridge, MA, USA) in comparison to injections with saline and

histamine as negative and positive controls, respectively. Allergic

horses developed immediate reactions to Cul WBE, while healthy

horses did not. Allergic horses (n=7) included 5 mares (12-18 years,

median 17 years), 1 gelding (age 10) and 1 stallion (age 9). All 7

allergic horses and 6 of the healthy horses were also used in our

previous study which characterized IgE+ plasmablasts in horses (17).

The prior study took place in the summer and winter preceding the

year of this study. Allergic horses had a history of seasonal Cul

hypersensitivity for at least 3 years (median 8, range 3-8 years) before

this study took place. Healthy horses (n=10) included 5 mares (ages 8-

10 years, median 8 years) and 5 geldings (8-10 years, median 9 years).
TABLE 1 Horses and clinical signs of allergy.

Allergy
statusa

Sex
(count)

Age
Median (range)

Preclinical Phase Clinical
score Median (range)b,c

Allergic Phase Clinical
Score Median (range)b,d

Resolving Phase Clinical
Score Median (range)b,e

Healthy
Mare (5)
Gelding (5)

8 (8-10)
9 (8-10)

0 (0)
0 (0-1)

0 (0-1)
0 (0-0.5)

0 (0-2.5)
0 (0-2.5)

Severe
Allergy

Mare (n=5)
Gelding (n=1)
Stallion (n=1)

17 (12-18)
10
9

1 (0-2.5)
1 (0-1.5)
2 (0-3.5)

6.5 (1-10)
3 (1-7)

6.5 (2.5-9)

3.8 (1-9.5)
3 (1-4.5)
1.5 (1.5-2)
a. Allergic horses are all confirmed to have Culicoides hypersensitivity
b. Clinical allergy scores using a scoring range from 0 to 10 with scores ≥3 considered allergic (29).
c. Preclinical Phase occurred from April 12 – May 20 when there was allergen exposure but no clinical signs. Median and ranges are from a total of 9 scoring events per horse during the Preclinical
Phase.
d. Allergic Phase occurred from May 24 – August 16 when individuals experienced consistent allergen exposure and showed clinical signs of allergy. Median and ranges are from a total of 11 scoring
events per horse during the Allergic Phase.
e. Resolving Phase occurred from September 7 –November 1 when allergen exposure began to decrease and clinical signs started to improve. Median and ranges are from a total of 5 scoring events per
horse during the Resolving Phase.
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Blood samples were obtained from the V. jugularis using the BD

Vacutainer system (Becton Dickinson, Franklin Lakes, NJ). Samples

were collected from all horses weekly from March 22-April 26, twice

weekly from May 3-June 10, twice monthly from June 17- November

15, and once in February and December. Midges were first observed

in the environment for a few days during the weeks of April 5 and

April 19. April 26 was the last day in the spring when the temperature

dropped to freezing temperature. Daily minimum and maximum

temperatures were recorded from wunderground.com at a weather

station <1 mile from the horse pasture.

At every blood collection day, clinical allergy scores were assigned

to each horse as previously described (29). Scores were given based on

pruritis (0-3), alopecia (0-4), and dermatitis (0-3) and total scores ≥3

represent horses with clinical allergy. Allergic horses developed

clinical allergy and had clinical scores above 3 on average 15

timepoints (standard deviation 3.7) during the summer. Healthy

horses never developed clinical signs or scores above 3. The first

day when any allergic horse had clinical signs with a score above 3 was

May 24.

All animal procedures were carried out in accordance with the

recommendation in the Guide for the Care and Use of Laboratory

Animals of the National Institutes of Health. The animal protocol was

approved by the Institutional Animal Care and Use Committee at

Cornell University (protocol #2011–0011). The study also followed

the Guide for Care and Use of Animals in Agricultural Research

and Teaching.
2.2 Isolation of peripheral blood leukocytes
and acid wash approach to remove
receptor-bound IgE

Heparinized blood samples settled at room temperature for at

least 30 minutes to allow erythrocytes to separate from the cell-rich

plasma. Cell rich plasma (1 ml), containing peripheral blood

leukocytes (PBL), was collected and centrifuged at 500 xg for 10

minutes at 4°C. PBL were then treated with an acid wash as previously

described (17). All other centrifugation steps were performed at 100

xg for 5 minutes at 4°C. Briefly, PBL were washed twice in ice-cold

wash solution (130 mM NaCl, 5 mM KCl; pH 6). Cells were then

resuspended in ice-cold acid wash solution (10 mM lactic acid (Alfa

Aesar, Thermo Fisher Scientific, Lancashire, UK), 130 mM NaCl, 5

mM KCl; pH 2.8 – 3) and incubated for 5 min on ice. After

incubation, 0.2 ml of 1 M Tris HCl, pH 8 (Thermo Fisher

Scientific, Waltham, MA, USA) was added to neutralize the acid

before pelleting the cells by centrifugation. Cells were washed once in

phosphate buffered saline (PBS, Fisher Scientific, Waltham, MA,

USA) and then fixed in 2% (v/v) paraformaldehyde solution (PFA,

Sigma-Aldrich, St. Louis, MO, USA) for 20 minutes at

room temperature.

In addition, peripheral blood mononuclear cells (PBMC) were

isolated by layering cell-rich plasma over Ficoll (Ficoll Plaque Plus,

GE Healthcare, Chicago, IL, USA) at a 2:1 (v:v) ratio. Density gradient

centrifugation and PBMC isolation was performed as previously

described (17). PBMC were also treated with the acid wash buffer

as described for PBL samples.
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2.3 Antibody staining and flow cytometry

For flow cytometric analysis of IgE+ plasmablasts, PBL or PBMC

were stained as previously described (17). In brief, about 1.5x107 PBL

or 6x105 PBMC were incubated for 15 minutes with an antibody

master mix in PBS-BSA (0.5% (w/v) BSA, 0.02% (w/v) NaN3, all from

Sigma-Aldrich, St. Louis, MO, USA). Three horse-specific

monoclonal antibodies (mAbs) were used in the master mix: IgE

mAb 176 (31) conjugated to Alexa fluorochrome 647, CD23 mAb 51-

3 (32) conjugated to Alexa fluorochrome 488, and biotinylated IgG1

mAb CVS45 (33). Alexa conjugation and biotinylation of mAbs was

performed according to manufacturer’s protocols (Thermo Fisher

Scientific, Waltham, MA, USA). After incubation with the master

mix, cells were washed once in PBS-BSA and then incubated with

streptavidin-phycoerythrin (Jackson ImmunoResearch Laboratories)

for 15 minutes to label biotinylated IgG1 mAb CVS45. IgG1 mAb and

secondary labeling with streptavidin-phycoerythrin was included for

another purpose. As previously described (17), IgE+ plasmablasts are

IgG1- and therefore IgG1 data is not included here. Cells were washed

in PBS-BSA one more time. Samples were recorded on a BD FACS

Canto II flow cytometer and data analysis was performed with FlowJo

version 10.4 (FlowJo, Ashland, OR, USA). A total of 150,000 events/

sample were recorded for each sample. All flow cytometry images

were gated first to exclude doublets, then IgE+ cells were

analyzed quantitatively.
2.4 In vitro assay and measurement of total
IgE secretion

Following the same PBL isolation as described above, 1 ml cell-

rich plasma was collected and centrifuged at 500 xg for 10 minutes

at 4°C. The cell-depleted plasma was collected and stored at -20°C

until analyzed for IgE. PBL from 1 ml cell rich plasma were

resuspended in cell culture medium (DMEM supplemented with

1% (v/v) non-essential amino acids, 2mM L-glutamine, 50µM 2-

mercaptoethanol, 50µg/ml gentamicin, 100 U/ml penicillin, 100

µg/ml streptomycin (Thermo Fisher Scientific, Waltham, MA,

USA) and 10% FCS (Atlanta biological, Flowery Branch, GA,

USA)), and then centrifuged at 100 xg for 5 minutes at room

temperature. PBL were resuspended to 1 ml in cell culture

medium, and 100 µl of PBL from each individual was mixed

with cell culture medium to a final volume of 200 µl and

incubated in 96-well flat-bottomed plates (Corning Incorporated,

Corning, NY, USA) at 37°C, 5% CO2. After 72-hours, cell-free

supernatants were collected and stored at 4°C until IgE secretion

analysis. All steps were performed in a sterile biosafety cabinet.

PBMC were also isolated as described above and 5x105 PBMC were

plated per well in 200 µl cell culture medium. Cells were incubated

as described above for PBL and supernatants were collected for IgE

secretion analysis.

Secreted equine IgE was measured in undiluted supernatants

using a fluorescent bead-based Luminex assay. The assay was set up

as previously described (17, 34) with a few modifications. Twelve 1:2

serial dilutions of purified IgE were used as a standard with

concentrations ranging from 4.9 ng/ml – 10 µg/ml total IgE. Total
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IgE was also measured in the cell-depleted plasma using eight 1:2

serial dilutions of purified IgE with concentrations ranging from 78.1

ng/ml – 10 µg/ml total IgE.
2.5 Statistical analysis

The data were not normally distributed as confirmed by

D’Agostino and Pearson tests. Therefore, non-parametric tests were

used for data analysis. To compare clinical scores, IgE+ plasmablast

frequencies, CD23+ frequencies, and IgE concentrations between

allergic and healthy horses at different timepoints, a Holm-Sidak

multiple comparisons test was used. A nonparametric Spearman rank

correlation was calculated for all horses to compare the frequency of

IgE+ plasmablasts, total IgE+ cells after acid wash, secreted IgE

concentrations, plasma IgE concentrations and clinical scores. All

graphs plot means and standard deviations unless specified otherwise

and p values <0.05 were considered significant. Analysis was

performed with GraphPad Prism software version 8 (GraphPad

Software Inc., La Jolla, CA, USA).
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3 Results

3.1 Rapid identification of IgE+ plasmablasts
in peripheral blood leukocytes

IgE+ plasmablasts were quantified in peripheral blood by a short

lactic acid wash (pH 3), followed by incubation with fluorescent

antibodies against IgE and CD23, and quantification by flow

cytometry (17). To quantify the IgE+ plasmablast frequency more

rapidly in many individuals, this approach was adapted from isolated

PBMC (Figures 1A-D top images) to PBL (Figures 1A-D bottom

images). PBL isolation only required erythrocyte removal or lysis. In

both sample types, a similar gating strategy was used: doublets were

excluded (Figure 1A), followed by gating on CD23+ cells (Figure 1B),

and then on IgE+ cells (Figure 1C). IgE+ plasmablast identity was also

confirmed by a larger forward (FSC) and side scatter (SSC), which is

characteristic of these cells located between lymphocytes and

monocytes in both PBMC and PBL (Figure 1D). The frequency of

IgE+ plasmablasts out of total CD23+ cells was similar between

PBMC and PBL samples in all samples (Figure 1E, n=17, rsp=
A B D

E F

C

FIGURE 1

IgE+ plasmablast quantification in PBL. PBMC or PBL were isolated from heparinized whole blood of 17 horses on the same day. Blood collection
occurred in the summer when allergic horses had clinical allergy and elevated peripheral IgE+ plasmablast frequencies. In A-D, PBMC samples are shown
on the top and PBL samples are shown on the bottom. (A) Doublet exclusion. (B) CD23 expression gate on doublet excluded cells. (C) IgE and CD23
expression on CD23+ gated cells. Percentage reports IgE+ plasmablasts (IgE+ PB) out of total CD23+ cells. (D) Forward (FSC) and side scatter (SSC)
characteristics of IgE+ plasmablasts (black) in total PBMC or PBL (gray). (E) Spearman rank correlation of the IgE+ plasmablast frequency in PBMC (open
circles) and PBL (closed circles). (F) Spearman rank correlation of secreted IgE (µg/ml) in the supernatants of PBMC (open circles) and PBL (closed circles)
after 72 hours in vitro culture. In (E-F), samples from the same individual are connected. Flow cytometry images are representative from 1 out of 17
horses. Correlations were calculated with samples collected on July 19.
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0.9583, p<0.0001). Spontaneous secretion of IgE after in vitro culture

of PBMC or PBL for 72 hours also resulted in similar concentrations

of IgE in the cell culture supernatants (Figure 1F, n=17, rsp=

0.8866, p<0.0001).
3.2 IgE+ plasmablast increase in peripheral
blood precedes recurrent clinical allergy

To determine when IgE+ plasmablasts enter peripheral blood in

comparison to the onset of clinical allergy, a group of allergic (n=7)

and healthy horses (n=10) living under identical environmental

conditions were monitored for one year. Heparinized blood was

collected frequently from each horse (Supplemental Figure 1).

Insects were first observed in the environment of the horses the

week of April 5, and were consistently present after April 26, which

was the last night with temperatures below freezing.

At each sampling day, horses were assigned clinical scores to

quantify signs of allergy (Figure 2A). The season of allergen

exposure was split into three phases: (1) “Preclinical Phase” when

allergen exposure began but there were no clinical signs (timepoints
Frontiers in Immunology 05
from April 12-May 20), (2) “Allergic Phase” when individuals

experienced continuous allergen exposure and clinical disease

(timepoints from May 24 – Aug 16), and (3) “Resolving Phase”

when allergen exposure began to decrease and individuals started to

resolve their clinical signs (timepoints from Sept 7 – Nov

1) (Figure 2A).

Photographs were taken of each horse to further document the

changes in clinical signs of allergy throughout the different phases of

allergen exposure (Figure 3). During the “Preclinical Phase” in early

May, all horses still looked clinically healthy (Figure 3A). Some

allergic horses (2 out of 7) showed first clinical signs of allergy on

May 24 (Figure 2A, black arrow, Figure 3B), marking the start of the

“Allergic Phase”, and the majority (5 out of 7) showed clinical signs

on May 27. Clinical signs worsened in all allergic horses throughout

the "Allergic Phase" (Figure 3C). The allergic horses entered the

"Resolving Phase" after all midges died in the first frost on Nov

1 (Figure 3D).

At each timepoint, IgE+ plasmablasts were quantified by flow

cytometry of acid wash treated PBL (Figure 2B). A threshold of 12%

IgE+ plasmablasts (out of total CD23+ cells) differentiates allergic

from healthy horses as previously described (17). In allergic horses,
A

B

C

FIGURE 2

IgE+ plasmablasts appear in peripheral blood before the onset of clinical allergy. PBL were frequently collected from heparinized blood samples for the
duration of one year to compare the onset of IgE+ plasmablasts in peripheral blood and the development of clinical allergy. Samples were collected
from allergic (n=7, black circles) and healthy (n=10, open circles) horses (A) Clinical scores (0-10) were assigned to each horse at each timepoint using
the Cornell allergy scoring system described by Miller et al. (29). The dotted horizontal line denotes the threshold ≥3 where allergic horses have clinical
allergy. The three phases of the allergen exposure season (Preclinical, Allergic and Resolving) are labeled in purple, red and blue boxes, respectively. (B)
The frequency of IgE+ plasmablasts was measured at each timepoint. The dotted horizontal line represents the threshold were allergic horses have ≥12%
IgE+ plasmablasts. (C) Daily minimum (gray squares) and maximum (black squares) temperatures (°C) were recorded at each blood sampling timepoint.
(A-C) Gray vertical bars show high temperature peaks (May 3, May 20, June 7, July 6, October 4). (A, B) Open arrows (April 26) show the first day of IgE+

plasmablasts above the threshold of 12% in allergic horses. Black arrows (May 24) show first day when clinical allergy scores above the threshold of 3
were given to allergic horses. Graphs show mean and standard deviation.
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IgE+ plasmablast frequencies began to rise above the threshold during

the “Preclinical Phase” on April 26 (2 out of 7 horses, Figure 2B, open

arrow) and the majority (6 out of 7) were above the 12% threshold on

May 3. This increase in IgE+ plasmablasts in the peripheral blood

preceded development of clinical allergy (May 24, Figures 2A, B, black

arrows) by 3 weeks. One allergic horse had a delayed onset of clinical

allergy with the first score above 3 on July 6. In this horse, IgE+

plasmablast frequency exceeded 12% on June 1. In summary, these

data strongly demonstrate that IgE+ plasmablasts enter the

circulation at least 3 weeks before the onset of recurrent

clinical allergy.

The frequency of IgE+ plasmablasts was maintained in allergic

horses above the threshold of 12% for the duration of the summer.

IgE+ plasmablasts increased to over 40% in 3 out of 7 horses during

the “Allergic Phase”, with one horse reaching as high as 57% IgE+

plasmablasts. The frequency of IgE+ plasmablasts also fluctuated

with changes in weather. Daily minimum and maximum

temperatures were recorded on every sampling day for the

duration of the study (Figure 2C). Increases in environmental

temperatures generally support the activity of Cul midges. Five

warm weather peak days (gray vertical bars on May 3, May 20, June

7, July 6, October 4, Figure 2C) were followed by IgE+ plasmablast

peaks on the next sampling timepoints (May 6, May 24, June 10,

July 19, October 14, Figure 2B). Circulating IgE+ plasmablasts,

therefore, are responsive to environmental changes, which can be
Frontiers in Immunology 06
used as a surrogate measurement for midge burden and

allergen exposure.
3.3 Peripheral blood IgE+ plasmablasts are
rare cells

Alternatively, IgE+ plasmablasts can be measured with only one

antibody, against IgE, after acid wash treatment (17). Acid wash

treatment removed all receptor-bound IgE and therefore the

remaining IgE+ cells represented IgE+ plasmablasts (Figure 4A).

The frequency of IgE+ plasmablasts measured as total IgE+ cells or

out of CD23+ cells strongly correlated (Figure 4B, n=17, rsp=0.8699,

p<0.0001, on July 19). The frequency of IgE+ cells out of total PBL

after acid treatment also described the increase in IgE+ plasmablasts

that occurred during the “Preclinical Phase” on April 26 (Figure 4C).

On April 12, all horses had total IgE+ frequencies <0.04%. However,

on April 26 this frequency increased more than 4-fold in allergic

horses to 0.19% (mean, SD 0.115) while remaining below 0.06% in

healthy horses. IgE+ cells reached as high as 0.65% of total PBL in one

allergic horse on June 3. A threshold of 0.15% IgE+ plasmablasts (out

of total PBL) differentiated allergic from healthy horses. This further

highlighted the rapid influx of IgE+ plasmablasts into the circulation

before the onset of clinical signs and provided a simplified method of

IgE+ plasmablast detection in peripheral blood.
A

B

D

C

FIGURE 3

Progression of clinical signs of allergy. Photographs of each horse were taken to document changes in clinical signs of allergy (Cul hypersensitivity) at
each phase of allergen exposure (Preclinical, Allergic, Resolving). Pictures from one allergic horse with common skin lesion and hair loss sites at the face/
nose, ventral midline and mane/neck are shown. The clinical allergy score (0-10), whether the signs were considered clinical allergy (yes/no), and IgE+
plasmablast frequencies (%) were also reported for each timepoint. (A) The Preclinical Phase (May 3) when insects and midges were present in the
environment and IgE+ plasmablasts were above the threshold of 12% in allergic horses. (B) The start of the Allergic Phase (May 24) when allergic horses
first started to develop acute clinical disease. (C) The middle of the Allergic Phase (June 17) when allergic horses were experiencing consistent allergen
exposure, sustained IgE+ plasmablast frequencies in peripheral blood, and severe chronic clinical disease. (D) The end of the Resolving Phase (November
15) when midges had died and were no longer present in the environment and all allergic horses had clinically recovered. Pictures are representative
from one of seven allergic horses.
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3.4 IgE secretion by IgE+ plasmablasts
correlates with disease severity

IgE+ plasmablasts spontaneously secrete IgE (17). IgE secretion

by these cells was measured after 72 hours of in vitro culture of PBL.

The concentration of secreted IgE from allergic and healthy horses

followed a similar trend as the frequency of IgE+ plasmablasts

(Figure 5A). IgE secretion increased in allergic horses at the

beginning of the “Preclinical Phase” on April 26, and was

maintained above a threshold of 0.5 µg/ml for the duration of the

summer. In general, IgE secretion by PBL from healthy horses stayed

below 0.5 µg/ml. However, occasionally a healthy horse had elevated

IgE secretion. In these instances, the frequency of IgE+ plasmablasts

were also elevated by flow cytometry. Overall, spontaneous IgE

secretion from PBL correlated positively with IgE+ plasmablast

frequencies (rsp=0.8480, p<0.0001, Figure 5B) and clinical allergy

scores (rsp=0.7283, p<0.005, Figure 5C). IgE secretion can thus serve

as another method to quantify IgE+ plasmablasts and predict onset

of allergy.

In comparison to the spontaneous IgE secretion from PBL, total IgE

concentrations in plasma from the same blood samples were also

measured in all horses. Total IgE in plasma was only elevated in some

allergic individuals later in the summer, at the end of the “Allergic Phase”

and peaked during the “Resolving Phase”. On July 17, 4 out of 7 allergic

horses had plasma IgE concentrations above the plasma IgE threshold of

100 µg/ml. Plasma IgE in 2 of the allergic horses did not cross the

threshold until the “Resolving Phase” in October, 5 months after clinical
Frontiers in Immunology 07
allergy onset. One horse never reached the plasma IgE threshold

(Figure 5D). Plasma IgE concentrations, therefore, had a weak

correlation with IgE+ plasmablast frequencies (rsp=0.3505, p=0.1681,

Figure 5E) and clinical allergy scores (rsp=0.4384, p=0.0797, Figure 5F).

In summary, the increase of IgE concentrations in plasma is delayed by at

least 8 weeks (2 months) after the onset of clinical allergy, does not

distinguish allergic from healthy horses before or during the onset of

allergy, and cannot be used to predict disease. All raw data is included in

Supplemental Figure 2.
4 Discussion

IgE is the essential link between effector cells and allergen to cause

IgE-mediated allergic diseases. Therefore, the cells that produce

allergen-specific IgE are critical for the maintenance of allergy. IgE+

plasmablasts are a cell type in the lineage of IgE+ B cells (15).

Recently, we described that IgE+ plasmablasts are circulating in the

peripheral blood and are increased in allergic individuals during

clinical allergy (17). Here, we described the longitudinal

relationship of IgE+ plasmablasts with allergen exposure by

frequently surveying their presence in peripheral blood before,

during and after allergen exposure. We found that IgE+

plasmablasts are sensitive indicators of allergen exposure by

entering in the peripheral blood almost immediately following the

presence of allergen in the environment. We also discovered that the

appearance of IgE+ plasmablasts in the circulation preceded clinical
A B

C

FIGURE 4

IgE+ plasmablasts are detectable in total PBL samples by acid wash followed by anti-IgE staining only. PBL were collected at each timepoint from allergic
(n=7, black circles) and healthy (n=10, open circles) horses. PBL were acid washed and stained with an antibody against IgE. (A) Gating strategy to
quantify IgE+ plasmablasts by only IgE expression. Doublets were excluded (left), IgE+ cells were selected (middle), and expression of CD23 by IgE+ cells
was confirmed. (B) Spearman rank correlation of the frequency of IgE+ plasmablasts (IgE+ out of CD23+) and of total IgE+ cells (out of PBL) on July 19
from allergic (n=7, black circles) and healthy (n=10, open circles) horses. (C) The frequency of total IgE+ cells at each timepoint. The dotted line
represents the threshold were allergic horses have ≥0.15% total IgE+ cells a few weeks prior to and during clinical allergy. Flow cytometry images are
representative from 1 out of 17 horses. Graphs show mean and standard deviation.
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allergy by at least three weeks in a seasonal allergy model of IgE-

mediated Cul hypersensitivity.

IgE+ plasmablasts, therefore, can serve as an immediate snapshot

of allergen-specific B cell re-activation (recall response) after allergen

exposure. In our study, allergen exposure was dependent on the

outdoor temperature, where warmer humid days have higher midge

burden, and therefore higher allergen exposure through midge bites.

We found that the frequency of IgE+ plasmablasts increased after
Frontiers in Immunology 08
each peak in warm weather, showing that IgE+ plasmablasts rapidly

develop and enter circulation following allergen exposure and thereby

continue to promote clinical signs of allergy.

Currently, detection of allergen-specific IgE in serum, via ELISA,

or testing sensitization of mast cells with allergen-specific IgE, via skin

prick tests, are the primary means to diagnose and monitor allergies

(2–4). Both tests are dependent on the secretion of allergen-specific

IgE by plasma cells and are typically used after clinical allergy
A

B

D

E F

C

FIGURE 5

IgE secretion from PBL, but not plasma IgE, increases before onset of clinical allergy. PBL and cell-depleted plasma samples were collected from allergic
(n=7, black circles) and healthy (n=10, open circles) horses every 3-14 days for one year. The concentration of secreted IgE by PBL was evaluated in cell
culture supernatants after 72 hours of in vitro culture. IgE concentrations were measured by a bead-based IgE assay. (A) Secreted IgE was compared at
each timepoint. The dotted line denotes the threshold where allergic horses had ≥ 0.5 µg/ml secreted IgE. Black arrow shows the first day allergic horses
had clinical allergy scores above the clinical threshold (May 24). (B) Spearman rank correlation of the frequency of IgE+ plasmablasts (out of CD23+) and
the concentration of secreted IgE from PBL (µg/ml). (C) Spearman rank correlation of clinical score and the concentration of secreted IgE from PBL (µg/
ml). (D) Total IgE (µg/ml) in plasma was compared at each timepoint. The dotted line denotes the threshold where allergic horses had ≥ 100 µg/ml
plasma IgE. (E) Spearman rank correlation of the frequency of IgE+ plasmablasts (out of CD23+) and the concentration of plasma IgE (µg/ml). (F)
Spearman rank correlation of clinical score and the concentration of plasma IgE (µg/ml). All correlations were calculated with samples collected on July
6, during the Chronic Phase.
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developed. In contrast, IgE+ plasmablasts are a source of IgE and can

distinguish allergic individuals early and before clinical disease onset.

IgE+ plasmablasts provide a sensitive blood marker to directly

measure the response to recent allergen contact in an individual.

Our data presented here therefore support that the measurement of

IgE+ plasmablasts can be used as a novel biomarker of increased IgE

production and allergen sensitization. Based on the close correlation

between allergen exposure and increasing IgE+ plasmablast

frequencies in allergic individuals, it can also be hypothesized that

IgE+ plasmablasts decrease following successful allergen

immunotherapy injection and would provide a biomarker to

support treatment efficacy by desensitizing the patient. This

treatment-related biomarker function of IgE+ plasmablasts,

however, still requires confirmation by future studies.

In addition, IgE+ plasmablasts can also be measured by their IgE

secretion, and we showed that this IgE secretion also distinguishes

allergic from healthy individuals. This contrasted with measurement

of total plasma IgE concentrations. We showed that, in horses, plasma

IgE levels do not distinguish allergic horses until later in the summer

during chronic allergy, and even then, not all allergic individuals

exhibit elevated plasma IgE. There are multiple explanations why the

influx of IgE+ plasmablasts, which secrete IgE, do not always result in

an increase in plasma IgE. First, secreted IgE by plasmablasts may

rapidly bind to IgE receptors and therefore not contribute to the

plasma IgE concentration. Second, IgE+ plasmablasts may be short

lived (15) or only circulate transiently before further migration and

differentiation, which would also limit the accumulation of plasma

IgE. Third, the serum or plasma IgE concentration at any given time is

less dynamic due to the constant production of IgE by resident plasma

cells in lymphatic tissues. This has been shown in humans, where IgE-

secreting cells in blood were responsible for producing less than 1% of

serum IgE (35). As a result, measuring IgE+ plasmablasts, either

directly by flow cytometry or indirectly by IgE secretion, provides

earlier and more accurate information of the recent allergen

activation occurring in an individual.

While there are candidate biomarkers to diagnose pre-existing

allergies (3), predictors of allergy development before the onset of

clinical signs do not currently exist. A recent meta-analysis explored

potential predictive biomarkers of allergy development in infants, but

these have not yet been further explored or validated (36). However,

plasmablasts in other diseases, such as ulcerative colitis, can predict

future disease severity (37), suggesting that plasmablasts in allergy

may provide a similar biomarker capability.

This study was performed in horses already allergic for 3-8 years

with a naturally occurring, seasonal IgE-mediated allergy called Cul

hypersensitivity (26, 27). Our data support that IgE+ plasmablasts, as

part of the recall response to allergen, predict development of

recurrent clinical allergy. Clinical allergy developed about a month

after allergen exposure begin. During the “Preclinical Phase”, the 3-4

week period when allergen exposure began, we found that IgE+

plasmablasts increased dramatically in allergic horses while they

still looked clinically healthy. In humans with seasonal pollen

allergies, the time between allergen exposure and symptom

development is shorter (38, 39). However, low pollen levels also

occur in the weeks prior to the “pollen allergy season” (40). It is

therefore likely that in humans with seasonal allergies, IgE+
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plasmablasts enter circulation at the first annual exposure to low

pollen levels before the annual onset of clinical disease.

While IgE+ plasmablasts have been identified in humans using

complex staining and identification procedures (41–44), they have

not been measured with a lactic acid wash, as described here, or

studied in relationship with recent allergen exposure. The equine IgE-

mediated allergic immune response is mechanistically similar to that

in allergic humans (18, 45), and we have previously shown that IgE+

plasmablasts are conserved between humans and horses (17). Prior

studies also suggest that human IgE+ plasmablasts exhibit similar

behavior following allergen exposure. Humans with atopic dermatitis

have elevated IgE+ plasmablasts in peripheral blood compared to

healthy controls (41, 44). Additionally, in humans with seasonal

allergy, these IgE+ cells are present in peripheral blood only during

allergen exposure (46). This further supports a conserved function of

IgE+ plasmablasts during allergy development and maintenance

across mammalian species with naturally occurring IgE-mediated

allergies. Therefore, it is likely that IgE+ plasmablasts also have a

predictive biomarker capacity in allergic humans or other veterinary

species, such as dogs and cats.

IgE-mediated hypersensitivities begin in a silent sensitization

phase, when allergen-specific B cells are activated but there are no

clinical signs. Following subsequent allergen exposure, IgE-switched

memory cells, and IgE+ plasmablasts, are then activated. While this

study shows the reactivation of B cells in individuals with pre-existing

allergy, we have shown here for the first time that the appearance of

new IgE+ plasmablasts in peripheral blood happens in the critical

window between a new allergen exposure and before the onset of

clinical signs of allergy.

In addition to serving as a predictive biomarker of allergy, IgE+

plasmablasts also provide insight into the mechanism of allergen-

specific IgE production and maintenance in an individual. There are

two mechanisms of IgE class switching in mice, directly from IgM to

IgE or sequentially through an intermediate class switching to IgG1

(47, 48). Sequential class switching is essential for the development

of high-affinity IgE (49) and differentiation into IgE+ plasma cells

(50). The same is likely true in humans and horses. A recent study

measured human IgE+ plasmablasts by single cell sequencing and

found that the IgE specificity was identical to the clonotypes of IgG+

B cells in the same individual (51), supporting that IgE+

plasmablasts have undergone sequential class switching through

IgG. These IgG and IgE clones, with identical antigen specificity,

also expressed CD23 transcripts (51), providing further evidence

that they were similar to the IgE+ plasmablasts described in this

study. In addition, this study found that IgE+ plasmablasts rapidly

disappeared when allergen exposure ceased (51), suggesting that

IgE+ plasmablasts are either short-lived cells (52, 53) or quickly

migrate into the bone marrow to differentiate into IgE secreting

plasma cells (54, 55).

Sequential class switching to IgE can occur both in germinal

centers and also in local tissue-associated lymphatic tissues (41, 56). It

is possible, then, that IgE+ plasmablasts are developed in close

proximity of allergen exposure in the tissue-associated lymphatic

tissues, such as the skin, instead of the local lymph node. A recent

study of IgE class switching in the nasal mucosa of allergic rhinitis

patients found that sequentially switched IgE+ plasmablasts were
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1104609
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Simonin et al. 10.3389/fimmu.2023.1104609
present in both the nasal mucosa and peripheral blood following nasal

allergen exposure (57). In addition, the authors were able to detect

class switch circles in the nasal mucosa, which are generated only

during class switch recombination, suggesting local class switching

and subsequent migration of IgE+ plasmablasts into the

periphery (57).

What happens to IgE+ plasmablasts following allergen exposure

also remains to be explored. We have shown that IgE+ plasmablasts

exist transiently in peripheral blood and are maintained by recurrent

allergen exposure. Plasmablasts have also been studied in other

diseases, including viral infection (58) and Lupus Erythematosus

(59), providing clues to how plasmablasts may act during allergy.

Most likely, IgE+ plasmablasts are short lived cells, as has been shown

in the context of both malaria-induced (52) and allergy-induced (15)

plasmablasts. Plasmablasts in allergic humans, analyzed by single cell

RNA sequencing, downregulated SYK expression (15), which is

essential for B cell survival and differentiation. It will be important

for future work to further describe the cell fate that is adopted by

IgE+ plasmablasts.

In conclusion, we have identified IgE+ plasmablasts as a novel

peripheral blood biomarker of allergy that precedes recurrent clinical

allergy, is rapidly responsive to changes in allergen exposure, and is

easily identifiable after an acid wash approach. We propose IgE+

plasmablasts as a predictive biomarker during allergen sensitization

before first onset of disease, and as a treatment success marker during

allergen immunotherapy treatment.
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