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Panonychus citri damages the leaves of citrus trees, causing defoliation, and induces T-helper type 2 (TH2) immune 
responses (occupational asthma) via a hitherto unknown mechanism. This is a particular problem on Jeju Island, which is 

located to the south of the Korean peninsula. In this study, we show for the first time how P. citri induces TH2 immunity. 

Exposure to P. citri induces the production of thymic stromal lymphopoietin (TSLP) by either basophils or CD4+ T 
cells (it is not certain which), which results in the production of interleukin 4 (IL-4). IL-4 promotes the production of 

immunoglobulin E (IgE), which ultimately contributes to the process of allergic inflammation. Therefore, TSLP plays 

an important role in the P. citri-induced TH2 immune response. 
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INTRODUCTION 

 

Under certain circumstances, the T-helper type 2 (TH2) 

immune response can have deleterious effects, resulting in 

significant tissue injury or serious disease. One of these 

inappropriate and damaging immune responses is the 

IgE-mediated (type I) hypersensitivity reaction (allergic 

inflammation), which is induced by allergens (1). 

Metazoan parasites and simple protein allergens induce a 

TH2 immune response (allergic inflammation) (2~4). The 

citrus red mite, Panonychus citri, has been reported to 

damage the leaves of citrus trees, in some cases causing 

defoliation, on Jeju Island, which is located to the south of 

the Korean peninsula (5). In addition, Kim et al. have 

reported cases of P. citri-induced occupational asthma 

(IgE-mediated broncho-constriction) (5). The mechanism 

underlying this allergen-induced TH2 immune response has 

not yet been studied. 

Thymic stromal lymphopoietin (TSLP) is an interleukin 

(IL)-17-like cytokine that is involved in lymphocyte devel- 

opment (2, 6); it is also linked to the recruitment of TH2 

cells and allergic inflammation (2, 3, 6). Epithelial cells 

such as keratinocytes or basophils produce TSLP during the 

development of allergic disease, and TSLP leads to TH2 cell 

recruitment, and ultimately allergic inflammation (2, 6, 7). 

In this study, we show for the first time how P. citri can 

induce a TH2 immune response. Exposure to P. citri causes 

the production of TSLP by either basophils or CD4+ T cells 

(it is uncertain which), which in turn results in the pro- 
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duction of IL-4. IL-4 stimulates the production of IgE, 

which ultimately contributes to the TH2 immune response 

(allergic inflammation) (2, 8). Thus, TSLP plays an important 

role in the P. citri-induced TH2 immune response. 

 

MATERIALS AND METHODS 

P. citri extract 

P. citri were collected from the remains of naturally 

infected citrus orchards and homogenized in a Teflon pestle 

homogenizer with sterile phosphate-buffered saline (10 

mM, pH 7.4). The homogenate was centrifuged at 15,000 

rpm for 40 min. The resulting supernatant was filtered using 

a sterile membrane filter (0.2 μm, Microfiltration System, 

CA, USA). The filtered supernatants were used as a crude 

extract of P. citri and frozen at -70℃ until used. 

Human peripheral blood mononuclear cell stimulation 

Fresh human peripheral blood mononuclear cells 

(PBMCs) were isolated from healthy human blood speci- 

mens using density gradient centrifugation with Ficoll-

Paque PLUS (GE Healthcare Bio-Sciences AB, 17-1440-02) 

and cultured (1 × 106/well) in 24-well plates at 37℃ in 

5% CO2 and in the presence or absence of P. citri extract 

(50 μg/well) in complete RPMI medium 1640. P. citri-

stimulated PBMCs were harvested for evaluation of Tslp 

and Il-4 gene expression by real-time PCR. Supernatants 

were collected and tested for the presence of TSLP, IL-4, 

and IgE (9). 

Human CD4+ T-cell stimulation 

PBMCs were isolated from healthy human blood by 

density gradient centrifugation with Ficoll-Paque PLUS 

(GE Healthcare Bio-Sciences AB, 17-1440-02). CD4+ T 

cells were isolated from PBMCs using the Human CD4 

subset Column Kit (R&D Systems, Minneapolis, MN, 

USA). Purified CD4+ T cells (1 × 106/well) were cultured 

in complete RPMI medium 1640 in 24-well plates at 37℃ 

in 5% CO2 in the presence or absence of P. citri extract (50 

μg/well) and with irradiated PBMCs as a source of antigen-

presenting cells (APCs; 1 × 106/well). Stimulated CD4+ T 

cells were harvested for Tslp and Il-4 gene expression analysis 

by real-time PCR (9). 

TSLP-specific antibody blocking experiment 

The role of TSLP was assessed by culturing PBMCs (1

× 106 cells/well) in the presence of P. citri extract (50 

μg/well) and an anti-human-TSLP antibody (1 μg/well; 

R&D Systems, Inc., Minneapolis, MN, USA). This mono- 

clonal antibody can neutralize the bioactivity of TSLP in 

vitro. Cells were harvested for analysis of Tslp and Il-4 

gene expression by real-time PCR, and supernatants were 

collected and tested for the presence of TSLP, IL-4, and 

IgE. 

Tslp and Il-4 gene expression as assessed by real-time 

PCR 

Quantitative real-time RT-PCR was performed on a Bio-

Rad system. Hypoxanthine-guanine phosphoribosyltrans- 

ferase was used as a reference for sample normalization 

(Superarray Bioscience, Frederick, MD, USA). Total RNAs 

were prepared from PBMCs and CD4+ T cells using an 

RNeasy Plus Mini Kit (QIAGEN, Cat. No. 74134), and 

cDNA was produced using a Reaction Ready First Strand 

cDNA Synthesis Kit (Superarray Bioscience). Tslp and Il-4 

mRNA were quantified using a real-time PCR system 

utilizing RT2 primers (Superarray Bioscience). The relative 

quantitative real-time PCR data were calculated based on 

the 2-ΔΔCt method (10). 

TSLP, IL-4, and total IgE detection by ELISA 

Supernatants were collected and tested for the presence 

of TSLP, IL-4, and total IgE. Quantitation of these cyto- 

kines was performed with the aid of a DuoSet ELISA 

Development System (R&D Systems, Inc.). 

 

RESULTS 

P. citri can induce the production of IgE and TSLP 

TSLP plays a role in protease allergen-induced TH2 

inflammatory responses. Der p1 is a house dust mite allergen 

that is known to induce the TH2 immune response (11). P. 
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citri (citrus red mite) infects, among others, tangerine trees 

on Jeju Island South Korea, and is also a known allergen 

that can induce TH2 immune responses (5). However, the 

mechanism underlying the P. citri-induced TH2 inflammatory 

responses are not yet known. Sokol et al. showed that the 

protease allergen causes the release of TSLP-induced IgE 

from basophils (2). 

We studied the production of TSLP in P. citri-induced 

TH2 inflammatory responses. First, we assessed IgE, which 

is released in response to the activation of allergen-specific 

TH2 cells by B cells (1). The P. citri extract significantly 

affected the total IgE concentration, with levels increasing 

A 

B C

E
D 

Figure 1. P. citri induces IgE secretion via the production of TSLP, and IL-4. IgE concentrations measured by ELISA (A). PBMCs
were cultured with P. citri extract (50 μg/well). The role of TSLP in IgE secretion was assessed by culturing PBMCs with P. citri extract
(50 μg/well) and anti-human-TSLP antibody (1 μg/well). TSLP production (B) and Tslp gene expression (C) were measured by ELISA and
real-time PCR, respectively. IL-4 production (D) and Il4 gene expression (E) were measured by ELISA and real-time PCR, respectively.
ELISA, Enzyme-linked immunosorbent assay; PBMCs, human peripheral blood mononuclear cells; ME, P. citri extracts; Anti-TSLP:
anti-human TSLP antibody. 
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exponentially from day 2 to day 7 of culture. In addition, 

production of IgE by P. citri-extract-stimulated PBMCs 

reached a maximum after 7 days of culture (Fig. 1A). 

TSLP secretion by PBMCs was also dramatically in- 

creased following 6 days of culture with P. citri extract (Fig. 

1B). The mRNA relative expression of Tslp were also 

noticeable from day 2 to day 5, as shown in Fig. 1C. The 

expression of Tslp increased from day 2 to day 3 when 

human CD4+ T cells were cultured with P. citri extract and 

irradiated PBMCs as a source of APCs (Fig. 2A). 

P. citri-induced-TSLP can induce the production of 

IL-4 

IL-4 plays a critical role in priming naïve CD4+ T cells 

to become TH2 cells (12, 13), and contributes to isotype 

switching between IgG1 and IgE, and is thus an important 

factor associated with allergy and asthma (1). 

To evaluate the production or expression of TSLP and 

IL-4, and Tslp and Il4, respectively, we determined the 

concentrations of TSLP and IL-4, and gene expressions of 

Tslp, Il-4 in PBMCs stimulated with P. citri extract and 

human CD4+ T cells and in irradiated PBMCs stimulated 

with P. citri extract. Concentrations of IL-4 reached a 

maximum on day 6 of culture when PBMCs were incubated 

with P. citri (Fig. 1D). The relative mRNA relative 

expression of Il-4 in human CD4+ T cells and irradiated 

PBMCs incubated with P. citri extract after Tslp gene 

expression increased from day 4 to day 5, and then 

decreased from day 6 to day 7 (Fig. 2B). This suggests that 

P. citri-induced-TSLP causes the production of IL-4 in P. 

citri-mediated-TH2 allergic disease. 

The role of TSLP in P. citri-mediated IgE secretion 

and IL4 production 

To investigate the role of TSLP in total IgE secretion and 

IL-4 production, we incubated P. citri extract-stimulated 

PBMCs with anti-human-TSLP antibody. We found that 

incubation with the anti-TSLP antibody significantly reduced 

total IgE secretion from day 1 to day 7 (Fig. 1A); IL-4 

production was also reduced (Fig. 1D), and no Il-4 mRNA 

was detected (Fig. 1E). Thus, P. citri-induced TSLP plays 

an important role in IgE and IL-4 production. 

 

DISCUSSION 

 

P. citri infects citrus trees and is known to be a potent 

allergen associated with occupational allergy in humans (5). 

However, the mechanism underlying the P. citri-mediated 

TH2 immune response is still not yet completely understood. 

In this study, we reveal the mechanism underlying P. 

citri-induced IgE production, and show that PBMCs respond 

to stimulation with P. citri extract by releasing IgE, TSLP, 

and IL-4. 

We found that Tslp and Il4 are expressed by CD4+ T 

Figure 2. TSLP and IL-4 were produced by human CD4+T cells following stimulation with P. citri extract. Real-time PCR analysis of 
Tslp (A) and Il4 (B) gene expression in human CD4+ T cells that had been incubated with P. citri extract (50 μg/well). Irradiated PBMCs were
used as a source of APCs and purified CD4+ T cells. IrPBMC, Irradiated human peripheral blood mononuclear cells; ME, P. citri extracts.

A B
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cells in response to P. citri extract and that the secretion of 

IgE and IL-4 is greatly reduced when PBMCs are incubated 

with a monoclonal antibody raised against human TSLP. 

Neutralization of TSLP resulted in inhibition of P. citri-

induced IgE secretion, which suggests that production of 

this cytokine in response to P. citri is critical in the TH2 

immune response. 

Many studies have shown that basophils-derived TSLP 

and IL-4 has been linked to TH2 differentiation (2, 6, 8, 

13~15). Sokol et al. showed that TSLP is produced by 

basophils and plays an important role in the initiation of TH2 

differentiation (2), and Seder et al. showed that basophils 

can produce large amounts of IL-4 (16). However, Omori et 

al. showed that TSLP can directly prime TH2 differentiation 

without APCs, and TSLP-treated naïve CD4+ T cells are 

potentially capable of producing IL-4 (8). 

Our results did not reveal the source of the produced 

IL-4, which could be either basophils or CD4+ T cells. 

However, we suggest that both TSLP and IL-4 can drive the 

TH2 immune response in two ways: through the activation 

of B cells or by activating naïve CD4+ T cells via basophils 

(Fig. 1B, 1C, 1D, 1E, 2A, and 2B). Further study is required 

regarding the source of the IL-4 released following in P. 

citri-induced IgE production (i.e., basophils, CD4+ T cells, 

or both). 

In summary, we show that P. citri is capable of directly 

driving the TH2 immune response through the production 

of TSLP and IL-4, and for the first time show that the 

production of TSLP in response to P. citri plays a critical 

role in occupational asthma (i.e., IgE-mediated broncho-

constriction). 
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