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Urticaria is characterized by the occurrence of wheals and flares in response to

vasoactive mediators, such as histamine. Various studies have suggested the

involvement of basophils in the pathogenesis of chronic spontaneous urticaria

(CSU). However, histamine release from peripheral basophils in response to

stimuli acting on the high affinity IgE receptor (FcϵRI) is impaired in many

patients with CSU (non/low responders). We previously demonstrated that

tissue factor (TF)s expressed on vascular endothelial cells in response to a

combination of var ious st imul i , such as that of histamine and

lipopolysaccharide (LPS), activates the extrinsic coagulation pathway and

produces anaphylatoxin, complement 5a (C5a), which then activates

basophils and mast cells via the C5a receptor (C5aR). We have revealed that

histamine release was induced in response to C5a and formyl-l-methionyl-l-

leucyl-l-phenylalanine (fMLP), regardless of the response to anti-IgE antibody,

the reduced numbers of basophils and severity of urticaria. Moreover, we found

that spontaneous release of histamine ex vivo from basophils of patients with

CSU is higher than that from healthy individuals. These results suggest that

basophils and the complement system, which could be activated by

coagulation factors, may play a critical role in the pathogenesis of CSU,

especially in cases refractory to treatment involving the IgE/FcϵRI pathway.
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Introduction

Chronic spontaneous urticaria (CSU), also called as chronic

idiopathic urticaria (CIU), is a skin disorder characterized by daily

or almost daily recurring wheals and flares, with itch occurring

anywhere on the body for more than 6 weeks. The formation of

wheals and flares are induced by chemical mediators, especially

histamine, which may be released from mast cells and basophils

(1). Generally, basophils and mast cells express high affinity IgE

receptors (FcϵRIs) on the plasma membrane surface and bind

antigen-specific IgEs to FcϵRIs. When specific antigen binds to

IgEs on the surface of cells, basophils and mast cells are activated

and release inflammatory mediators, such as histamine, followed

by an increase of vascular permeability and edema formation.

Several reports suggest that 30-50% of patients with CSU have IgG

autoantibodies against IgE antibody and/or FcϵRI (2, 3).

Moreover, IgE autoantibodies against endogenous molecules,

such as dsDNA, interleukin (IL)-24, tissue factor (TF) and

thyroid peroxidase (TPO), have also been detected in a certain

population of patients with CSU (3). Furthermore, basophils

migrate from blood vessels into the skin during wheal

formation, and are suggested to contribute to the persistence of

wheals in CSU (4). Rapid effect of omalizumab, an anti-IgE

monoclonal antibody for the treatment of CSU also shows the

importance of FcϵRI-dependent activation of basophils rather

than mast cells (5). However, the number of peripheral blood

basophils and the histamine releasing activities of peripheral

basophils of healthy donors and patients with CSU in response

to anti-IgE antibody (anti-IgE), an activator of the IgE-FcϵRI
pathway, are significantly decreased (non- or low-responder) (6)

(7). These features of basophils could be explained by the

activation of FcϵRI on basophils either spontaneously or by

endogenous stimuli. However, histamine releasing activities of

IgG antibodies against IgE and/or FcϵRI or IgE antibodies against

autoantigens in patients with CSU shown in vitro have not been

demonstrated to fully activate basophils by themselves in patients

with CSU in vivo, even in severe cases (2, 8). Moreover, the

presence of such autoantibodies is not detected in more than a half

of patients with CSU, and the expression of FcϵRI on basophils

may be scant especially in patients with CSU refractory to

omalizumab treatment (9). Therefore, how peripheral basophils

are activated and release histamine in patients with CSU,
Abbreviations: CSU, chronic spontaneous urticaria; FcϵRI, the high affinity

IgE receptor; TF, tissue factor; LPS, Lipopolysaccharide; C5a, complement 5a;

C5aR, C5a receptor;; fMLP, formyl-l-methionyl-l-leucyl-l-phenylalanine;

CIU, chronic idiopathic urticaria; IL, interleukin; TPO, thyroid peroxidase;

TNF, tumor necrosis factor; F, factor; PAR1, protease activated receptor 1;

PF1+2, prothrombin fragment 1 + 2; HSA, human serum albumin; CD, cluster

of differentiation; EDTA, ethylenediaminetetraacetic acid; HPLC, high

performance liquid chromatography; AD, atopic dermatitis; 7-day Urticaria

Activity Score, UAS7; urticaria control test, UCT; NS, not significant.
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especially in non- or low-responders, has been largely unclear.

To date, we have revealed a relationship between TF expression,

activated coagulation factors and complement factors. Treatment

of vascular endothelial cells with histamine released from human

peripheral basophils or VEGF together with several

proinflammatory molecules, such as lipopolysaccharide (LPS),

tumor necrosis factor (TNF)a, IL-1b or IL-33, synergistically

increase TF expression on endothelial cells (10). High

expression of TFs on the cell surface then activates the extrinsic

coagulation pathway and produces active forms of coagulation

factors, such as factor (F)Xa and FIIa (thrombin), resulting in

inter-cellular gap formation of vascular endothelial cells via

protease activated receptor 1 (PAR1). Moreover, Asero and our

group reported that plasma levels of prothrombin fragment 1 + 2

(PF1+2) and D-dimer in patients with CSU are higher compared to

normal controls, and correlate with disease severities (11, 12).

Furthermore, the extrinsic coagulation potential is elevated in

patients with CSU (13). Of note, we revealed that an active form of

complement 5 (C5a), produced by the activated coagulation

factors or plasmin, induces histamine release from basophils of

healthy donors and skinmast cells via the C5a receptor (C5aR) (3)

(14). In fact, the increase of plasma C5a concentration was

reported in patients with CSU (15). Moreover, several reports

suggest that anticoagulant drugs, such as heparin or warfarin are

effective for the treatment of CSU (16, 17). These reports imply

that basophils trigger and/or promote the activation of the

coagulation pathway and subsequently-produced C5a plays a

major role in the pathogenesis of CSU. Previously, Zuberbier,

et al. revealed that basophils of patients with CSU pre-treated with

interleukin-3 (IL-3) release histamine in response to C5a, but not

to anti-IgE (18). On the other hand, Luquin et al. reported that

histamine release from basophils of patients who suffered from

CSU without basopenia, was less than that from basophils of

healthy controls (19). Moreover, Vasagar, et al. reported that

basophils isolated from patients with CSU in base line conditions

by density fractionation express higher in CD63 but normal in

CD203c as compared with healthy controls (20). In this study, we

obtained basophil-enriched leukocytes fractions from patients

with CSU with different disease severity and assessed their

histamine release in response to anti-IgE, C5a and formyl-l-

methionyl-l-leucyl-l-phenylalanine (fMLP) stimulation in a non-

IL-3 treated condition. The levels of spontaneous release of

histamine from leukocyte fractions, plasma histamine, and

basophil activation markers, CD203c and CD63 in patients with

CSU were also compared with those of healthy controls.
Methods

Reagents and instrument

The chemicals used in this study were obtained from the

following sources: human serum albumin (HSA) and fMLP from
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Sigma–Aldrich Japan (Tokyo, Japan). Anti-human IgE antibody

from BETYL (Montgomery, TX). Ficoll-Paque Plus was from

GE Healthcare Japan Corporation (Tokyo, Japan). Reverse-

phase HPLC was from Shimadzu (Kyoto, Japan). Fluorescence

labeled anti-cluster of differentiation (CD)63 antibody was from

Biolegend (San Diego, CA). C5a were from R&D Systems Inc.

(Minneapolis, MN). Allergenicity® kit was from Beckman

Coulter, Inc. (Brea, CA). Single cell fluorescence levels were

analyzed by fluorescence-activated cell sorting by Attune™

Acoustic Focusing Cytometer (Life technologies, Carlsbad, CA,

USA). Basophil number in the blood was counted by automated

complete blood cell counter (Sysmex Japan, Tokyo, Japan)
Measurement of histamine

Leukocytes including basophils were obtained from peripheral

blood as described in our previous paper (14). Briefly, fresh blood

was obtained with ethylenediaminetetraacetic acid (EDTA) from

each donor by venipuncture. The whole blood was mixed with the

same volume of 1% methylcellulose in saline and then allowed to

stand at room temperature for 30 min. A supernatant with

abundant leukocytes was collected, leaving red blood cells. The

amount of histamine in or out of cells was measured by means of

reverse-phase high performance liquid chromatography (HPLC)

(14). Histamine release tests were performed as described

previously (21) with a goat anti-IgE (670 ng/ml), C5a and fMLP

at the indicated concentrations. Cells were not pretreated with IL-

3 prior to the stimuli in experiments. Spontaneous release from

basophils of each patient was calculated by the amount of

histamine in buffer and basophils after incubation for 45 min.
Analysis by flow cytometry

Expression levels of CD203c and CD63 on the surface of

basophils were detected using Allergenicity® kit according to the

manufacturer’s instructions adding the anti-CD63 antibody.

Briefly, whole blood cells were stained with anti-CD203c-PE

and anti-CD63-APC in the presence or absence of anti-IgE or

C5a at indicated concentrations for 15 min at 37°C. After

incubation, red blood cells were ruptured by osmotic pressure.

Fluorescence level of anti-CD203c and anti-CD63 was measured

using Attune™ Acoustic Focusing Cytometer (Life technologies).
Subjects

Blood samples were collected from patients with CSU, who

visited the Department of Dermatology in Hiroshima University.

Healthy volunteers were recruited with written consents to

participate in this study. The study protocol was approved by the

institutional ethics committee (E-1716). Demographic characteristics
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of donors whose samples were analyzed in Figures 1, 2B, and

Supplementary Figure 2 are described in Figure 1A, Table 2, and

Supplementary Figure 2A, respectively. Demographic characteristics

of donors whose samples were analyzed in Figures 2A, 3–6,

Supplementary Figures 1, 3, 4 are described in Table 1.
Statistical analysis

Difference among each group was tested by the t-test or

Tukey’s test using GraphPad PRISM ver.6 (GraphPad Software,

San Diego, CA).
Results

To determine the status of peripheral blood basophils in

patients with CSU, we first measured the ratio of basophils in

peripheral blood leukocytes and the expression levels of cell

activation markers on basophil surface by means of flow

cytometry. In line with previous reports, the ratio of basophils

in peripheral blood leukocytes of patients with CSU was

significantly low compared to that of healthy donors.

(Figures 1A, B). However, the expression levels of CD63, a

degranulation marker, and CD203c, an activation marker, on

the surface of peripheral basophils of patients with CSU were not

significantly increased (Figures 1A, C, D). We then analyzed

spontaneous release of histamine from basophils of healthy and

CSU donors, whose information is summarized in Table 1. As

shown in Figure 2A, spontaneous release of histamine from

basophils of patients with CSU was slightly, but significantly

higher than that from basophils of healthy donors. The degree of

spontaneous release of histamine was not correlated with total

amount of histamine in whole blood of patients with CSU

(Supplementary Figure 1). The measurement of plasma

histamine in another set of healthy controls and patients with

CSU (Table 2) showed that the amount of histamine in plasma

of patients with CSU was significantly higher than that of

healthy controls (Figure 2B). We then investigated histamine

release activity of basophils of healthy donors and patients with

CSU in response to anti-IgE (670 ng/ml) and an anaphylatoxin,

C5a, at indicated concentrations (Figure 3). Although peripheral

basophils express both C3a receptor (C3aR) and C5aR, we

previously reported that C3a induces only marginal release of

histamine from peripheral basophils (14). Moreover, we have

confirmed that C5aR is expressed in basophils from patients

with CSU and healthy donors (Supplementary Figure 2).

Therefore, we focused on the effect of C5a as an anaphylatoxin

in comparison with anti-IgE. As shown in Figure 3, basophils of

most healthy donors released a large amount of histamine in

response to anti-IgE and C5a. However, histamine release from

basophils induced by C5a is weaker than that induced by anti-

IgE. Basophils of a certain population of healthy donors and
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patients with CSU released no or only slight amount of

histamine. For convenience, we defined these patients as non-

or low-responder when their histamine release from basophils

was less than 5% or 20% in response to anti-IgE, respectively.

The population of non- or low-responders in patients with CSU

tend to be higher than that in healthy donors. However, no
Frontiers in Immunology 04
apparent difference in severity of urticaria was found between

non-/low-responders and responders (Table 1). On the other

hand, C5a induced histamine release from basophils of most

subjects in the groups in a dose-dependent manner. Moreover,

histamine release in response to C5a from basophils of patients

with CSU was similar to or even higher than that of healthy
frontiersin.org
A B

FIGURE 2

Analysis of spontaneous histamine release of basophils (A), and amount of histamine in plasma (B). Data represent mean ± standard error of the
mean. The statistical difference was determined by the t-test. Differences between two groups was considered significant at *P <0.05 **P <
0.01.
A

B DC

FIGURE 1

Analysis of peripheral basophil conditions by flow cytometry. (A) Characteristics of patients with CSU, and healthy controls. (B) Ratio of
peripheral basophils to total white blood cells in patients with CSU and healthy donors. Five hundred basophils were detected in each
measurement. Mean ± SEM of the number of basophils and white blood cells counted in the blood of 27 patients with CSU were 23.8 ± 3.00/
µL, and 6911± 393, respectively. (C, D) Detection of basophil activation markers, CD203c and CD63, by flow cytometry analysis. The statistical
difference was determined by the t-test. Differences between two groups was considered significant at **P < 0.01. ns, not significant.
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donors (Figures 3, 4). Of note, histamine release from basophils

in response to anti-IgE and that to C5a in CSU responders

tended to be negatively correlated, whereas those in healthy

donors showed a tendency of positive correlation (Figure 5).

Basophils of both responders and non-/low-responders were

also activated by fMLP which activates basophils by an FcϵRI-
independent pathway (Supplementary Figure 3). To further

confirm the potential of histamine release by basophils in the
Frontiers in Immunology 05
blood, we analyzed the amount of total histamine and the

number of basophils in the blood of patients with CSU. As

shown in Figure 6, the level of whole blood histamine was

positively correlated with the number of basophils, but it was not

totally reduced even in blood with low numbers of basophils

(Figure 6). Unexpectedly, the amount of histamine per basophil

tended to be inversely correlated with the number of basophils in

the blood of patients with CSU (Supplementary Figure 4).
FIGURE 3

Histamine release from basophils of healthy donors (closed triangle, n=28) and patients with CSU (open circle, n=32. Only C5a 1000ng/ml,
n=31). Data represent mean ± standard error of the mean. The statistical difference was determined by the T test. Difference between two
groups was considered significant at *P <0.05. ns, not significant.
A B C

FIGURE 4

Histamine release from basophils of non-responder, low-responder, responder patients with CSU in response to anti-IgE or C5a. (A) CSU non-
responders, (B) CSU low-responders, and (C) CSU responders. Data represent mean ± standard error of the mean. The statistical difference was
determined by Tukey’s test. Difference between each group was considered significant at *P <0.05. ns, not significant.
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Discussion

In this study, we demonstrated that basophils of low- and

non-responders of CSU patients, whose basophils release low or

no amount of histamine in response to anti-IgE, maintain the

capacity to release histamine in response to stimuli, that is

independent of the IgE-FceRI pathway, such as C5a and

fMLP. Antigen-IgE activates basophils via several tyrosine

kinases, such as syk, and thus, non- or low-release of

histamine from basophils is considered to represent a loss of

function of tyrosine kinases (20). We also confirmed that the

number of basophils was significantly decreased in the

peripheral blood of patients with CSU.
Frontiers in Immunology 06
Vasagar et al. also reported the elevation of CD63, but not of

CD69 and CD203c, on the surface of basophils of patients with

CSU (22). However, we found that the expression levels of both

degranulation/activation markers, CD63 and CD203c, were not

increased in basophils of patients with CSU. Expression levels of

degranulation/activation markers of basophils may change during

cell preparation. Vasagar, et al. labelled basophils isolated by

double gradient fractionation, whereas we employed heparinized

whole blood samples without particular cell isolation procedure.

Moreover, the level of basophil activation in peripheral blood may

change at the timing of blood collection due to the migration of

activated basophils to dermis, and diurnal fluctuation in new

basophil differentiation in the bone marrow and their emergence
A B C

FIGURE 5

Correlation between histamine release from basophils in response to anti-IgE and that to C5a. (A) Healthy donors. Histamine release in response
to anti-IgE and that to C5a tend to be positively correlated. (B) CSU non/low responders. Not more than 20% of histamine release was observed
in response to anti-IgE, but various degrees of histamine release were evoked by C5a. (C) CSU responders. A weak tendency of a negative
correlation was observed.
FIGURE 6

Correlation between basophil count and total histamine level in the blood of patients with CSU. Simple regression analysis revealed positive
correlation between basophil count and whole blood histamine concentration (R2 = 0.355, P=0.002).
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into the peripheral blood circulation with a lifetime of only 3-4

days (23) (24). Therefore, further studies are necessary to

characterize the detailed behaviors of activation markers on

peripheral basophils. Nevertheless, this study demonstrated that

basophils of patients with CSU are not constitutively activated in

the blood. On the other hand, both spontaneous histamine release

from basophils isolated ex vivo, and plasma concentration of

histamine of patients with CSU were higher than those of healthy

donors, suggesting a certain difference of function between

basophils of patients with CSU and those of healthy

individuals (Figure 2).

Previous reports of spontaneous histamine release from

basophils of patients with CSU are not consistent. Luquin,

et al. reported a significant increase in patients with CSU (19),

but Wahn, et al. found no difference between patients with CSU

and healthy controls (25). It should be noted that both Luquin,

et al. and Wahn, et al. studied pretreated basophils with IL-3

after the isolation by dextran sedimentation from the blood,

whereas we isolated basophils by methyl-cellulose sedimentation

and did not treat with IL-3. The real spontaneous release of

histamine from basophils into the blood circulation should be a

subject of future studies. Nevertheless, our results suggested that

basophils of patients with CSU are susceptible to non-IgE stimuli

or even to non-specific conditions to promote histamine release.

Interestingly, spontaneous release of histamine (%) was not

correlated to the whole blood histamine concentration (ng/ml)

(Supplementary Figure 1), which mostly reflects the sum of the

intracellular amounts of histamine in basophils (Figure 6) (26),

but the amounts of histamine of individual basophils of patients

were maintained or even higher in many patients with basopenia

(Supplementary Figure 4). In fact, capacity to release histamine
Frontiers in Immunology 07
of basophils to either C5a or anti-IgE was maintained in almost

all patients with basopenia as well (Supplementary Figure 5).

When histamine was released from basophils in the vicinity

of vascular endothelial cells together with certain inflammatory

substances, such as LPS, TNFa, IL-1b or IL-33, they

synergistically induce TF expression on the vascular

endothelial cells in a local area of the blood vessel. Highly-

expressed TF then activates the extrinsic coagulation pathway,

followed by the increase of vascular permeability induced by

active forms of coagulation factors via PAR-1, C5a production,

basophils/mast cells activation via C5aR and edema formation

(Figure 7). As described above, Luquin et al., also reported the

increase of spontaneous release and impairment of anti-IgE

induced release of histamine from basophils of patients with

CSU compared to those of healthy donors (19). However, they

reported that the histamine release of basophils of patients with

CSU in response to C5a was significantly lower than that of

healthy donors (19). Considering possible difference of

backgrounds among patients, we divided patients with CSU

into 3 groups, namely, responders, low-responders, and non-

responders, and activated their basophils in. the whole leukocyte

fraction without separation to minimize possible mechanical

and chemical damages by isolation procedures. The results of

this study revealed that basophils circulating in the blood of

patients with CSU may be largely impaired in the IgE-mediated

pathway, and decreased in number, but preserve a high reactivity

to C5a and histamine in individual cells. The underlying

mechanism of loss of function in the IgE-FceRI-syk pathway

without an increase of cell activation markers, and decrease of

basophils in the blood circulation remains unclear. However, the

presence of patients with active CSU despite an impaired
TABLE 1 Demographic characteristics of patients with CSU and healthy donors in Figures 2A, 3–6, Supplementary Figures 1, 3, and 4.

Healthy CSU

Subject number n=28 n=32

Gender (male/female) 14/14 10/22

Age (years); mean ± SEM (range) 40.7 ± 2.46 (21-64) 45.8 ± 8.10 (13-76)

Non-responder
UCT
UAS7

n=2 n=8
9.00 ± 0.94 (n=5)
22 ± 0 (n=2)

Low-responder
UCT
UAS7

n=5 n=6
4.60 ± 1.25 (n=5)
22.75 ± 4.55 (n=4)

Responder
UCT
UAS7

n=21 n=18
8.07 ± 1.04 (n=14)
19.6 ± 3.94 (n=9)
TABLE 2 Characteristics of patients with CSU and healthy controls in Figure 2B.

Healthy CSU

Subject number n=8 n=66

Gender (male/female) 4/4 25/41

Age (years); mean ± SEM (range) 31.9 ± 2.87(25-50) 37.5± 18.8 (5-90)
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reaction to IgE-mediated stimuli suggests causative involvement

of a non-IgE-FceRI pathway in wheal formation of CSU. Thus,

the basophil-C5a axis may play critical roles in the pathogenesis

of CSU, especially that refractory to IgE-targeting medications,

such as omalizumab.

Conclusion
We demonstrated that basophils of patients with CSU, that

release no or only little amount of histamine in response to anti-

IgE, release substantial amounts of histamine in response to C5a

as basophils with normal reactivity to anti-IgE. C5a produced by

activated coagulation/fibrinolysis factors, such as FXa, FIIa, and

plasmin may contribute to the pathogenesis of CSU, especially in

patients whose basophils are impaired in the IgE-FcϵRI pathway.
C5a and its related molecules, including C5aR might be an

effective therapeutic target for patients with CSU including those

that are refractory to IgE-targeting medications.
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FIGURE 7

Summarized image of the role of basophils of responders and non-responders in CSU. Basophils of responders are activated via both the IgE-
FcϵRI and C5a-C5aR pathways. On the other hand, basophils of non/low-responders are activated via the C5a-C5aR, but not the IgE-FcϵRI
pathway. Therefore, C5a-C5aR stimulation may be a main activation pathway of non/low-responders with CSU. Histamine released from
basophils may synergistically induce TF expression on vascular endothelial cells together with certain proinflammatory substances, such as LPS,
TNFa. Spontaneous histamine released from basophils and other TF inducers may contribute to the synergistic expression of TF on vascular
endothelial cells, followed by C5a production through the extrinsic coagulation pathway.
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