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Background: The properties of regulatory B cells are not fully understood.
Results: CX3CR1� B cells do not express but contain �v�6 and TGF-� and inhibit T cell proliferation.
Conclusion: CX3CR1� B cells have immune suppressor properties.
Significance: CX3CR1� B cells may be used to adjust skewed immune reactions.

The immune regulatory functions of B cells are not fully
understood yet. The present study aims to characterize a sub-
type of B cells that expresses CX3CR1. In this study, peripheral
blood samples were collected from patients with food allergies
and healthy subjects. Peripheral B cells were analyzed by flow
cytometry. T cell proliferation was assessed by carboxyfluores-
cein succinimidyl ester dilution assay. The results showed that
the CX3CR1� B cells were detected in the peripheral blood sam-
ples of healthy subjects and were significantly less in patients
with food allergies. CX3CR1� B cells expressed high levels of
TGF-� and integrin �v�6. CX3CR1� B cells could efficiently
suppress other effector CD4� T cell activation. We conclude
that human peripheral CX3CR1� B cells have immune suppres-
sor properties.

Similar to T cells, B cells are one type of the major immune
cells. The main function of B cells is to produce antibodies to
fight against the invaded pathogens and foreign antigens to
maintain the homeostasis of the body. On the other hand,
skewed functional status of B cells may undermine body func-
tions or injure the organs and tissue, such as the production of
auto antibodies against islet cells to cause diabetes (1, 2). Recent
reports indicate that B cells also play important roles in the
immune regulation (3), such as in antigen-specific immuno-
therapy, fractions of B cells produce IL-10 (4), and/or trans-
forming growth factor (TGF)-� (5), to suppress other effector T
cell activities. Because IL-10 and TGF-� are immune tolero-
genic cytokines (6), those fractions of B cells possess immune
tolerogenic properties and may be the tolerogenic B cells. How-
ever, the conditions of induction of tolerogenic B cells remain
to be further investigated.

The integrin family has several immune regulatory members,
such as �v�6 (7, 8). �v�6 is produced by epithelial cells (9).
Although �v�6 is not a secretory molecule, it attaches to the
plasma membrane and may be carried by exosomes to be
released to the microenvironment to contact immune cells and
regulate immune functions, such as modulating dendritic cell
tolerogenic properties (10). Because B cells are one type of the

antigen-presenting cells, �v�6 may also regulate B cell tolero-
genic properties. Whether B cells can capture the vascular
endothelial cell-derived �v�6 has not been reported yet.

CX3CR1 is a chemokine receptor; it is encoded by the
CX3CR1 gene in human. The ligand of CX3CR1 is fractalkine
(CX3CL1). It is proposed that CX3CR1/CX3CL1 plays an
important role in immune tolerance, such as in survival of
allograft transplantation (11). CX3CL1 can be produced by epi-
thelial cells and endothelial cells (12, 13). The CX3CR1-ex-
pressing cells may be chemotracted to the direction of the
endothelial/epithelial region to capture the released �v�6 or
�v�6-laden exosomes (10). In the preliminary study, we
observed that human vascular endothelial cells express both
CX3CL1 and �v�6. Based on the above information, we
hypothesize that a fraction of CX3CR1-expressing B cells may
capture the endothelial cell-released �v�6 to differentiate into
tolerogenic B cells. Thus, we collected human peripheral B cells
to be analyzed by flow cytometry. The results showed that a
fraction of B cells were both CX3CR1� and �v�6�. This frac-
tion of B cells showed immune regulatory properties.

MATERIALS AND METHODS

Reagents—Antibodies of �6 (C-19), CX3CR1 (H-70), CX3CL1
(H-300), LAMP1 (C-20), LAP (T-17), TGF-�1 (D-12), and
shRNA kits of CX3CL1 and �6 were purchased from Santa
Cruz Biotechnology (Beijing, China). Fluorescence-labeled
antibodies for flow cytometry were purchased from BD Biosci-
ence. The ELISA kit of TGF-� was purchased from R&D Sys-
tems (Beijing, China). The reagents of real time RT-PCR were
purchased from Invitrogen.

Study Subjects—Ten patients (10 male and 10 female; age was
25–58 years old, with an average of 33.4 years old) with egg
sensitization, and 10 healthy subjects were recruited into the
present study. The using human tissue in the research was
approved by the Research Ethic Committee at China PLA Gen-
eral Hospital. An informed written consent was obtained from
each human subject.

Collection of Blood Samples—Blood samples were collected
from the human subjects (20 ml/person). The peripheral blood
mononuclear cells were isolated by gradient density centrifuga-
tion and cultured in RPMI1640 medium complemented with
10% fetal cowl serum, 2 mM L-glutamin, 1 mg/ml streptomycin,
and 200 units/ml penicillin. The cells were used in further
experiments.
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Isolation of Immune Cells—The immune cells were isolated
from peripheral blood mononuclear cells by magnetic cell sort-
ing with commercial reagent kits following the manufacturer’s
instructions. The isolated immune cells were checked the
purity (more than 95%) by flow cytometry before using in fur-
ther experiments.

Human Umbilical Vein Endothelial Cell Culture and Purifi-
cation of Exosomes—Human umbilical vein endothelial cells
(HUVEC)2 were cultured in the HUVEC-specific culture
medium. To purify the exosomes, the culture supernatant was
collected and processed following published procedures (14).
Briefly, the supernatant was subjected to three successive cen-
trifugation steps at 12,000 � g for 1 h, 35,000 � g for 1 h, and
70,000 � g for 3 h at 4 °C. The supernatant was filtered sequen-
tially through 10.0-, 0.45-, and 0.22-�m filters. The supernatant
was then ultracentrifuged at 100,000 � g for 1 h at 4 °C. The
pellet of exosomes was used for further experiments. The puri-
fied exosomes were lysed with lysing buffer; the proteins were
analyzed by Western blotting to assess the levels of �v�6 and
the endosome marker LAMP1.

Flow Cytometry—For analysis by flow cytometry, brefildin A
(10 �g/ml) was added to the culture medium for the last 3 h of
culture. Cells were fixed with 2% paraformaldehyde (in case of
the intracellular staining, 0.1% Triton X-100 was added to the
fixatives) for 1 h. After washing, the cells were blocked by 5%
skim milk. The cells were incubated with fluorescence-labeled
antibodies as indicated in figures at concentrations of 0.5–1
�g/ml for 1 h at room temperature. The cells were analyzed by
a flow cytometer (FACSCanto II; BD Bioscience). The gating
was performed when necessary. Briefly, cells were stained with
the indicated fluorescence-labeled antibodies. One positively
stained cell population was gated first; by double clicking the
gated cell population, a new window popped out for further
analysis, and so on.

Test the Immune Suppressor Function of CX3CR1� B Cells—
CX3CR1� B cells and CD4� CD25� T cells (labeled with car-
boxyfluorescein diacetate, succinimidyl ester) were obtained
from healthy subjects. The cells were cultured at a ratio of 1:5 (B
cell:T cell) for 3 days (the treatment is denoted in Fig. 5). The
cells were collected and analyzed by the carboxyfluorescein
diacetate, succinimidyl ester dilution assay.

Assessment of the Viability of the Cultured Cells—The viabil-
ity of the cells was checked by trypan blue exclusion assay
before each experiment, which was more than 95%.

Quantitative RT-PCR—HUVEC were purchased from
ATCC and cultured with the HUVEC culture medium (Sigma-
Aldrich). The total RNA was extracted using TRIzol reagents.
The cDNA was synthesized using a reverse transcription kit.
The quantitative PCR was performed on a MiniOpticon real
time PCR device using the SYBR Green Master Mix. The results
were calculated with the 2���Ct method. The primers using in
this study include integrin �6 (forward, gaaggggtgactgctactgt;
reverse, tgcacacacattcaccacag) and �-actin (forward, cgcaaa-
gacctgtatgccaa; reverse, cacacagagtacttgcgctc).

Western Blotting—The total proteins were extracted from
cells. An equal volume (50 �g/well) of the proteins was added to
each well, fractioned by SDS-PAGE, and transferred onto a
nitrocellulose membrane. The membrane was blocked by 1%
BSA for 1 h and incubated with the primary antibodies (0.5–1
�g/ml) overnight at 4 °C, followed by incubation with the sec-
ond antibodies (conjugated with horseradish peroxidase) for
1 h at room temperature. The immune complex on the mem-
brane was developed by ECL. The results were recorded with x
films.

Statistics—The data were presented as means � S.D. The
differences between the two groups were analyzed by analysis of
variance, and the means were compared by Student-Newman-
Keuls test. p � 0.05 was set as a significant criterion.

RESULTS

Frequency of CX3CR1� B Cells Is Decreased in Patients with
FA—Published data indicate that the CX3CR1� B cells are
involved in immune regulation (15); whether their amounts or
functions are affected in immune diseases, such as in food
allergy (FA), is unclear. In this study, we collected the peripheral
blood samples from 20 FA patients (10 male, 10 female; age,
34.5 � 5.5 years) sensitized to egg, and 20 healthy subjects (10
male, 10 female; age, 35.6 � 5.8 years). The cell samples were
analyzed by flow cytometry. The results showed that CX3CR1�

B cells were detected in the peripheral blood samples of healthy
subjects (Fig. 1, A and C), which were significantly less in FA
patients (Fig. 1, B and C).

Human Peripheral B Cells Contain �v�6 and TGF-�—Integ-
rin �v�6 and TGF-� are immune regulatory molecules (16). To
elucidate whether the CX3CR1� B cells contained �v�6 and
TGF-�, using the gating technique, we further analyzed the
�v�6� and TGF-�� cells in the gated CX3CR1� CD19� B cells
and CX3CR1� CD19� B cells of Fig. 1 (A and B). The results
showed that �60% CX3CR1� CD19� B cells were �v�6� and
TGF-�� in both healthy subjects and FA patients (Fig. 1, D–G).
We also measured the levels of �v�6 and TGF-� in CX3CR1�

CD19� B cells; the results showed significantly less �v�6 and
TGF-� were detected in CX3CR1� CD19� B cells (Fig. 1, D–G).
Compared with the LPS-treated B cells, CX3CR1� B cells
expressed much lower levels of CD80 and CD86 (Fig. 1, H–L).

CX3CR1� B Cells Do Not Express, but Contain, �v�6 —
Because the �v�6 is usually expressed by epithelial cells, we
wondered whether the detected �v�6 in the B cells was origi-
nally expressed by the B cells. Thus, we isolated CX3CR1� B
cells from the peripheral blood mononuclear cells of healthy
subjects. The cells were analyzed by quantitative RT-PCR and
Western blotting. The results showed that although the �v�6
was detected in the CX3CR1� B cells, the levels of �v�6 mRNA
were below the detectable levels (Fig. 2). The results implicate
that the �v�6 in CX3CR1� B cells may be captured from extrin-
sic sources.

CX3CR1� B Cells Capture �v�6-containing Endothelial Cell-
derived Exosomes—Previous data indicate that �v�6 can be
released to the microenvironment from epithelial cells via the
exosome system (10). The �v�6 in the B cells may be absorbed
from the blood stream. To test the inference, we measured the
levels of �v�6 in the sera from healthy subjects and FA patients.

2 The abbreviations used are: HUVEC, human umbilical vein endothelial
cell(s); FA, food allergy.
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However, the levels of �v�6 in the sera were below the detect-
able levels (data not shown). Then we took an alternative
approach. Based on the fact of the HUVEC express �v�6 (Fig.
2), we purified exosomes from the culture supernatant of
HUVEC; the extracts of exosomes were analyzed by Western
blotting. The results showed that CX3CL1 (the ligand of
CX3CR1; Fig. 3A), �v�6 (Fig. 3B), and LAMP1 (a marker of
exosomes; Fig. 3C) were detected in the cellular extracts, indi-
cating that the endothelial cell-derived exosomes carry

CX3CL1 and �v�6. We further cultured HUVEC in the inserts
of Transwells and BC-3 cells in the basal chambers. Twenty-
four hours later, the cells were analyzed by flow cytometry. The
results showed 61.1% BC-3 cells containing �v�6� (Fig. 3D),
indicating that these cells captured �v�6 in the culture. To
clarify whether the detected �v�6 was attaching to the surface
of the cells, some BC-3 cells were processed via the surface
staining approach, which resulted in only 1.25% �v�6� BC-3
cells (Fig. 3E).

Because CX3CL1 was detected in the HUVEC-derived exo-
somes (Fig. 3A) and CX3CR1� BC-3 cells captured the exo-
somes (Fig. 3D), we inferred that the interaction of CX3CL1/
CX3CR1 was required in the capturing of the �v�6-containing
exosomes. BC-3 cells were cultured with CX3CL1-null HUVEC
in the Transwell system with similar procedures above. Indeed,
the �v�6 capturing by BC-3 cells was abolished (Fig. 3, F–H).

�v�6-carrying Exosomes Activate Latent TGF-� in B Cells—
Based on the data of Fig. 1 indicating that CX3CR1� B cells are
TGF-�� but the CX3CR1� B cells are not, we inferred that the
endocytic �v�6 activated the latent TGF-� (LTGF-�) in B cells.
To this end, we treated CX3CR1� B cells with anti-IgM. Indeed,
the levels of LTGF-� in the B cells increased in an anti-IgM

FIGURE 1. Peripheral CX3CR1� B cells show �v�6� and TGF-��. Human peripheral mononuclear cells were collected from 10 healthy subjects of 10 FA
patients and analyzed by flow cytometry. A and B, the dot plots indicate the frequency of CX3CR1� CD19� B cells (g1) and CX3CR1� CD19� B cells (g2) in healthy
subjects (A) and FA patients (B). C, the bars indicate the summarized data of A and B. D and F, the flow cytometry histograms indicate the frequency of �v�6�

cells (D) and TGF-�� cells (F) in the gated cells of A and B (the gates are designated g1 and g2). E and G, the bars indicate the summarized data of D and F. H–K,
the histograms indicate the frequency of CD80� (H and I) and CD86� (J and K) B cells from LPS-treated B cells (H and J) and CX3CR1� B cells (I and K). L, the bars
indicate the summarized data of H–K. The data presented as bars are means � S.D. *, p � 0.01, compared with group A (C, E, and G) or group H (L). Samples from
individual subjects were processed separately.

FIGURE 2. Human CX3CR1� B cells do not express but contain �v�6.
Human CX3CR1� and CX3CR1� B cells or HUVEC (positive controls) were
analyzed by Western blotting and quantitative RT-PCR. A, the immune blots
indicate the contents of �v�6. B, the bars indicate the mRNA levels of �v�6
(means � S.D.). The data represent three separate experiments.
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dose-dependent manner (Fig. 4A), but the TGF-� was still
below the detectable levels (Fig. 4B). Considering that the
HUVEC-derived exosomes contain �v�6 (Fig. 3B), which can
convert LTGF-� to TGF-�, we carried out this experiment
again in Transwells where HUVEC or �v�6-null HUVEC were
cultured in the inserts and B cells were cultured in the basal
chambers. The results showed that TGF-� was increased in the
presence of �v�6-sufficient HUVEC, but not in the presence of
�v�6-null HUVEC (Fig. 4C). The results indicate that HUVEC-
derived �v�6 converts LTGF-� to TGF-� in B cells.

CX3CR1� B Cells Show Immune Suppressor Properties—
Published data indicate that TGF-� plays a critical role in the
differentiation of Tregs (10). Because CX3CR1� B cells express
TGF-�, these cells may have immune regulatory ability. Thus,
we cultured healthy human CX3CR1� B cells with CD4�

CD25� T cells (Fig. 4). Using the proliferation as a reference of
activation of T cells, we observed that 5.71% T cells proliferated
in culturing with medium alone (Fig. 5, A and H); exposure to
anti-CD3/CD28 induced 42.4% proliferated T cells (Fig. 5, B

and H), which was significantly suppressed in the presence of
CX3CR1� B cells (Fig. 5, C and H) but could not be suppressed
by the presence of CX3CR1� B cells (Fig. 5D, H). After priming
with HUVEC-derived exosomes, BC-3 cells could suppress T
cell proliferation (Fig. 5, E and H), the latter was not suppressed
by those BC-3 cells primed by �v�6-null exosomes (Fig. 5,
F–H). The data indicate that human CX3CR1� B cells have
immune suppressor properties.

DISCUSSION

The present study has revealed a subfraction of B cells, the
CX3CR1� B cells, in the human peripheral blood system. Such
a fraction of B cells contains �v�6 and TGF-�, expresses less
costimulatory molecules, and has immune suppressor proper-
ties. FA patients have a low frequency of CX3CR1� B cells in the
peripheral blood system.

Several integrins are involved in immune regulation. �v�6
can convert the LTGF-� to the active form of TGF-� (17).
Because TGF-� is a critical molecule in immune regulation, the

FIGURE 3. B cells capture HUVEC-derived �v�6. Exosomes were purified from the HUVEC culture supernatant. Proteins were extracted from the exosomes.
A–C, the immune blots indicate the proteins of CX3CL1 (A), �v�6 (B), and LAMP1 (C) in the extracts of exosomes. D–G, BC-3 cells were cultured in the basal
chambers of Transwells. HUVEC were cultured in the inserts for 24 h. The BC-3 cells were analyzed by flow cytometry. The dot plots indicate the frequency of
�v�6� CX3CR1� B cells; the treatment is denoted above each subpanel. H, the CX3CL1 gene in HUVEC of F are knocked down by RNAi. shRNA, HUVEC were
treated with shRNA of CX3CL1. cshRNA, control shRNA. The data represent three separate experiments.

FIGURE 4. �v�6 converts LTGF-� to TGF-� in B cells. A and B, CX3CR1� B cells were exposed to anti-IgM in the culture for 48 h. The immune blots indicate the
levels of LTGF-� (A) and TGF-� (B) in the cellular extracts. C, CX3CR1� B cells were exposed to anti-IgM and �v�6-containing exosomes (or �v�6-null exosomes
(a); the b indicates the HUVEC were treated with control shRNA) in the culture for 48 h. The immune blots indicate the contents of TGF-� of the cellular extracts.
D, the bars indicate the levels of TGF-� in the culture supernatant (by ELISA; mean � S.D.; *, p � 0.01, compared with group 0). E, shRNA (or cshRNA), the
exosomes were collected from the culture supernatants of HUVEC treated with �v�6 shRNA (or control shRNA). The data represent three separate experiments.
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lack of TGF-� compromises immune tolerance and causes
severe autoimmune disorders (18). Other investigators report
that �v�6 contributes to the development of immune tolerance
(7, 19). Our data indicate that a fraction of B cells also contains
�v�6 and has an immune suppressor feature. The present data
indicate that B cells contribute immune regulation, apart from
via releasing IL-10 (20, 21), and a fraction of �v�6-containing B
cells may contribute to immune tolerance. Similar to the tolero-
genic dendritic cells, the CX3CR1� B cells also express lower
levels of costimulatory molecules as shown by the present data.

�v�6 is produced by epithelial cells or endothelial cells; it
attaches to the plasma membrane and is not a secretory protein.
Thus, it is not expected to detect �v�6 in the body fluid. How-
ever, it can be carried by exosomes; the latter can be captured by
immune cells. For example, Chen et al. (10) reported that intes-
tinal epithelial cell-derived exosomes carried �v�6 that could
be captured by dendritic cells. Our data also show that human
vascular endothelial cell line expresses the �v�6 and CX3CL1.
It seems that CX3CR1� B cells capture the epithelial cell-de-
rived �v�6 via the interaction of CX3CR1/CX3CL1. The
expression of CX3CL1 by epithelial cells is also reported by
others (22–24). There are some other immune regulatory cells,
such as regulatory T cells, in the body that play important roles
in the maintenance of the homeostasis. We propose that the
CX3CR1� B cells, compared with regulatory T cells, may be
more, or at least equally, important in the immune regulation of
the mucosa because the ligand of CX3CR1 (the CX3CL1) is
expressed by epithelial cells; the chemotactic force makes
CX3CR1� B cells move to the subepithelial region to fulfill the
immune regulatory task.

After synthesis, TGF-� exists as a precursor, the LTGF-�; the
latter needs to be converted to the active form, TGF-�, to fulfill
the immune regulatory function. �v�6 can remove the latency-
associated peptide from TGF-� precursor (25). Our data are

consistent with the previous studies (10); the �v�6-containing
CX3CR1� B cells are also TGF-�-positive. It is reported that
exogenous TGF-� can induce Tregs (26). The present data sug-
gest that the CX3CR1� B cells are one of the immune regula-
tory cells in the body. The inference is supported by further data
showing that CX3CR1� B cells efficiently suppressed T cell
proliferation. Supporting data have been reported by Liu et al.
(27), who show that CX3CR1� B cells facilitate the generation
of regulatory T cells. In summary, the present data define a
subfraction of B cells expressing CX3CR1 that contain �v�6
and TGF-�; the cells have immune suppressor properties.
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