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ABSTRACT

The gastrointestinal mucosa is the primary site where human immunodeficiency virus type 1 (HIV-1) invades, amplifies, and
becomes persistently established, and cell-to-cell transmission of HIV-1 plays a pivotal role in mucosal viral dissemination. Mast
cells are widely distributed in the gastrointestinal tract and are early targets for invasive pathogens, and they have been shown to
have increased density in the genital mucosa in HIV-infected women. Intestinal mast cells express numerous pathogen-associ-
ated molecular patterns (PAMPs) and have been shown to combat various viral, parasitic, and bacterial infections. However, the
role of mast cells in HIV-1 infection is poorly defined. In this study, we investigated their potential contributions to HIV-1 trans-
mission. Mast cells isolated from gut mucosal tissues were found to express a variety of HIV-1 attachment factors (HAFs), such
as DC-SIGN, heparan sulfate proteoglycan (HSPG), and �4�7 integrin, which mediate capture of HIV-1 on the cell surface. In-
triguingly, following coculture with CD4� T cells, mast cell surface-bound viruses were efficiently transferred to target T cells.
Prior blocking with anti-HAF antibody or mannan before coculture impaired viral trans-infection. Cell-cell conjunctions
formed between mast cells and T cells, to which viral particles were recruited, and these were required for efficient cell-to-cell
HIV-1 transmission. Our results reveal a potential function of gut mucosal mast cells in HIV-1 dissemination in tissues. Strate-
gies aimed at preventing viral capture and transfer mediated by mast cells could be beneficial in combating primary HIV-1
infection.

IMPORTANCE

In this study, we demonstrate the role of human mast cells isolated from mucosal tissues in mediating HIV-1 trans-infection of
CD4� T cells. This finding facilitates our understanding of HIV-1 mucosal infection and will benefit the development of strate-
gies to combat primary HIV-1 dissemination.

Despite great advances in antiretroviral therapies, human im-
munodeficiency virus type 1 (HIV-1) infection still remains a

major global epidemic. Sexual transmission is the principal route
of HIV-1 acquisition, making the genital and rectal mucosae the
major sites of viral transmission. The intestinal mucosa is also the
primary site where HIV-1 amplifies to disseminate virus through-
out the host and is critical in the early events in the establishment
of infection and evasion of immune defenses. However, the mech-
anisms contributing to the establishment of HIV-1 primary infec-
tion remain largely unexplored. Cell-associated viral dissemina-
tion has been proposed to play pivotal roles in HIV-1 primary
infection, and multiple cell types, such as dendritic cells (DCs) and
macrophages, have been reported to be hijacked by HIV-1 for
local and systemic viral spread (1–4). DCs provide one of the
best-described cell models for understanding cell-mediated HIV-1
capture and dissemination (1, 5–8).

Mast cells are derived from hematopoietic progenitor cells and
undergo final maturation in vascularized tissues. Mast cells are
strategically in close contact with the host-environment interface,
such as the skin, airway, gastrointestinal tract, and urinary tract.
They express numerous pathogen-associated molecular patterns
and play an important role in the early immunosurveillance for
many pathogens (9, 10). Mast cells can interact with various im-
mune cells in complex ways, including release of soluble factors

and direct contact (11), and are important immune effector and
modulatory cells that help to link innate and adaptive immunity in
the fight against pathogens (9, 12–14). They have been shown to
be important for host defense against various viruses, such as ve-
sicular stomatitis virus, Sendai virus, hantavirus, reovirus, dengue
virus, influenza virus, herpes simplex virus, and murine cytomeg-
alovirus (15–23). Additionally, mast cells can serve as antigen-
presenting cells and participate in traditional immunologic syn-
apse formation with T cells to mediate antigen-specific T cell
activation (24).
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Although they are among the first cells at mucosal sites to en-
counter viruses, the role of mast cells in HIV-1 infection is poorly
defined. The genital mucosae of HIV-infected women showed in-
creased mast cell density, and increased numbers of mucosal mast
cells were noted in men with AIDS-associated diarrhea (25, 26),
suggesting a potential role for mast cells in HIV-1 infection. We
hence investigated the potential contribution of mucosal mast
cells to HIV-1 infection and found that mast cells isolated from
gut mucosal tissues express a variety of HIV-1 attachment factors
(HAFs) and mediate capture of HIV-1 and the subsequent viral
trans-infection of CD4� T cells. Our results reveal a potential
function of gut mucosal mast cells in HIV-1 dissemination in
tissues.

MATERIALS AND METHODS
Ethics statement. Normal intestinal samples from sites adjacent to ex-
cised colorectal carcinomas were collected by a licensed medical doctor.
Written informed consent was provided by study participants, and the
study was approved by the institutional ethical committee of the First
Affiliated Hospital of Nanjing Medical University, Nanjing, China.

Isolation of mucosal mast cells. Human colorectal mucosa tissue
from a surgical operation was washed with Hanks balanced salt solution
(HBSS) containing 2 mM EDTA and 7 mM �-mercaptoethanol and then
cut with scissors into about 0.3-cm3 cubes. Adherent mesentery and fat
were removed using tweezers and scissors prior to fragmentation. The
tissue cubes were treated with 75 U/ml type I collagenase (Sigma) and 72
U/ml hyaluronidase (Worthington Biochemical) for 90 min at 37°C with
gentle agitation. After filtering through sterile nylon mesh, the cell solu-
tion was subjected to a density gradient centrifugation performed with
1.088 g/ml Percoll (GE Healthcare). The granulocyte fraction was col-
lected, and mast cells were further positively selected by using an FcεR1�

or CD117� cell isolation kit (Miltenyi Biotec).
Generation of MDDCs and collection of PBLs. A Ficoll-Paque den-

sity gradient medium was used to separate peripheral blood mononuclear
cells (PBMCs) from fresh buffy coats collected from healthy donors.
CD14� monocytes were isolated from PBMCs by using anti-CD14 anti-
body-coated magnetic beads (Miltenyi Biotec) and were treated with 50
ng/ml of granulocyte-macrophage colony-stimulating factor (GM-CSF)
and recombinant human interleukin 4 (rhIL-4) for 5 days to generate
monocyte-derived dendritic cells (MDDCs), as described in previous
studies (2, 27). The peripheral blood lymphocytes (PBLs) harvested from
PBMCs with CD14� monocyte depletion were activated with phytohem-
agglutinin P (PHA-P) for 48 h in the presence of 20 IU/ml recombinant
IL-2 (R&D Systems).

Toluidine blue staining. Intestinal mast cells were evaluated by tolu-
idine blue staining as previously described (28). Briefly, cells were fixed
with 4% paraformaldehyde (PFA) (Sigma-Aldrich) for 10 min at room
temperature (RT) and then stained with 1% toluidine blue (Sigma-Al-
drich) for 1 h at RT, and subsequently, cells were washed in distilled water
3 times and covered by use of a coverslip and mounting medium.

HIV-1 stocks. Pseudotyped single-cycle luciferase reporter HIV-1
particles were generated by calcium phosphate-mediated cotransfection
of HEK293 T cells with pLAI-�Env-Luc and an expression plasmid for the
envelope protein (Env) of HIV-1 JRFL (CCR5-tropic) (29). HIV-1 virus-
like particles (VLPs) were generated by cotransfection of HEK293 T cells
with a plasmid encoding HIV Gag-GFP and an expression plasmid for Env
of HIV-1 JRFL (29). Replication-competent HIV AD8 and NL4-3 were
generated by transfection of HEK293 T cells with the proviral constructs
pAD8 and pNL4-3. Cell-free supernatants were harvested, filtered, and
titrated using a p24gag enzyme-linked immunosorbent assay (ELISA).

HIV-1 capture and gp120 binding assays. Freshly isolated mast cells
were pulsed with an amount of HIV-1-gag-GFP/JRFL VLPs correspond-
ing to 40 ng of p24gag for 1 h at 4°C, and VLPs/�Env, which do not
incorporate HIV-1 envelope proteins, were used to monitor nonspecific

binding. The levels of Gag-GFP were detected by flow cytometry. To test
the location of cell-associated HIV-1, virus-loaded cells were treated with
0.25% trypsin (without EDTA) (Invitrogen) for 5 min at RT. Virus bind-
ing was visualized by confocal microscopy or transmission electron mi-
croscopy (TEM) as described below. The HIV-1 gp120 binding assay was
performed as previously described (29). Briefly, mast cells were incubated
with 5 �g/ml gp120 (JRFL) (eEnzyme) in adherence buffer (1 mM CaCl2,
2 mM MgCl2, 5% bovine serum albumin [BSA], pH 7.4) for 1 h at 4°C and
then fixed with 4% PFA for 10 min and stained with goat anti-gp120
antibody (SAB3500463; Sigma-Aldrich). Subsequently, the cells were
stained with a fluorescein isothiocyanate (FITC)-conjugated secondary
anti-goat antibody (sc-2356; Santa Cruz Biotechnology) and detected by
flow cytometry.

HIV-1 transmission and enhancement assays. Freshly isolated mast
cells were loaded with the pseudotyped single-cycle luciferase reporter
HIV-luc/JRFL (10 ng of p24gag) for 2 h at 37°C and then washed thor-
oughly and cocultured with Hut/CCR5 cells for 2 days. Viral infection was
analyzed by measuring the luciferase activities in cell lysates by use of a
commercially available kit (Promega). For the blocking experiments,
mast cells were pretreated with 10 �g/ml of anti-DC-specific intercellular
adhesion molecule 3 (ICAM3)-grabbing nonintegrin (anti-DC-SIGN)
antibody (120507; Abcam), anti-heparan sulfate proteoglycan (anti-
HSPG) antibody (A7L6; Abcam), anti-�4 (EPR1355Y; Abcam), or
anti-�7 (EP5948; Abcam) or with 20 �g/ml of mannan for 1 h at 4°C prior
to coculture with T cells. Where denoted, transwell plates with a 0.4-�m
insert membrane were used to separate the donor cells from the target
cells.

The enhancement assay was performed as previously described (29,
30). Briefly, mast cells were loaded with HIV-luc/JRFL (1 ng p24gag) for 2
h and the pulsed cells cocultured with Hut/CCR5 cells for an additional 2
days, or the virus was added directly to Hut/CCR5 cells for 2 days of
infection. A commercially available kit (Promega) was used to analyze
viral infection by measuring the luciferase activity in the cell lysate.

HIV-1 infection assay. HIV-1 infection was determined mainly by
real-time PCR for quantification of viral replication products. FcεR1�

mast cells, MDDCs, or PHA-P-activated PBLs were inoculated with wild-
type HIV AD8 or HIV NL4-3 (5 ng of p24gag) for 2 h and then washed and
further cultured for the indicated time. Total cellular DNA or RNA was
extracted by use of a QIAamp DNA minikit or QIAamp RNeasy minikit
(Qiagen). The integrated HIV-1 proviral DNA, HIV-1 late reverse tran-
scription products, HIV-1 total transcribed RNA, and multiply spliced
(Tat-Rev) and singly spliced (Vpu) mRNAs were quantified using the
primers and probes listed in Table 1. The products were semiquantified by
use of SYBR green I and normalized to �-actin. Real-time PCR was per-
formed on an ABI 7900HT real-time PCR system. Purified FcεR1� mast
cells were infected with replication-competent HIV-1 AD8 (5 ng of
p24gag) for 2 h and then washed thoroughly. The cell culture supernatant
was harvested at 1 or 2 days postinfection for either HIV-1 p24gag capture
ELISA to detect viral production or titration in TZMB1 indicator cells,
which contain a long terminal repeat (LTR)-driven luciferase reporter.

Flow cytometry. Mast cells were stained with specific monoclonal anti-
bodies or isotype-matched IgG controls. Monoclonal antibodies for specific
staining of human molecules were as follows: allophycocyanin (APC)-CD117
(A3C6E2; Biolegend), APC-FcεR1� (AER-37; eBioscience), peridinin chlo-
rophyll protein (PerCP)-Cy5.5-CD123 (6H6; eBioscience), phycoerythrin
(PE)-CD203c (NP4D6; Biolegend), FITC-DC immunoreceptor (FITC-
DCIR) (50586; R&D Systems), PE–DC-SIGN (eB-h209; eBioscience),
PE-CD4 (L3T4; eBioscience), APC-CXCR4 (12G5; BD Pharmingen),
and APC-Cy7-CCR5 (2D7; BD Pharmingen) antibodies. Purified anti-
bodies directed against human tryptase (G3; Merck Millipore), HSPG
(A7L6; Abcam), �4 (EPR1355Y; Abcam), and �7 (EP5948; Abcam) were
used in some experiments, and secondary anti-mouse IgG–FITC or anti-
rat IgG–FITC was used for detection. In the appropriate experiments,
human IgE protein (ab90392; Abcam) was used, followed by PE-conju-
gated anti-human IgE antibody (MHE-18; Biolegend). The stained cells
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were detected using a Fortessa flow cytometer (BD Pharmingen) and an-
alyzed with FlowJo 7.6.1 software.

Confocal microscopy. Mast cells were incubated with an amount of
HIV-Gag-GFP/JRFL equivalent to 40 ng p24gag for 1 h at 37°C and then
seeded onto poly-L-lysine-coated microscope slides (Polyscience) after
washing. For the formation of virological synapses, VLP-loaded mast cells
were cocultured with Hut/CCR5 cells for 30 min in polystyrene tubes
(Falcon) at 37°C, followed by seeding onto slides. Cells were then fixed
with 4% PFA for 10 min at RT. For immunostaining, purified monoclonal
antibodies against human CD4 (clone Q4120; Sigma-Aldrich), HSPG
(A7L6; Abcam), �4 (EPR1355Y; Abcam), �7 (EP5948; Abcam), DC-
SIGN (120507; Abcam), and tryptase (G3; Merck Millipore) and a poly-
clonal antibody against CCR5 (ab7346; Abcam) were added first, and then
an Alexa 546-labeled goat anti-mouse (or anti-rabbit) IgG (1 �g/ml; In-
vitrogen) secondary antibody was used. Nuclei were stained with DAPI
(4=,6-diamidino-2-phenylindole). All slides were mounted with fluores-
cence mounting medium (Dako) and observed under a laser scanning
confocal microscope (Leica SP5).

Transmission electron microscopy. The morphological characteris-
tics of freshly isolated mast cells and HIV-1 binding on cells were visual-
ized by transmission electron microscopy as previously described (29).
Mast cells were pulsed with replication-competent HIV-1 AD8 (5 ng
p24gag) for 2 h and then were fixed. Thin sections were examined using a
Jeol JEM-1230 TEM operating at 100 kV.

Statistical analysis. SigmaStat software was used to perform paired
and unpaired t tests to analyze the significance of differences.

RESULTS
Purification of mast cells from human intestinal mucosa. We
collected normal intestinal samples from sites adjacent to excised
colorectal carcinoma samples for mechanical fragmentation,
enzyme digestion, and Percoll density gradient centrifugation
(GE Healthcare). The granulocyte fraction was harvested, and
CD117� mast cells were positively selected using anti-CD117 or
anti-FcεR1 antibody-coated magnetic beads (Fig. 1A). In the anti-
CD117 antibody-enriched cells, 97% of the cells presented a
CD203c� phenotype, and no or little expression of CD123 was

observed (Fig. 1B). All cells showed a tryptase-positive reaction on
intracellular staining, and the majority of purified cells expressed
the high-affinity IgE receptor FcεR1 and displayed binding with
soluble IgE immunoglobulin (Fig. 1B). Tryptase is one of the
granule components of mast cells and could be observed by con-
focal microscopy of intracellular staining (Fig. 1C), and ongoing
degranulation of cells was also observed after toluidine blue stain-
ing (Fig. 1D). Under transmission electron microscopy, purified
cells exhibited a characteristic phenotype, with the monolobed
nuclei and numerous narrow, elongated folds around the cells
(Fig. 1E) that are typical of mast cells (31).

Human mucosal mast cells express HIV-1 attachment fac-
tors for viral capture. To investigate the interaction of mast cells
with HIV-1, we first explored the binding of viruses to cells.
Freshly isolated mast cells were pulsed with HIV-1-gag-GFP/JRFL
VLPs, and VLPs/�Env, which do not incorporate HIV-1 envelope
proteins, were used to monitor nonspecific binding. Viral associ-
ation was quantified by flow cytometry to detect green fluorescent
protein (GFP) levels. At 4°C, about 22.3% of mast cells were found
to capture JRFL VLPs, and no obvious binding was observed with
VLPs/�Env, indicating that the binding was envelope dependent
and that the cell-associated HIV-1 particles could be removed by
trypsin treatment (Fig. 2A). Confocal microscopy was also used to
visualize and confirm viral surface binding (Fig. 2B), and replica-
tion-competent HIV-1 AD8 was used to visualize the binding of
virus to mast cells by TEM (Fig. 2C). To confirm that HIV-1 bind-
ing is envelope dependent, we examined the binding of recombi-
nant HIV-1 gp120 glycoprotein to mast cells. As shown in Fig. 2D,
HIV-1 JRFL-derived gp120 glycoproteins were found to bind to
mast cells.

In addition to entry receptors, viruses subvert a wide variety of
molecules expressed on the cell surface as viral attachment recep-
tors; among these, HSPG, �4�7 integrin, and the C-type lectins
DC-SIGN and DCIR (also known as CLEC4A) have been shown

TABLE 1 Primers and probes used for quantitative real-time PCR

Target Primer name Primer sequence (5=–3=)a

HIV-1 integrants Alu-F (1st cycle) AGCCTCCCGAGTAGCTGGGA
SB704 (1st cycle) TGCTGGGATTACAGGCGTGAG
Gag-R (1st cycle) CAATATCATACGCCGAGAGTGCGCGCTTCAGCAAG
LTR-F (2nd cycle) TTGTTACACCCTATGAGCCAGC
Gag-R (2nd cycle) CAATATCATACGCCGAGAGTGC
P-HUS-SS1 (probe) FAM-TAGTGTGTGCCCGTCTGTTGTGTGAC-TAMRA

HIV-1 multiply spliced RNA Tat-Rev-F ATGGCAGGAAGAAGCGGAG
Tat-Rev-R ATTCCTTCGGGCCTGTCG

HIV-1 singly spliced RNA Vpu-F GGCGGCGACTGGAAGAAGC
Vpu-R CTATGATTACTATGGACCACAC

HIV-1 unspliced total RNA Gag-F GTGTGGAAAATCTCTAGCAGTGG
Gag-R CGCTCTCGCACCCATCTC

Late reverse transcription MH531(F) TGTGTGCCCGTCTGTTGTGT
MH532(R) GAGTCCTGCGTCGAGAGATC
LTR-P (probe) FAM-CAGTGGCGCCCGAACAGGGA-TAMRA

�-Actin Actin-F GGGAAATCGTGCGTGACAT
Actin-R GTCAGGCAGCTCGTAGCTCTT

a FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.
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to bind to HIV-1 gp120 (8, 32–34). Heparan sulfate was recently
demonstrated to be a novel attachment receptor for Nipah virus to
mediate viral binding and spread (35). We found that mast cells
expressed multiple HIV-1 attachment factors (HAFs), including
DC-SIGN, �4�7 integrin, and HSPG, and also expressed low lev-
els of DCIR (Fig. 2D). Using confocal microscopy, we observed
the colocalization of HIV-1 with the tested HAFs DC-SIGN,
HSPG, and �4�7 integrin (Fig. 2F), indicating the role of HAFs in
viral capture. Collectively, these data demonstrate that human
mucosal mast cells express HIV-1 attachment factors for viral
capture.

Human mucosal mast cells mediate HIV-1 trans-infection of
CD4� T cells. To investigate whether mast cells are capable of
transferring surface-bound viruses to CD4� T cells, freshly puri-
fied mucosal mast cells were pulsed with pseudotyped single-cycle
HIV-luc/JRFL viruses and then cocultured with Hut/CCR5 CD4�

T cells for 48 h. Infection caused by the transfer of HIV-1 to the
Hut/CCR5 cells was monitored by measuring luciferase activity.
Mast cells were found to efficiently transfer HIV-1 to cocultured
Hut/CCR5 cells, leading to robust infection (Fig. 3A).

To determine whether viral transfer requires direct contact be-
tween mast cells and CD4� T cells, a transwell culture plate with a
0.4-�m insert membrane was used to separate the virus-loaded
mast cells from the Hut/CCR5 target cells. Notably, mast cell-
mediated transmission of HIV-luc/JRFL ceased in the transwell
assay (Fig. 3A), suggesting that contact between mast cells and
CD4� T cells is required for viral transfer.

Moreover, treating the virus-harboring mast cells with trypsin
before coculturing them with T cells was found to significantly
diminish HIV-1 transmission (Fig. 3B), suggesting that surface-
bound HIV-1 particles play the greatest role in viral transfer. In-
cubation of mast cells with antibodies against DC-SIGN, HSPG,
or �4�7 integrin or with mannan before viral inoculation was

found to significantly diminish mast cell-mediated HIV-1 trans-
infection (Fig. 3C to E), suggesting a role for these HAFs in medi-
ating viral spread. We also performed an enhancement experi-
ment to show the significantly increased viral infection mediated
by cell-associated HIV-1 relative to that with an equivalent
amount of free viruses (Fig. 3F).

Direct cell-cell contact to form infectious synapses appears to
be essential for cell-associated viral trans-infection (1, 2, 30). Re-
cruitment of HIV-1-gag-GFP/JRFL VLPs to the mast cell-CD4� T
cell contact sites that form infectious synapses was visualized by
confocal microscopy (Fig. 3G). Analysis of infectious synapses
between dendritic cells and T cells revealed the recruitment of
HIV-1 receptor and coreceptors to conjugate sites (30), and we
also observed that the CD4 and CCR5 molecules on T cells were
recruited to the interface whereon mast cells concentrated viral
particles (Fig. 3H). Together, these data demonstrate that mast
cells isolated from the human gut mucosa can mediate HIV-1
trans-infection of CD4� T cells through viral attachment factor-
dependent viral binding on the cell surface.

Human gut mucosal mast cells support HIV-1 infection. To
assess the expression of HIV-1 (co)receptors, anti-FcεR1 anti-
body-enriched mucosal mast cells were immunostained with spe-
cific antibodies and detected by flow cytometry. Mast cells ex-
pressed CD4 and the coreceptors CXCR4 and CCR5 (Fig. 4A).

To investigate the susceptibility of mucosal mast cells to HIV-1
infection, mast cells were purified with anti-FcεR1 antibody-
coated magnetic beads and then pulsed for 2 h with wild-type
replication-competent viruses, including HIV-1 AD8 (CCR5-
tropic) and HIV-1 NL4-3 (CXCR4-tropic), in amounts equivalent
to 5 ng p24gag. Monocyte-derived dendritic cells (MDDCs) and
PHA-P-activated autologous PBLs were used as controls. Viral
replication was assessed by quantitative real-time PCR-based
methods at the indicated culture times (36). HIV-1 AD8 and

FIG 1 Characteristics of intestinal mucosal mast cells. (A) Enrichment and purification of mucosal mast cells from human healthy colorectal tissues. (B)
Phenotype of purified mast cells as analyzed by immunostaining with specific antibodies and flow cytometry. (C) Intracellular immunostaining of tryptase (red)
was confirmed by confocal microscopy; nuclei were stained with DAPI. DIC, differential interference contrast. (D) Positive staining of mast cells by toluidine
blue. (E) Visualization of mast cells by transmission electron microscopy.
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NL4-3 exhibited integrants and late reverse transcriptase products
in mast cells 2 days after viral exposure (Fig. 4B and C). Viral
infection was further detected by measuring HIV-1 transcription
after 7 or 11 days of culture (Fig. 4D and E). HIV-1 total tran-
scribed RNA, multiply spliced RNA of tat-rev, and singly spliced
RNA of vpu were monitored and normalized to the housekeeping
�-actin gene. Mast cells supported HIV-1 transcription in ex-
posed cells compared to mock-infected controls (Fig. 4D and E).
The PCR primers and probes are listed in Table 1. The products
were semiquantified with SYBR green I and normalized to
�-actin.

To further confirm the susceptibility of mast cells to produc-
tive HIV-1 infection, freshly purified FcεR1� mast cells were in-
fected with replication-competent HIV-1 AD8 for 2 h, and after
washing, the cells were further cultured and the supernatants were
harvested for either p24gag capture ELISA to monitor viral pro-
duction or titration in TZMB1 cells, which contain an LTR-driven
luciferase reporter (Fig. 4F). The results showed that infected mast
cells actually released infectious HIV-1 particles into the culture
supernatant (Fig. 4F). Taken together, these data show that HIV-1
can integrate and replicate in mucosal mast cells, confirming a role
for mast cells as a reservoir for persistent viral infection (37).

DISCUSSION

In this study, we showed for the first time that colorectal mucosal
mast cells express multiple HAFs and mediate efficient viral bind-
ing and trans-infection of CD4� T cells. This finding increases our
understanding of the role of mast cells during HIV-1 mucosal
infection. During the invasion of pathogens, mast cells can recruit
diverse cell types, such as T cells, macrophages, dendritic cells,
neutrophils, epithelial cells, and endothelial cells, to the site of
infection for clearance of invading pathogens (9). The wide com-
munication of mast cells with other types of cells during HIV-1
infection could provide more chances for viral dissemination. We
recently showed that peripheral blood circulating basophils could
also capture HIV-1 through viral binding to HAFs and could
transfer bound viruses to adjacent CD4� T cells (29). Strategies to
prevent granulocyte-mediated viral capture and transfer may be
developed into a new form of therapy.

Both surface-associated and intracellularly internalized viruses
contributed to cell-mediated viral spread in studies of DCs (1, 2,
30). The transfer of viruses mediated by mast cells is dependent on
the surface-bound majority of viral particles, as the removal of
surface-bound viruses by trypsin treatment dramatically impairs

FIG 2 Intestinal mucosal mast cell-mediated HIV-1 capture. (A) Detection of HIV-1 VLP binding on mast cells by flow cytometry. VLPs containing Gag-GFP
were pulsed with mast cells at 4°C, and VLPs/�Env were used as the control to monitor nonspecific binding. Trypsin treatment was used to remove surface-
bound viruses. (B) HIV-1 VLP association with cells was observed by confocal microscopy. (C) Binding of replication-competent HIV-1 AD8 on mast cells as
visualized by TEM. Arrows indicate viruses. (D) Binding of gp120 on mast cells. Purified mast cells were cultured with recombinant gp120 glycoproteins for 1 h
at 4°C and then fixed for immunostaining and detected by flow cytometry. (E) Expression of HIV-1 attachment factors as detected by immunostaining with
specific antibodies and flow cytometry. (F) Colocalization of HIV VLPs with DC-SIGN, HSPG, or �4�7 integrin. Purified mast cells were incubated
with HIV-Gag-GFP/JRFL VLPs (40 ng p24gag) for 1 h at 4°C and then seeded onto poly-L-lysine-coated microscope slides. Cells were fixed and immunostained
with specific antibodies against human DC-SIGN, HSPG, �4, or �7, followed by secondary Alexa 546-labeled goat anti-mouse IgG antibodies. Nuclei were
stained with DAPI, and cells were observed by confocal microscopy.
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viral spread. Immature DC-mediated HIV-1 transfer has been
demonstrated to be dependent mainly on the surface-bound vi-
ruses bound to DC-SIGN (1, 2). The formation of a cell-cell con-
junction to which numerous intact viral particles and viral recep-
tors can be recruited appears to be required for efficient viral
transfer, and this was proved previously for other types of cells

during mediation of viral spread (1, 2, 29, 30). Similarly, CD4 and
CCR5 molecules were also recruited to the cell contact sites
formed between mast cells and T cells in this study.

DC-SIGN, �4�7, and heparan sulfate proteoglycan are princi-
ple host cell HAFs with high binding affinities for HIV-1 gp120,
and they have been shown to mediate HIV-1 capture and trans-

FIG 3 Mucosal mast cells mediate HIV-1 trans-infection of CD4� T cells. (A) Viral trans-infection. Freshly isolated mucosal mast cells were incubated with
single-cycle infectious HIV-luc/JRFL for 2 h. Virus-harboring cells were washed and cocultured with or without CD4� Hut/CCR5 T cells, and HIV trans-
infection was determined after 2 days by measuring the luciferase activity. Where indicated, a transwell culture plate with a 0.4-�m insert membrane was used
to separate the virus-loaded mast cells from the target cells. (B) Treatment with trypsin to remove surface-bound viral particles before coculture diminished viral
trans-infection. (C to E) Pretreatment with antibodies against DC-SIGN, HSPG, or �4�7 integrin or with mannan prior to viral inoculation diminished mast
cell-mediated transmission. (F) Enhancement assay. HIV-luc/JRFL-pulsed mast cells were cocultured with Hut/CCR5 cells, or the same amounts of cell-free
viruses were added directly to T cells, and viral infection was measured as described above after 2 days of culture. (G) Visualization of the cell-cell conjunction
between mucosal mast cells and T cells by confocal microscopy. After 2 h of exposure to HIV-Gag-GFP/JFRL, mast cells were washed and cocultured with
Hut/CCR5 cells for 1 h. Cells were fixed and immunostained for intracellular tryptase (red); nuclei were stained with DAPI (blue). (H) Recruitment of viruses,
CD4, and CCR5 to conjunction sites. Data in graphs are means and standard deviations (SD). Results are representative of three independent experiments. cps,
counts per second. **, P � 0.01; ***, P � 0.001 (paired t test).
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infection (1, 8, 32, 33, 38–42). The administration of an anti-�4�7
monoclonal antibody reduced mucosal transmission of simian
immunodeficiency virus (SIV) in macaques (43). Further studies
and confirmation of the potential role of viral attachment factors

in viral capture and transmission might be helpful in the design of
antiviral strategies.

The HIV-1 gp120 glycoprotein, which acts as a viral superan-
tigen, induces the release of histamine, cysteinyl leukotrienes, and

FIG 4 HIV-1 infection of gut mucosal mast cells. (A) Expression of HIV-1 (co)receptors as detected by immunostaining with specific antibodies and flow
cytometry. (B to E) HIV-1 infection of mast cells was quantified by real-time PCR. Freshly isolated mucosal mast cells, autologous MDDCs, and PHA-P-activated
PBLs were infected with wild-type HIV-1 AD8 or NL4-3 for 2 h, washed, cultured, and harvested at the indicated time. Mock infection was used as a control.
Cellular DNA was extracted for quantification of late reverse transcriptase (late RT) products (B) and viral integrants (by Alu-PCR) (C), using 250 ng of cellular
DNA for each sample, or total RNA was extracted after 7 or 11 days of infection, and the levels of HIV-1 total Gag RNA, multiply spliced RNA (Tat-Rev), and
singly spliced RNA (Vpu) were quantified by real-time PCR and normalized to �-actin (D and E). (F) Mast cells are susceptible to productive HIV-1 infection.
Purified FcεR1� mast cells were infected with an amount of wild-type replication-competent HIV-1 AD8 equivalent to 5 ng p24gag for 2 h and then washed
thoroughly. The cell culture supernatant was harvested at the indicated time for either HIV-1 p24gag capture ELISA to detect viral production or titration in
TZMB1 indicator cells. Data are means and SD. Results are representative of four independent experiments.
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TH2 cytokines (interleukin-4 [IL-4], IL-5, IL-10, and IL-13) from
healthy human FcεR1� basophils and mast cells, thereby contrib-
uting to the creation of an allergy-like and Th2-biased condition
(44–46). The binding of the gp120 glycoprotein to these FcεR1�

innate system cells is bridged by its interaction with the heavy
chain variable 3 region of IgE (47, 48). Enhanced serum IgE levels
have been observed in HIV-1-infected adults and children, which
is believed to be due to a shift from Th1 to Th2 cytokine produc-
tion (49–51). Thus, the elucidation of the interaction of HIV-1
with these FcεR1� granulocytes might facilitate the understand-
ing of the Th2 polarization and allergic disorders observed during
HIV-1 infection.

Mast cells have been shown to take crucial roles in immuno-
surveillance for defense against invading pathogens. Productive
infection with murine cytomegalovirus (CMV) triggers mast cell
degranulation, resulting in the release of CCL5, which attracts
protective CD8 T cells to control viral infection (13, 23). The Toll-
like receptor 3-mediated signaling that triggers mast cell activa-
tion may play a role in CD8� T cell recruitment (14). In response
to dengue virus, mast cells trigger the activation of antiviral intra-
cellular host response pathways and induce the de novo transcrip-
tion of cytokines, including tumor necrosis factor alpha (TNF-�)
and alpha interferon (IFN-�), and multiple chemokines, and cel-
lular sensors for viral RNA, such as melanoma differentiation-
associated gene 5 (MDA5) and retinoic acid-inducible gene 1
(RIG-I), were proved to contribute to the observed transcriptional
response (18). These dengue virus-activated mast cells recruit nat-
ural killer and natural killer T cells to infection sites for viral clear-
ance (18). Mast cells have been demonstrated to play a role in the
inflammatory pathology induced by influenza A virus (IAV), as
IAV-induced mast cells trigger RIG-I signaling-dependent pro-
duction of cytokines and chemokines, resulting in a cytokine
storm and systemic disease in mice during viral infection (52).
Further investigations into whether HIV-1 or other retroviruses
can also trigger mast cell activation could be very helpful for the
elucidation of host immune responses during primary viral infec-
tion.

Several works have described the susceptibility of mast cells to
HIV-1 infection. Placental tissue-isolated mast cells (PLMCs) ex-
press HIV-1 (co)receptors and show susceptibility to infection
with CCR5-tropic HIV-1 in vitro (37, 53, 54). In contrast, progen-
itor mast cells (PrMCs) differentiated from bone marrow CD34�

pluripotent progenitors resist viral infection until full maturation
(55), probably due to the diminished expression of viral receptors
(37). Intriguingly, mast cells have been proposed to serve as long-
lived inducible reservoirs for persistent HIV-1 infection (37, 55,
56). HIV-1-harboring PLMCs have been isolated from HIV-in-
fected pregnant women in the late third trimester even during
highly active antiretroviral treatment (HAART), which suggests
that the placenta may be a sanctuary site for virus and may play a
major role in mother-to-child virus transmission.

Combined, our data indicate a novel role for mucosal mast
cells in viral capture and local dissemination in mucosal tissues.
Although confirmatory studies using macaque models or ex vivo
explant studies are needed, our findings have identified gut mu-
cosal mast cells as potential novel “gatekeeper” cells which may
facilitate local HIV-1– host cell interaction and viral spread during
primary infection. These studies provide new insights into novel
mechanisms for combating viral infection.
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