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A wealth of evidence supports the essential contributions of mast
cells (MCs) to immune defense against bacteria and parasites;
however, the role of MCs in viral infections has not been defined.
We now report that rodent, monkey, and human MCs are able to
detect dengue virus (DENV), a lymphotropic, enveloped, single-
stranded, positive-sense RNA virus that results in MC activation
and degranulation. We observe that the response of MCs to DENV
also involves the activation of antiviral intracellular host response
pathways, melanoma differentiation-associated gene 5 (MDA5)
and retinoic acid inducible gene 1 (RIG-I), and the de novo tran-
scription of cytokines, including TNF-α and IFN-α, and chemokines,
such as CCL5, CXCL12, and CX3CL1. This multifaceted response of
MCs to DENV is consequential to the containment of DENV in vivo
because, after s.c. infection, MC-deficient mice show increased vi-
ral burden within draining lymph nodes, which are known to be
targeted organs during DENV spread, compared with MC-sufficient
mice. This containment of DENV is linked to the MC-driven recruit-
ment of natural killer and natural killer T cells into the infected
skin. These findings support expanding the defined role of immu-
nosurveillance by MCs to include viral pathogens.

Mast cells (MCs) have been increasingly acknowledged for
their roles in immunosurveillance for pathogens and for

promoting innate immune responses. They are hematopoietic
cells found in connective tissues and at the host–environment
interface. First implicated in pathogen recognition in studies
examining parasitic infections, the contribution of MCs to sur-
vival of infected hosts was subsequently illustrated, largely in
various models of bacterial infection (1). In response to both of
these subclasses of pathogens, MCs recognize and react with
a biphasic response: nearly instantaneously beginning to release
preformed mediators during the process of degranulation, fol-
lowed by a second wave of release of de novo–produced cyto-
kines. These immediate, innate responses of MCs to pathogens
can contribute to pathogen clearance (1). For example, bacteria
or their products have been shown to initiate MC-driven pro-
cesses, including promoting the trafficking of neutrophils into
sites of infection, enhancing bacterial clearance, and promoting
the movement of nonresident dendritic cells into infected skin
(1–3). In contrast to their well-defined contributions to surveil-
lance for bacteria and parasites, MC responses to viruses have
hardly been examined (1).
Whether and how MCs recognize viral pathogens is a key

question; furthermore, the functional consequences of MC ac-
tivation in response to viruses are largely unknown. The limited
reports that have examined direct stimulation of MCs by viruses
have done so mostly in vitro (1). In one, it was shown that MCs
release histamine in response to Sendai virus (4), which could
implicate the process of degranulation because histamine is pre-
stored within granules (5). Since this observation, MC responses
to viral products have mostly been studied with respect to cyto-
kine responses. For example, the gp120 envelope protein of HIV
promotes MC cytokine production (6). Despite this, HIV has also
been shown to infect MCs, which can be a reservoir for persistent

virus (7), illustrating the importance of investigating whether the
role of MCs during viral infections is actually protective. Along
these lines, very little in vivo data exist regarding the role of MCs
in viral infections. A report examining a peritonitis model of
Newcastle virus demonstrated that MCs can promote the re-
cruitment of CD8+ T cells (8). These studies suggest that MCs
may be involved in innate recognition of virus and highlight the
need to further define the contribution of MCs to immune de-
fense against viral pathogens.
One virus that appears to have some capacity to stimulate

MCs is dengue virus (DENV) (9), a single-stranded RNA virus
from the genus Flavivirus (10). As an arbovirus and human
pathogen, DENV particles are injected into the skin by mos-
quitoes, after which they infect surrounding cells, including
dendritic cells (11). During the progression of infection, DENV
travels to draining lymph nodes (DLNs) and can subsequently
establish viremia in the host (12). Cells that can kill DENV-
infected cells, such as natural killer (NK) cells and T cells, have
been implicated in DENV clearance in vivo (13–15), yet the cell
types involved in initial surveillance for DENV are less defined.
MCs are prevalent in the skin and, therefore, are likely to be
among the first immune cells to encounter s.c.-injected DENV.
DENV has been shown to promote cytokine production by hu-
man MC lines (9), but whether MCs are also able to degranulate
in response to DENV has been unclear, as has whether they can
contribute to a consequential functional antiviral response in vivo.

Results
Degranulation of MCs in Response to DENV. We first examined the
ability of DENV to induce degranulation in the MC-like line rat
basophilic leukemia-2H3 cells (RBLs). RBLs were treated with
DENV, and an assay for degranulation—measurement of the
release of the product, β-hexosaminidase—was used to quantify
granule exocytosis. Because DENV can be divided into four
serotypes that infect humans globally (16), we examined the
ability of a representative from each antigenic group to promote
degranulation, and we observed that all serotypes induced sig-
nificant degranulation after 1 h (Fig. 1A). Although earlier time
points showed modest increases in degranulation, we did not
observe statistically significant degranulation before 1 h with these
conditions, in contrast to the responses of RBLs to pharmacologic
stimuli such as ionomycin, which directly promote calcium flux
and result in significant degranulation within 15 min in this assay.

Author contributions: A.L.S., A.P.S.R., M.-L.N., and S.N.A. designed research; A.L.S., A.P.S.R.,
and H.Y. performed research; M.-L.N., D.D.M., and S.G.V. contributed new reagents/
analytic tools; A.L.S., A.P.S.R., and S.N.A. analyzed data; A.L.S., A.P.S.R., M.-L.N., D.D.M.,
S.G.V., and S.N.A. contributed to discussions; and A.L.S. and S.N.A. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. E-mail: ashley.st.john@duke-nus.edu.sg.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1105079108/-/DCSupplemental.

9190–9195 | PNAS | May 31, 2011 | vol. 108 | no. 22 www.pnas.org/cgi/doi/10.1073/pnas.1105079108

mailto:ashley.st.john@duke-nus.edu.sg
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105079108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105079108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1105079108


Interestingly, the extent of degranulation did not differ at 1 h
between RBLs exposed to live virus and to virus that had been
inactivated with UV light (Fig. 1B), suggesting that DENV par-
ticles do not need to be infectious to prompt MC degranulation.
Because direct degranulation of MCs in response to DENV

has not been previously reported, we undertook microscopy
studies to visualize the responses of MCs to DENV. By scanning
electron microscopy (SEM), we observed extracellular granules
as early as 30 min after exposure (although shown in Fig. 1C at
3 h after exposure) to DENV2. In these images, most extracel-
lular granules were washed away in the process of preparing
the cells for SEM; yet, several granules appear on the cell sur-
faces, entering the extracellular environment (Fig. 1D). Mor-
phological changes also occurred in DENV2-activated RBLs,
continuing beyond 12 h in culture (Fig. 1D). These DENV2-
activated RBLs displayed morphology consistent with the ex-
tension of filopodia or with membrane ruffling (Fig. 1D), as has
been observed in reports of MC activation by degranulating
stimuli, such as IgE (17). Imaging of these cells by light mi-
croscopy supported the presence of extracellular granules
around RBLs after DENV2 exposure (Fig. S1). These results
indicate that that the RBLs are capable of degranulating as a
result of direct stimulation by DENV.
We next sought to determine whether MCs could detect

DENV and degranulate in vivo. Because mosquitoes usually
inject DENV s.c. (16), we chose this route of injection to ex-
amine MC responses to DENV. Footpads from mice that had
been injected with 2 × 105 pfu of DENV2 were harvested at 3 h
postinoculation and sectioned, followed by staining with the
MC-specific stain, toluidine blue. Although control-injected tis-
sue showed little degranulation, with the vast majority of MCs
staining densely for granules, DENV2-injected footpad tissue
contained regions of MC degranulation where many extracellu-
lar granules could be visualized in the tissue (Fig. 1E). To quan-
tify DENV-induced MC degranulation in vivo, we also intra-
cellularly stained single-cell suspensions from footpads with
avidin–FITC (which binds granules with high specificity) and
observed a drastic decrease in staining for granules within cells
that express the MC marker ckit after DENV infection (Fig. S2).
Cumulatively, these results indicate that rodent MCs recog-

nize DENV and degranulate in response to its presence (Fig. 1);
however, because DENV is considered to be a human pathogen,
we were curious whether primate MCs would have similar re-
sponses. Therefore, we assessed the ability of DENV to induce
degranulation of MCs in monkey skin and in a human MC-like
cell line (Fig. 2). To begin, we injected DENV2 into monkey skin
explants, which were maintained in cell culture conditions. At 1 h
after injection of 5 × 106 pfu of DENV2 into multiple locations
of ∼1.5-cm2 skin explants, the skin was stained for MCs in whole
mount. We observed that MCs remain largely intact in control-

injected monkey skin explants (Fig. 2A Left), whereas extensive
degranulation can be seen in tissues injected with DENV2 (Fig.
2A Right and Fig. S3).
The human tumor-derived MC line LAD2, when exposed to

DENV2, also showed a degranulation response, as measured by
β-hexosaminidase release after 1 h of stimulation (Fig. 2B).
Additionally, we observed that LAD2 cells displayed morpho-
logical changes in response to DENV2 (Fig. 2C). These changes
were consistent with the extension of filopodia by DENV2-acti-
vated RBLs that we previously had observed by SEM (Fig. 1 C
and D). These data indicate that primate MCs are capable of
detecting DENV and degranulating in response to its presence.

MC’s Anti-DENV Transcriptional Program. To further investigate the
interaction between MCs and DENV, we investigated whether
MCs could become infected by DENV, and, in parallel, we ex-
amined the expression of several host factors associated with MC
activation or antiviral immunity. The intracellular production of
dsRNA is a key intermediate step in the replication of DENV
(10). Also important to replication are several viral proteins,
such as nonstructural protein 3 (NS3) (18). To determine
whether DENV could infect RBLs, we stained cells for NS3 at 24
h after exposure to DENV to reveal evidence of viral replication.
Although virus could be observed in contact with many MCs (as
determined by staining for the DENV envelope–specific anti-
body 4G2), only some of the cells in culture stained positive for
NS3 (Fig. 3A). These observations, combined with a plaque-
forming assay (Fig. S4A), support the ability of MCs to sustain
some degree of DENV replication. The recognition of dsRNA
within virally infected cells has been shown to be an important
aspect of viral containment within infected hosts (19). Therefore,
we also examined the expression of genes involved in dsRNA
recognition within DENV-activated MCs. Melanoma differenti-
ation-associated gene 5 (MDA5) is a virus sensor, expressed
ubiquitously in the cytoplasm, that has been shown to be induced
by intracellular dsRNA (20). Binding of MDA5 to dsRNA pro-
motes the activation of a cascade of genes known to be re-
sponsible for antiviral responses. One such gene is virus-induced
signaling adapter (VISA), which also functions downstream of
retinoic acid inducible gene 1 (RIG-I), another intracellular
dsRNA sensor, activating IFN-β signaling in a manner either de-
pendent on or independent of Toll-like receptor 3 (TLR3) (19–
22). These two genes, VISA andMDA5, have been reported to be
induced by the presence of intracellular dsRNA (20), and we also
observed that DENV2-treated RBLs increase their expression of
MDA5 and VISA (Fig. 3B). Activation of these two pathways has
previously been reported to occur in mouse fibroblasts in response
to DENV, although, in their model, each pathway was individually
shown to be dispensable for DENV activation of IFN-response
genes (23). Despite our findings that MDA5 and VISA are in-

Fig. 1. MCs degranulate in response to
DENV. (A) DENV1–4 induced de-
granulation of RBLs. (B) Comparable RBL
degranulation to live and UV-killed
DENV2. Percentage degranulation in A
and B was compared with spontaneous
release from unstimulatedMCs. *P < 0.05.
(C andD) SEMof RBLs. (C) A single granule
emerging fromtheruffledsurfaceofaRBL
after DENV2 treatment. (D) Cell surfaces
are visualized without (Upper) and with
(Lower) exposure to DENV. Some extra-
cellular granules are false-colored red. (E)
Images of mouse footpad sections of con-
trol (Left) and DENV2-injected (2× 105 pfu
of DENV were injected s.c.; Right) foot-
pads. MCs in Left are fully granulated and
stainmetachromatically (purple), whereas
MCs in Right are partially degranulated
with free purple granules visible in the
surrounding tissue. (Magnification: 20×.)

St. John et al. PNAS | May 31, 2011 | vol. 108 | no. 22 | 9191

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105079108/-/DCSupplemental/pnas.201105079SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105079108/-/DCSupplemental/pnas.201105079SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105079108/-/DCSupplemental/pnas.201105079SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105079108/-/DCSupplemental/pnas.201105079SI.pdf?targetid=nameddest=SF4


duced in RBLs, we observed little increase in viral RNA copies (as
measured by DENV gene NS1) (Fig. 3B). We also verified that
RIG-I is directly activated by DENV in RBLs because we ob-
served ubiquitination of RIG-I (Fig. S4B), which has been recently
reported to be a key step in dsRNA-initiated RIG-I signaling (24).
Together, these data support previous observations that MCs are
remarkably resistant to direct infection by DENV (25) but also
suggest that detection of intracellular dsRNA does occur and
promotes innate “antiviral” responses.
We next investigated MC responses to DENV by identifying

MC-derived factors, including cytokines, that are modulated by
the presence of DENV and that might function within a site of
infection. MCs can produce a wide range of cytokines after ac-
tivation in response to varied stimuli, including pathogens or
pathogen-associated products (1). TNF is a well-characterized
product that MCs both prestore and produce de novo (26) and
which is involved in varied innate as well as adaptive immune
functions in the host, from promoting vascular changes to
prompting swelling in DLNs (2, 27). We observed that, within 1 h,
TNF expression is significantly up-regulated by RBLs with
stimulation by DENV2 and continues to increase remarkably
over a 24-h period, as does another potent proinflammatory
cytokine, IL-6 (Fig. 3C). Additionally, enhanced expression of
IFN-α occurred in DENV2-activated RBLs (Fig. 3C). Previously,
in the context of TLR activation, IFN-α production by human
MCs was suggested to be specific to viral stimuli, for example,
being produced in response to TLR3 ligands (dsRNA) but not by
TLR4, TLR2, or TLR5 stimulation (which respond to bacterial
lipopolysaccharide, peptidoglycan, or flagellin, respectively) (28).
With exposure to DENV2, RBLs also increased their production

of IFN-α by 1 h and maintained this increased production over
the course of 24 h (Fig. 3C). Because genes stimulated by type I
interferons can have broad influence on both innate and adaptive
immune responses (29), activation of IFN-response genes in
MCs is likely to promote viral containment in the host.
Another response that appears to be activated in MCs in the

presence of DENV is chemokine production. Production of the
chemokines CCL2, CCL3, and CCL5 has previously been
reported to occur in human MC lines exposed to DENV (9), and
another model of MC stimulation by Newcastle virus or TLR3
ligands also promoted CXCL10 and CCL5 production (9). In the
latter study, MCs were shown to be able to promote the recruit-
ment of CD8+ T cells into the peritoneal cavity of mice (9).
Therefore, we designed experiments to identify chemokines pro-
duced by DENV-activated RBLs. In addition to up-regulation
of CCL5, RBLs enhanced their production of the chemokines
CXCL12 and CX3CL1 (Fig. 3D). Interestingly, each of these
chemokines has been shown to promote the recruitment of various
subsets of T cells and NK cells (30, 31), cell types that are partic-
ularly important in the context of viral immunity for recognizing
intracellular pathogens, including DENV (32, 33). These findings
raise the possibility that MCs are consequential for immune sur-
veillance against DENV through the recruitment of cytotoxic cells.
Therefore, we questioned whether any of the cellular sensors

for viral RNA contribute to the observed transcriptional response.
For this experiment, RBLs were treated with control siRNA or
siRNA against RIG-I, MDA5, or TLR3 followed by treatment
with DENV. With knockdown (KD) of RIG-I and MDA5, both
IFN-α and CXCL10 expression were greatly reduced in response
to DENV, whereas, in contrast, TLR3 KD did not reduce levels
of these cytokines in response to DENV and even allowed en-
hanced levels (Fig. 3E). For TNF, all three viral sensors con-
tributed to the magnitude of expression in response to DENV
(Fig. 3E). In contrast, none of these KDs appeared to influence
the ability of DENV-activated RBLs to degranulate. Interestingly,
RIG-I KD or MDA5 KD, resulted in enhanced viral burden
within MCs, whereas TLR3 KD did not achieve statistically sig-
nificant increases under these conditions (Fig. 3E). These results
demonstrate differential regulation of the host inflammatory re-
sponse genes by MCs depending on the activation of viral pattern-
recognition machinery and show that these transcriptional
responses also appear to be uncoupled from MC degranulation.

MCs Promote a Functional Innate Response to DENV. Based on the
observation that DENV activates MCs, we undertook studies to
assess whether MCs contribute to DENV clearance in vivo.
Here, we used MC-deficient (Sash) mice and Sash mice that had
been reconstituted with MCs (Sash-R), and we compared these
groups to WT mice with respect to DENV burden in tissues.
Because DENV is a lymphotropic virus, known to progress from
the initial stage of cutaneous infection to infection of the DLNs
(12), we measured DENV NS1 in the popliteal DLN at 24 h after
injection of 2 × 105 pfu of DENV2 in the rear footpads. In our
study, Sash mice had significantly higher DENV copies than WT
mice did in their DLNs, yet Sash-R mice experienced similar
viral burdens as WT mice did (Fig. 4A). These results were
supported visually by staining of infected DLNs for signs of
DENV replication (dsRNA and DENV NS3 protein) (Fig. 4B).
These data reveal a striking increase in the extent of viral rep-
lication within the DLNs of MC-deficient compared with MC-
sufficient mice, specifically implicating MCs in inhibiting viral
spread from the footpad to the DLN.
Because MCs are involved in many aspects of innate immune

responses, there are multiple potential mechanisms for their
contribution to host defense during the initial hours of DENV
infection. However, based on the catalytic function that MCs
have on the recruitment of innate immune cells, including neu-
trophils and dendritic cells, during bacterial infections (1) as well
as our observations that several chemokines involved in NK and
T-cell recruitment were up-regulated in RBLs (Fig. 3D), we
hypothesized that various subsets of NK and/or T cells might be
recruited to sites of infection in an MC-dependent manner. NK
cells are rare lymphocytes, most of which have cytotoxic activity.

Fig. 2. Primate MCs degranulate in response to DENV. (A) Images of whole-
mounted monkey skin after ex vivo control (Left) or DENV2 injection (5 × 106

pfu; Right). After 1 h, explants were fixed and stained with the MC granule-
specific probe, avidin–TRITC. Lower images reveal details of the boxed areas
in the Upper images. Control tissue contains MCs staining densely for gran-
ules, whereas DENV-treated tissue contains free granules and cells that ap-
pear to be hypogranulated. (Magnification: 20×.) (B) Graph quantifies
degranulation by human MCs (LAD2). Degranulation is significantly increased
in DENV-treated, compared with control, cells. *P = 0.02. (C) Images of LAD2
cells without (Left) and with (Right) exposure to DENV2. Control cells contain
several darkly staining granules. After DENV exposure, intracellular granules
are not apparent and morphological changes consistent with granule release,
e.g., membrane ruffling, are seen. (Magnification: 60×.)
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In various models, they have been shown to infiltrate into
inflamed peripheral tissues where only a few are needed to
search for infected or stressed host cells (31). NK cell markers
are also expressed by an assortment of T cells (NKT cells), some
of which express T-cell receptors specific for the nonclassical
MHC class 1 molecule (CD1d) and have been shown to recog-
nize antigens such as glycosylated lipids of microbial origin (34).
To determine whether MCs promote NK or NKT cell re-
cruitment to sites of viral infection, we examined DENV2-
infected footpads to determine whether any of these cells had
entered into the tissue. As determined by flow cytometry, NK
cells (NK1.1+, CD3−) as well as presumed NKT cells (NK1.1+,
CD3+) both increased in numbers in an MC-dependent fashion
within DENV-infected tissue by 24 h (Fig. 5 A and B and Fig. S6
A and B). Interestingly, although both of these groups of cells
were augmented in infected tissues or the associated vasculature
by 24 h, the percentage of NK1.1+ cells that also expressed CD3
was enriched compared with NK1.1+CD3− cells after DENV
infection, relative to the proportions of these two subsets in sa-
line-injected controls (Fig. S6 C and D). Although we observed
a significant enhancement of NK1.1+ cells in infected footpads,

our flow cytometry data do not distinguish between the cells that
are in the tissue versus the cells that are within the local vascu-
lature. For this reason, we also examined tissue sections to de-
termine whether NK1.1+ cells could be located visually in the
tissue. In mice that had been infected with DENV2 for 24 h,
NK1.1+ cells were present in locations of MC activation, where
extracellular granules could be seen (Fig. 5D and Fig. S7). We
even observed NK1.1+ cells directly interacting with MCs (Fig.
S8). Interestingly, a subset of NK1.1+CD8+ cells has been shown
to infiltrate influenza-infected lungs (35), and we also observed
that many of the NK1.1+ cells within the DENV-infected foot-
pads expressed CD8 (Fig. 5C). To verify that NK1.1+ cells had
entered the skin and exited the vasculature, we stained tissues for
blood vessels and observed that NK1.1+ cells were localized
proximal to but independent from the blood vessels during
DENV infection (Fig. 5D). When DENV-infected tissues from
Sash mice were examined, neither MCs nor NK1.1+ cells were
found in infected footpads (Fig. 5D). Similarly, uninfected tis-
sues did not reveal MC activation, and NK1.1+ cells could not be
found within the tissues (Fig. 5D). As expected, MC activation in
Sash-R mice also recapitulated this NK1.1+ cell recruitment into

Fig. 3. MC induction of viral immunity genes after exposure to DENV. (A) RBLs stained with DAPI and for dengue envelope (4G2) and NS3 at 24 h after DENV
infection [multiplicity of infection (MOI) = 5]. Control image depicts stained, uninfected cells. (Magnification: 20×.) (B) Enhanced expression of MDA5 and
VISA over 24 h coincides with a twofold increase of DENV NS1. ND, not detected. (C and D) DENV enhances expression of cytokines IL-6, TNF, and IFN-α (C) and
chemokines CXCL12, CCL5, and CX3CL1 (D). For B–D, expression for host genes was normalized to levels in control RBLs at 1 h. For NS1, values were nor-
malized to the first detected levels, at 6 h. All values were determined by real-time PCR in RBLs with and without DENV treatment (MOI = 1). (E) IFN-α, TNF,
and CXCL10 expression by RBLs (Left) or NS1 levels (Right) at 24 h after DENV treatment in cells with control siRNA or siRNA against RIG-I, MDA5, or TLR3. For
B–D, * signifies a significant increase and ** indicates a significant decrease compared with control (P < 0.05).
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infected tissues. To verify that NK and NKT cells are conse-
quential to anti-DENV immunity in our model, we depleted
these cells by injection of an antibody against NK1.1. This study
supported the involvement of NK1.1+ cells in early DENV
containment by the host because depletion of these cells also
allowed augmented titers of DENV within DLNs at 24 h (Fig.
S9). Cumulatively, these results demonstrate that recruitment of
NK cells and T cells bearing NK cell markers is likely to be one
mechanism of MC-mediated containment of DENV infection.

Discussion
Decades of research have solidified the role of the MC in im-
mune surveillance and innate immunity against pathogens (1).
This role has been particularly well defined in the cases of MC
protection against parasitic and bacterial challenges but only
suggested for viral pathogens. We sought to address how MCs
respond to a primary DENV infection and whether they con-
tribute to host defense for this viral pathogen. Several lines of
evidence suggest that MCs recognize viral products, mostly in the
context of in vitro culture systems (1), with DENV being one
virus reported to promote cytokine production (but not, pre-
viously, to induce degranulation of MCs cultured and matured

from cord blood progenitors) (9). In the case of viral respiratory
infections, it has also been shown that MCs increase in numbers
after infection (36, 37). However, whether MCs can promote
the clearance of a viral pathogen has not been investigated.
Here, we provide evidence that MCs contribute to immuno-
surveillance for DENV, just after s.c. injection into the skin, by
undergoing degranulation to release preformed mediators. This
release appears to be in response to viral structural proteins
because UV-inactivated virus also prompts degranulation. In
vivo degranulation has not previously been observed in response
to viral stimulation. Our results show a functional role for MCs
in limiting the spread of DENV through DLNs, the normal route
of infection progression (12). We also observed that MCs can
become infected by DENV, yet they appear relatively resistant to
infection, as has been suggested by others (25). Still, the possi-
bility that MC interaction with virus could also potentially be
detrimental for the host (7) emphasizes the need to individually
investigate the responses of MCs to unique viral challenges.
Beyond degranulation, MCs respond to DENV by shifting

their transcriptional program and up-regulating cytokines and
chemokines, including CCL5 and CX3CL1, as well as genes for
the detection of cytoplasmic dsRNA. Our data suggest that, in

Fig. 4. Impaired clearance of DENV with MC deficiency. (A) Viral burden in the DLNs of WT, Sash, and Sash-R mice as determined by real-time PCR for DENV
NS1, assessed at 24 h after footpad injection of 2 × 105 pfu of DENV2. * signifies a significant increase compared with WT (P = 0.0002; n = 6–8 for each group).
(B) Viral replication detected in DLN sections from WT, Sash, and Sash-R mice by staining for NS3 (red) and dsRNA (green). For isotype and uninfected control
images and channel-series staining, see Fig. S5.

Fig. 5. MC-dependent recruitment of NK and NKT cells to site of DENV injection. Relative numbers of NK1.1+ CD3− (A) and NK1.1+CD3+ (B) cells after in-
fection are increased over saline control tissues in WT and Sash-R mice but decreased in Sash mice, resulting in a significantly reduced fold increase for Sash
mice compared with MC-sufficient mice (*P < 0.01; n = 4–6). (C) Microscopy of a footpad section 24 h after injection of 2 × 105 pfu of DENV2 shows that MCs
(green) are activated in the vicinity of a recruited NK1.1+ (red) and CD8+ (blue) cell, based on the presence of proximal extracellular granules (boxed in green
in C). A larger magnification of the surrounding tissue is included as Fig. S7. (D) Staining for CD31 (blood vessels; red), MC granules (green), and NK1.1+ cells
(blue) demonstrates that NK1.1+ cells are found within the tissue in areas of MC activation in MC-sufficient mice at 24 h after injection of 1 × 105 pfu of DENV2
but not in uninfected (WT control) or DENV-infected Sash mice. (Magnification in C and D: 20× by confocal microscopy.)
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the case of CXCL10, chemokine up-regulation at least partially
depends on DENV detection by the cytosolic sensors RIG-I and
MDA5 rather than by TLR3. These chemokines are well char-
acterized to recruit immune effector cells, including cytotoxic
lymphocytes, to sites of peripheral inflammation (30, 31). In our
DENV model, we see MC-dependent infiltration of NK1.1+
cells, subsets of which also expressed T-cell markers. Although
NKT cells have long been associated with antiviral immunity and
were reported to increase in the blood of DENV-infected human
patients (15), their role in DENV infection has not been ade-
quately explored. For example, a large percentage of virus-
specific CD8+ and CD4+ T cells in a lymphocytic choriomeningitis
virus model had an NKT phenotype (38), and NKT cells have
been shown to be protective in models of herpes, respiratory
syncytial, and hepatitis B viruses (39–41). NK cells are critical
innate effector lymphocytes, also important for the early con-
tainment of several viral infections, including herpes simplex 1
and others (31, 42). They represent a small fraction of lympho-
cytes in the peripheral blood but exhibit potent antiviral activity
and have also been implicated in DENV infection (14, 31).
Remarkably, we saw MC-dependent infiltrations of NK1.1+ cells
in DENV-infected footpads, suggesting that recruitment of NK
and NKT cells by MCs may be one mechanism by which MCs
control infection within tissues and limit viral spread to DLNs.
Previously, MC recruitment of NK cells has been suggested, based
on their capacity to promote the chemotaxis of these cells in vitro
(43), yet the evidence presented herein supports the idea that NK
cells may reach sites of viral challenge in vivo in an MC-promoted
fashion. Future questions remain regarding any direct effects MCs
may have on these cells, for example, through their potential to act

as antigen-presenting cells, in light of our observations that
NK1.1+ cells can closely associate with MCs during infection.
Our data suggest a model in which mosquito injection of

DENV in the skin is quickly met with an MC sentinel response.
MCs not only resist DENV infection themselves but also appear
to enhance the recruitment of NK and NKT cells to facilitate
viral clearance. We previously reported TNF as mediating drastic
changes to the host vasculature during bacterial infection, in-
cluding promoting the expression of E-selectin on the vascular
endothelium to facilitate leukocyte rolling in the vicinity of in-
fection (2). Therefore, we expect that the MC-dependent cellular
recruitment response that we observed during DENV infection is
likely to involve chemotaxis of cells directed by MC-derived
chemokines as well as the affects of other prestored and de
novo–produced MC-derived factors, such as TNF. Here, we see
that MCs not only act as a first line of defense against parasitic
and bacterial challenges but also can serve this role for certain
viral challenges, through the specific induction of intra- and
extracellular programs tailored for antiviral defense.

Methods
Animal studies were performed using C57BL/6 mice and cynomolgus mac-
aques. In vitro degranulation was assessed by β-hexosaminidase assay. De-
tailed methods are provided in SI Methods.
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