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Among the potential outcomes of an aberrantly function-
ing immune system are allergic disease and autoimmu-
nity. Although it has been assumed that the underlying
mechanisms mediating these conditions are completely
different, recent evidence shows that mast cells provide a
common link. Mast cells reside in most tissues, are partic-
ularly prevalent at sites of Ag entry, and act as sentinel
cells of the immune system. They express many inflamma-
tory mediators that affect both innate and adaptive cellu-
lar function. They contribute to pathologic allergic in-
flammation but also serve an important protective role in
bacterial and parasite infections. Given the proinflamma-
tory nature of autoimmune responses, it is not surprising
that studies using murine models of autoimmunity clearly
implicate mast cells in the initiation and/or progression of
autoimmune disease. In this review, we discuss the defined
and hypothesized mechanisms of mast cell influence on
autoimmune diseases, including their surprising and
newly discovered role as anti-inflammatory cells. The
Journal of Immunology, 2007, 179: 2673–2679.

M ast cells usually get their obligatory 15 min of fame
in basic immunology classes during the description
of immediate-type hypersensitivity responses. As

the story goes, these cells come into play only after T cells re-
spond to allergen, generating a Th2-type adaptive immune re-
sponse and producing IL-4. IL-4 in turn acts on B cells to elicit
IgE isotype switching (1). Allergen-specific IgE Abs bind to the
high affinity IgE receptor (Fc�RI), poising the mast cell for ac-
tivation and degranulation upon subsequent exposure to Ag.
However, the understanding of the profound effects of these
cells on a variety of allergy-independent responses has under-
gone a revolution that has not yet made it to the textbooks.

Mast cells (named Mastzellen by Paul Ehrlich in the late
1800s because of their appearance as “fattened well-fed cells”)
(2) have been ignored as major players in conventional, nonal-
lergic immune responses until recently for a number of reasons.
First, despite their widespread distribution in many tissues, par-
ticularly at the interface of the host and its environment, their

numbers are relatively limited and their detection in vivo most
often relies on histological staining. Second, it was not evident
until fairly recently that alternative activation pathways in ad-
dition to those elicited by Fc�RI cross-linking were available to
mast cells. We now know that these cells can be stimulated by
complement components, neuropeptides, and stress hormones
and by both viral and bacterial pathogens through TLRs, result-
ing in the increased expression of cell surface molecules that can
modulate T cell and dendritic cell (DC)2 function (reviewed in
Ref. 3). Mast cells are characterized by the presence of numer-
ous cytoplasmic granules containing a plethora of preformed
proinflammatory mediators that are released immediately upon
activation. Although histamine is perhaps the most famous, this
group of first line responders includes leukotrienes (e.g.,
LTB4), prostaglandins (e.g., PGE2 and PGD2), proteases (e.g.,
tryptase), and some cytokines (e.g., TNF-� and IL-4). These
factors can also be induced de novo along with many other cy-
tokines and chemokines (4). The pattern of mediator and cell
surface molecule expression is both agonist- and strain-specific
in mice, suggesting that mast cells have adapted to respond dif-
ferentially to distinct immunological insults (4–7).

Most in vitro studies of mast cell function rely on bone mar-
row-derived mast cells generated by culture with IL-3 and stem
cell factor. These cells exhibit some (but not all) characteristics
of terminally differentiated tissue mast cells, including high ex-
pression of Fc�RI and c-kit, the stem cell factor receptor, and
the production of many mediators. The peritoneum also pro-
vides adequate numbers of mature mast cells to study ex vivo in
normal animals. Mice with defects in c-kit expression, includ-
ing WBB6ckitW/Wv or C57BL/6ckitWsh/Wsh, are mast cell-
deficient and have been useful in defining an in vivo role for
mast cells in many infection and autoimmune settings (8, 9).

Autoimmunity: a failure to “tolerate” self

To be effective in protecting an organism from harmful patho-
gens, the immune system must do the following: 1) distinguish
between “self” (one’s own molecules) and “non-self” (patho-
gens); and 2) determine what constitutes a danger to an organ-
ism. When the system is unable to make these distinctions, self-
reactive T and B cells can be activated and, with help from
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innate immune cells, orchestrate an inflammatory response di-
rected to self-tissues. The checkpoints in the progression to au-
toimmune disease are dependent on the presence of a proin-
flammatory microenvironment. It is our contention that the
mast cell plays multiple roles in this progression.

Mast cell associations with autoimmune disease

Although this review will focus mainly on the role of mast cells
in experimental allergic/autoimmune encephalomyelitis
(EAE), the murine model of multiple sclerosis, mast cells have
been directly implicated in models of several other autoimmune
diseases. Mast cell-deficient mice do not get disease in models of
rheumatoid arthritis (RA) (10) or bullous pemphigoid (11), in-
dicating an essential role in these Ab-mediated, organ-specific
autoimmune diseases. However, in Ab-mediated systemic lu-
pus erythematosus (12) mast cell-deficient mice have normal or
enhanced disease progression, illustrating a possible role of mast
cells in protection against multiorgan autoimmunity.

The role of mast cells in insulin-dependent diabetes is simi-
larly complex. Mast cells are normal residents within the pan-
creatic ducts in close proximity to the pancreatic islets (13–17)
and are associated with inflammatory conditions of the pan-
creas, including chronic pancreatitis and pancreatic cancer.
However, mast cell production of TNF-� and TGF� appears
to regulate T cell tolerance to autoantigens in some models of
diabetes (18–20). Mast cells also express PD-L1 (B7-H1) (Ref.
4 and B. A. Sayed, G. D. Gregory, and M. A. Brown, unpub-
lished observations), an inhibitory molecule implicated in pro-
tection from disease (21).

Multiple sclerosis (MS)

MS is a “spontaneous” autoimmune disease whose etiology is
still unknown and is characterized by distinct episodes of mye-
lin destruction within the CNS (22). The rodent model of MS,
EAE, employs immunization with a myelin peptide in the con-
text of complete Freund’s adjuvant to generate disease. Al-
though EAE is not the same disease as MS, featuring different
locations of demyelination and a different makeup of cellular
infiltrate into pathological plaques (23), EAE has long been
considered a useful model for the understanding of MS pathol-
ogy and the identification of therapeutic targets (24–26). In
both diseases, blood-brain barrier permeability is a checkpoint
in disease development that allows the massive infiltrate of in-
flammatory cells, including T cells, into the CNS. Autoreactive
T cells are restimulated by myelin epitopes in the brain and spi-
nal cord and orchestrate a local inflammatory response that pro-
foundly damages CNS tissues and leads to functional neurolog-
ical deficits, often including paralysis. For many years both EAE
and MS were thought to be Th1-mediated diseases despite the
finding that mice experience increased disease when deficient in
IFN-�, a Th1-derived cytokine (25, 27). This apparent paradox
was explained by the discovery that CD4� IL-17-producing T
cells, termed Th17 cells, are the critical effector cells in EAE. In
the absence of strong inhibition from IFN-�, a pathologic
Th17 response can proceed relatively unchecked (28).

There is a large body of evidence suggestive of mast cell in-
volvement in EAE (for review see Ref. 29). Mast cells reside in
the CNS, proximal to nerves and blood vessels. In acute EAE, the
percentage of degranulated mast cells increases with the clinical on-
set of disease symptoms (30). A correlation between the numbers
of mast cells and disease susceptibility in various mouse strains also

exists. For example, the classic EAE-susceptible strain SJL/J has at
least 4-fold higher numbers of mast cells than the resistant C3H
mouse (31). Finally, mast cell-stabilizing drugs such as cromolyn
sodium can alter the severity of EAE (32).

The first in vivo proof of mast cell involvement in an auto-
immune disease came in 2000 with the report that mast cell-
deficient c-kitW/Wv (W/Wv) mice experience delayed onset of
disease and decreased disease severity in the EAE model (33).
Reconstitution of W/Wv animals with mast cells restores dis-
ease without restoring mast cells directly to the CNS, implying
a role for mast cells in the periphery (34). Subsequently, it was
observed that both CD4� and CD8� T cells are less activated
following EAE immunization in W/Wv mice than in wild-type
littermates, although W/Wv-derived T cells are fully functional
and cause equivalent disease when cultured ex vivo and adop-
tively transferred (35).

Evidence indicates that mast cells play a role in human disease
as well. Over 100 years ago, mast cells were observed in the CNS
lesions of patients with MS (36), a finding subsequently cor-
roborated by others (37, 38). Importantly, gene expression pro-
filing demonstrated that many transcripts associated with the
allergic response, including a number of mast cell-specific
genes, are highly expressed in MS brain lesions (39). Mast cell
activation in disease is also suggested by the high levels of
tryptase in the cerebrospinal fluid of MS patients (40).

How might mast cells become activated and aggravate the
disease course in EAE? During induction of EAE, mast cells can
be directly activated through TLRs by exposure to mycobacte-
rium contained in CFA, leading to expression of a variety of
cytokines but not degranulation (41). Myelin peptide can itself
activate mast cells, promoting release of the enzyme �-hex-
osaminidase and cytokines, including IL-4 and TNF-� (Ref. 42
and M. A. Sherman and M. A. Brown, unpublished data). In
addition, mast cells are likely to respond to the inflammatory
cytokines expressed by other immune cells that have encoun-
tered myelin peptide or mycobacterial Ags.

It has been hypothesized that human MS is elicited by an infec-
tion (43) that provides a danger signal analogous to that provided
by CFA, and this signal could activate mast cells directly. Once the
inflammatory processes damage the myelin sheath, released myelin
peptides might further activate mast cells. Activation of mast cells
by inflammatory cytokines produced by T cells and other cells can
also aggravate established disease.

Mast cell-stabilizers like cromolyn sodium have been shown
to decrease the severity of EAE ((32, 44, 45). In humans, the
tyrosine kinase inhibitor imatinib mesylate, which has effects
on mast cell viability, is currently being tested for the treatment
of autoimmune diseases like RA (46) and lupus nephritis (47).
The mast cell stabilizer hydroxyzine has been tested as an adju-
vant in clinical MS treatment (48).

The path to a fully activated effector Th cell and adaptive
immune responses

The pivotal cell in the mast cell-dependent autoimmune dis-
eases defined to date is the Th cell, a cell that directs the char-
acter and effector function of other innate and adaptive im-
mune cells including DCs, neutrophils, CD8� T cells, and Ab-
producing B cells. During the development of CD4� T cells in
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the thymus, most cells that respond strongly to local self-pep-
tides are deleted. T cells not eliminated in the thymus, includ-
ing some self-reactive cells, move to the periphery and recircu-
late through the secondary lymphoid organs where they first
encounter Ag. Recent evidence suggests that naive cells may also
traffic to nonlymphoid organs at a much lower frequency where
they could play a role in immunosurveillance and tolerance in-
duction (49). For a naive CD4� T cell to become fully activated
it must receive at least two signals (50). “Signal one” results
from cross-linking of the Ag receptor and “signal two,” a so-
called “costimulatory” signal, is delivered by the APC. The DC
plays a vital role in this scenario via its capacity to integrate
other environmental signals, leading to its maturation as de-
fined by the expression of costimulatory molecules, cytokines,
and chemokines, migration to the lymphoid organs, and the
ability to acquire, process, and present antigenic peptides on the
cell surface in the context of MHC class II molecules.

The cytokines and costimulatory molecules expressed by
DCs can also be modulated by the microenvironment and will
ultimately contribute to specific CD4� Th cell fate decisions
(27). DC-derived IL-12 elicits Th1 IFN-�-producing cells and
blocks the differentiation of IL-4-producing cells. DCs are also
sources of TGF�, IL-6, and IL-23, cytokines that can influence
the development or survival of either IL-17-producing Th17
cells or FoxP3� regulatory T cells (Tregs) (discussed below).

Mast cell interactions with T cells and DCs

So how do mast cells fit into this picture? As shown in Fig. 1,
both positive and negative effects could potentially result from
mast cell activation in the context of disease. Mast cells colocal-
ize with DCs in most tissues, particularly at sites of Ag entry,
and express many molecules that regulate DC function. Be-
cause of their constitutive expression of many cell surface mol-
ecules including CD28, PD-L1 and PD-L2, CD40L and
OX40, 41BB, GITR, and CD70 and their ability to immedi-
ately release preformed inflammatory mediators upon activa-
tion (4), mast cells are in a position to have strong modulatory
effects on DCs. Indeed, it has been demonstrated that a cocul-
ture of activated mast cells with DCs results in their maturation
as assessed by increased expression of CD80 and CD86 (51). In
vivo, the migration of Langerhans cells (skin-derived DCs) to
the lymph node in response to peptidoglycan is mast cell-
dependent (52). Similar results were observed using a contact
hypersensitivity model of inflammatory disease (53). Mediators
including histamine, PGD2, thymic stromal lymphopoietin
(TSLP), TNF-�, IL-4, and chemokines have been shown to
regulate maturation, migration, or cytokine production of DCs
(54–57). Histamine and PGD2 in particular inhibit IL-12 and
enhance IL-10 release from human DCs, altering the balance of
Th differentiation to one that is Th2 skewed (58–60).

Mast cells can also directly influence T cell differentiation
and function. The lymph nodes and spleen are normally
sparsely populated with mast cells, but mast cells can migrate to
these tissues under inflammatory conditions (34). Thus, they
are in close proximity to T cells and are poised to influence their
activation. T cell-mast cell coculture experiments demonstrate
that mast cells significantly enhance T cell proliferation and cy-
tokine production and that this effect is mediated in part by
mast cell-derived TNF-� (4, 61). DCs and macrophages are
most often considered the source of T cell-polarizing cytokines,
yet mast cells are prolific producers of TGF�, IL-6 and IL-1�,

and production of IL-2, IL-12, and IL-23 has also been detected
(for review, see Ref. 62). Yet, a direct role for mast cell-derived
cytokines in Th polarization in the lymph node is still largely
speculative. Mast cell costimulatory/inhibitory molecules such
as B7-1, B7-2, OX40, or PD-L1 may also be relevant in regu-
lating the ultimate T cell response.

One might imagine that mast cells could aggravate disease in
EAE by limiting the production of IFN-� by skewing naive T
cells to a Th2-like response and directly enhancing Th17 re-
sponses via the production of TGF�, IL-6, and IL-1. Studies in
mast cell-deficient mice show that the development of a strong
Th response in the periphery is mast cell dependent. Myelin
oligodendrocyte glycoprotein peptide (MOG35–55)-specific
Th1 responses are attenuated after EAE disease induction in
W/Wv mice when compared with wild-type littermates (35).
Studies are underway to characterize the balance of Th1, Th2,
and Th17 responses elicited during EAE in mast cell-deficient
mice.

FIGURE 1. Mast cells can exert both positive and negative influences on the
course of EAE/MS. Several variables can dictate the dominant influence mast
cells can exert on immune cell function and ultimate tissue damage in EAE/MS
(this is not meant to be a comprehensive list). Selective expression of mediators
or cell surface immunomodulatory molecules, site variability of expression, and
genetically determined heterogeneity in mast cell phenotypes all contribute to
the quality of mast cell response in a given individual. From top left and counter
clockwise: mast cell histamine, chemokines, and leukotrienes may enhance cel-
lular trafficking into the CNS and permeation of the blood-brain barrier. Mast
cell proteases can directly degrade tissue, causing direct damage, and may pro-
mote epitope spreading. The mast cell-specific protease tryptase has been shown
to act directly on neuronal PAR-2 receptors to cause nerve excitability. Activa-
tion of PAR-2 receptors on other cells induces the production of proinflamma-
tory mediators. The costimulatory molecule OX40L on mast cells could bind
OX40 on T cells and reduce the numbers of Tr1 regulatory cells. Mast cells
express cytokines that can directly promote Th1 (IL-12) and Th17 (IL-6 and
TGF-�) cell differentiation or indirectly act on DCs through IL-4 to enhance
IL12 production and promote Th1 development. In contrast, mast cells may
inhibit inflammation by enhancing Treg and Th3 cell development via the re-
lease of TGF-� (in the absence of IL-6) and skewing CD4� cells toward a Th2
(via IL-4 release). Cytokine released by Treg cells block the development of a
Th1 or Th17 response. Mast cell expression of PD-L1 may inhibit CD4� and
CD8� cell responses, and the release of NGF could lead to repair in inflamma-
tory CNS conditions like MS.
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Mast cell influence on T cell tolerance

Even in the face of a fully activated effector T cell population,
mechanisms are in place to prevent pathologic responses. As the
critical cells in allergy and autoimmunity, two disorders involv-
ing an inappropriate inflammatory response to harmless mole-
cules, it has been assumed that mast cells play a role in overrid-
ing these suppressive mechanisms and breaking tolerance.
However, as discussed previously, mast cells express molecules
implicated in tolerance such as IL-10, TGF�, and PD-L1. Re-
cent studies have even demonstrated a role for mast cells in cre-
ating and maintaining tolerance in a skin transplant model
(63). Can these two opposing roles for mast cells be reconciled?

Several distinct regulatory T cell populations play an impor-
tant role in the generation of peripheral tolerance and are func-
tionally defined by their ability to inhibit T cell proliferation
and IL-2 production. T regulatory type 1 (Tr1) cells are in-
duced from naive CD4� T cells in vivo and in vitro by priming
with Ag in the presence of IL-10 (64) or by culture with imma-
ture or tolerogenic DCs (65, 66). Th3 cells are induced in vivo
by priming in the presence of TGF-� and are associated with
the generation of oral tolerance (67). As both Tr1 and Th3 cells
produce IL-10 and TGF-� and mediate Ag-specific suppres-
sion of effector cells, it is not clear whether there is truly a dif-
ference between these two types of cells. There are some reports
that Th3 cells express the transcription factor FoxP3 (68)
whereas Tr1 cells are distinguished by the expression of the re-
pressor of GATA-3 (ROG), the mast cell growth factor IL-9,
and IFN-� (69). However, because these proteins are expressed
in other cell types, it is difficult to identify and distinguish Tr1
and Th3 regulatory cells in vivo.

Naturally occurring Tregs develop in the thymus and can
suppress the proliferation of T cells specific for self-peptide.
These CD4�CD25�FoxP3� cells are crucial for avoiding an
autoimmune response. Mutations in the gene for the transcrip-
tion factor FoxP3 produce fatal multiorgan autoimmunity,
both in mice (scurfy) (70) and humans (IPEX) (71). IL-2 (72)
and TGF-� (73) are necessary for in vivo and ex vivo expansion
of Tregs, which may then suppress the proliferation of effector
T cells through direct cell contact, the release of cytokines such
as TGF-� and IL-10, or the release of other factors like prosta-
glandin E2 (74–76). It is tempting to speculate that thymic mast
cells, through their production of TGF�, influence the develop-
ment of this population. Ag-specific CD4�CD25�FoxP3� Tregs
can also be induced in vivo from CD4�CD25� naive T cells by
continuous low doses of peptide (77) and have been found to arise
de novo during the EAE disease course (78).

The importance of CD4�CD25�FoxP3� Tregs in specific
autoimmune diseases has been demonstrated by their ability to
prevent and reverse disease in animal models of diabetes (79)
and MS (80). However, recent studies of the Treg compart-
ment in these models (78, 81, 82) and in human systemic lupus
erythematosus (83) suggest that the pathology of autoimmu-
nity is not due to a simple deficiency in Ag-specific Tregs. A
study of CNS-trafficking Tregs in an EAE model suggests that
Ag-specific effector cells may actually become resistant to Treg
suppression, leading to the inflammation associated with auto-
immunity (78). Mast cells, known to augment the severity of
disease in EAE, could potentially modify the activation of ef-
fector T cells, either directly or through DC Ag presentation,
and increase their resistance to Tregs in the CNS.

The relationship between mast cells and Tr1/Th3 cells is un-
known. The presence of the OX-40 ligand has been shown to
inhibit the generation of IL-10-producing Tr1 cells in vitro
(84). However, mast cells could also act to promote the gener-
ation of Tr1 and Th3 cells as producers of TGF-� and, to a
lesser extent, IL-10.

A recent study using a murine skin transplant model demon-
strated that the presence of mast cells increased allograft toler-
ance and increased numbers of Tregs in the skin, an effect that
was decreased in absence of the mast cell growth factor IL-9
(63). In addition, it has often been observed that W/Wv mice
develop a spontaneous dermatitis, possibly due to defective tol-
erance induction in mast cell-deficient skin (8). The idea that
mast cells could actually enhance tolerance is fascinating given
their long-standing role as mediators of allergy, which is essen-
tially a lack of tolerance to nonpathogenic substances.

There are several ways that mast cells could positively influ-
ence regulatory T cell activity. Mast cell PD-L1 can bind PD-1,
a molecule that is highly expressed on Tregs (as well as conven-
tional CD8� and CD4� cells) and is crucial for tolerance in the
NOD mouse model (85). Several mast cell-released factors have
been identified as promoters of immune suppression, including
TGF-� and IL-10. The cytokine IL-4 acts as a growth factor for
Th3 and Tr1 cells (86) and enhances Treg proliferation (while
decreasing Treg suppression) in vitro (87).

The opposing roles displayed by IL-4, which can promote
either Th1 or Th2 responses (6, 55, 88) or activate or inhibit
Treg responses, highlight the finding that both the timing and
the location of a stimulus critically influence the corresponding
T cell response. This is particularly important in a discussion of
mast cells, which possess an exquisite sensitivity to environmen-
tal cues and an ability to produce a wide breadth of factors. It is
thus possible that mast cells could contribute, in different cir-
cumstances, to both the generation of tolerance and the break-
ing of tolerance in autoimmunity (Fig. 1).

Homing of inflammatory cells to the CNS and other target tissues

Mast cells play a crucial role in the trafficking of T cells to in-
flamed organs, possibly generating or perpetuating an autoim-
mune reaction. The inability to fully activate T cells in W/Wv

mice correlates with both decreased cytokine production and
decreased expression of homing molecules like CD44 and
CD11a (6, 35). Correspondingly, there is a remarkable differ-
ence in the trafficking of immune cells to the inflamed CNS in
wild-type and W/Wv mice, including Th1 CD4� cells, CD8�

cells, and macrophages.
Mast cells also increase the migration of other cells, including

myeloid DCs, through the release of factors like leukotriene B4

(LTB4) and TNF-� (54, 89, 90). Thus, mast cells could attract
pathologic cells to the CNS and then influence the penetration
of these cells into the immunologically privileged area (91).
Mast cells are clearly important in regulating blood vessel per-
meability in allergic reactions and they have been shown to pro-
vide the critical chemokines required for entry into the brain
and spinal cord, including MCP-1 for macrophages and
MIP-1� (CCL3), IP-10 (CXCL10) (92), and LTB4 for T cell
recruitment (93). As we learn more about requirements for im-
mune cell trafficking, it will be important to carefully examine
the contribution of mast cells to these events.
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Mast cells in the CNS and other target tissues

The lack of CNS mast cells in reconstituted mice does not pre-
clude a role for these cells in vivo. Hypothetically, mast cell pro-
teases expressed in the CNS could cause direct local tissue de-
struction, and their presence in areas prone to autoimmune
damage, including joints, the CNS and the pancreas, is consis-
tent with this idea (94). Perhaps more importantly, tissue de-
struction by proteases may release Ags that can contribute to the
epitope spreading that is characteristic of some forms of EAE
and in the NOD murine model of diabetes. Thus, mast cells
may amplify the immune response by allowing the priming of T
cells to new epitopes.

The finding that sensory innervation of tissue is altered in
human autoimmunity, particularly in the mast cell-dependent
disease of RA (95), leads to the hypothesis that mast cells could
influence disease by mediating neuronal changes. A mast cell-
specific protease, tryptase, is a ligand for protease-activated re-
ceptor-2 (PAR-2) expressed on spinal afferent nerve fibers and
dorsal root ganglion neurons as well as some immune cells (96).
Tryptase can cleave this receptor, exposing a tethered ligand
that activates the cell and leads to neurogenic inflammation via
the release of proinflammatory neuropeptides such as substance
P and calcitonin gene-related peptide (CGRP). Prostaglandins
also directly induce release of these neuropeptides and sensitize
local sensory neurons (97).

Mast cells also express nerve growth factor (NGF), a molecule
that can act on neurons and myelin-producing oligodendro-
cytes and promote myelin repair. This was shown to protect
against full EAE development in marmosets (98). Together
with the anti-inflammatory effects of TGF-� and IL-10, it is
conceivable that under some conditions mast cells could play a
direct protective role within the CNS. However, the release of
NGF in peripheral tissues could actually promote inflamma-
tion by inducing the neuronal production of substance P (99,
100).

Other sites of mast cell action on autoimmunity

One unexplored aspect of mast cells is their role in the stress
response, a factor that exacerbates many disease states including
autoimmune diseases. Corticotropin-releasing hormone
(CRH), produced by the paraventricular nucleus of the hypo-
thalamus during stress, initiates a hormonal cascade that results
in activation of the sympathetic system and the release of epi-
nephrine and norepinephrine. Although the stress response
generally suppresses the function of immune cells, CRH has
also been localized in inflamed tissues where it appears to in-
crease inflammation locally (101–103). Mast cells possess both
receptors for CRH (104) and the ability to release CRH de
novo (105). Although the relationship between hypothalamic
CRH and the CRH located in inflamed tissues is not yet deter-
mined, it has been hypothesized that the proinflammatory re-
sponse of mast cells to CRH could account for the aggravation
of RA and other inflammatory conditions during periods of
stress. The normal increase in serum IL-6 following restraint
stress is not observed in mast cell-deficient animals (106); how-
ever, in vitro human mast cells release only vascular endothelial
growth factor when stimulated with CRH and not IL-6 or other
proinflammatory factors (107). It is thus still unclear exactly
how local or systemic CRH might contribute to the inflamma-
tory role of mast cells.

Reproductive hormones, particularly estrogen and progester-
one, may also influence mast cell activation in autoimmunity.
Most autoimmune diseases, including MS, are more prevalent
in females, and fluctuations in hormonal levels during ovula-
tion or pregnancy can aggravate or diminish disease (108). Es-
trogens, including environmental estrogenic pollutants, can in-
duce mast cell degranulation in vitro (109, 110), whereas
progesterone appears to inhibit histamine secretion (111). A
greater understanding of the relationships between hormone
levels, stress, and mast cell activation will likely open doors to
therapeutic measures in human autoimmunity.

Conclusions
Despite the numerous studies on mast cells, they remain enig-
matic. The molecules expressed by these cells are largely redun-
dant with other cells, making the assignment of a mast cell con-
tribution difficult. It is clear that mast cells are not required for
the development of some autoimmune diseases, including EAE.
EAE disease can develop in W/Wv mice, although it is delayed
and less severe, and in time many W/Wv mice will progress to
frank EAE. It is our contention that mast cells play a critical
amplifying role in the inflammatory events that lead to disease.
During the initiation of disease mast cells are one factor that can
contribute to the priming of the autoreactive T cell response
and the homing of cells to their target organ. Perhaps the proin-
flammatory environment contributed by the mast cell lowers
the threshold for T cell activation. Once a T cell response is
established, mast cells in the CNS may act in concert with the T
cells to promote tissue damage. Yet, in the face of a strong T cell
response the contribution of mast cells may be less important.

There is strong but still relatively scant evidence of heteroge-
neity in mast cell responses. This diversity is observed in mast
cells derived from different strains of mice and from within the
same strain in response to various activators. In addition, it has
long been appreciated that there are tissue-specific differences
in mast cells. Therefore, the specific contribution of a mast cell
may depend on its location and the proximal target cells, the
activating signals it receives, and the genetic background of the
individual. Such differences must be considered when evaluat-
ing disease models and in devising therapies to treat human dis-
eases that are influenced by mast cells.

References
1. Kindt, T. J., R. A. Goldsby, and B. A. Osborne. 2007. Kuby Immunology, 6th Ed.

W.H. Freeman, New York.
2. Crivellato, E., C. Beltrami, F. Mallardi, and D. Ribatti. 2003. Paul Ehrlich’s doctoral

thesis: a milestone in the study of mast cells. Br. J. Haematol. 123: 19–21.
3. Metz, M., M. A. Grimbaldeston, S. Nakae, A. M. Piliponsky, M. Tsai, and S. J. Galli.

2007. Mast cells in the promotion and limitation of chronic inflammation. Immunol.
Rev. 217: 304–328.

4. Nakae, S., H. Suto, M. Iikura, M. Kakurai, J. D. Sedgwick, M. Tsai, and S. J. Galli.
2006. Mast cells enhance T cell activation: importance of mast cell costimulatory mol-
ecules and secreted TNF. J. Immunol. 176: 2238–2248.

5. McCurdy, J. D., T. J. Olynych, L. H. Maher, and J. S. Marshall. 2003. Cutting edge:
distinct Toll-like receptor 2 activators selectively induce different classes of mediator
production from human mast cells. J. Immunol. 170: 1625–1629.

6. Gregory, G. D., S. S. Raju, S. Winandy, and M. A. Brown. 2006. Mast cell IL-4
expression is regulated by Ikaros and influences encephalitogenic Th1 responses in
EAE. J. Clin. Invest. 116: 1327–1336.

7. Bebo, B. F., Jr., C. H. Lee, E. L. Orr, and D. S. Linthicum. 1996. Mast cell-derived
histamine and tumour necrosis factor: differences between SJL/J and BALB/c inbred
strains of mice. Immunol. Cell Biol. 74: 225–230.

8. Galli, S. J., and Y. Kitamura. 1987. Genetically mast-cell-deficient W/Wv and Sl/Sld

mice: Their value for the analysis of the roles of mast cells in biologic responses in vivo.
Am. J. Pathology. 127: 191–198.

9. Grimbaldeston, M. A., C. C. Chen, A. M. Piliponsky, M. Tsai, S. Y. Tam, and
S. J. Galli. 2005. Mast cell-deficient W-sash c-kit mutant Kit W-sh/W-sh mice as a
model for investigating mast cell biology in vivo. Am J Pathol. 167: 835–848.

2677The Journal of Immunology



10. Nigrovic, P. A., and D. M. Lee. 2007. Synovial mast cells: role in acute and chronic
arthritis. Immunol. Rev. 217: 19–37.

11. Nelson, K. C., M. Zhao, P. R. Schroeder, N. Li, R. A. Wetsel, L. A. Diaz, and Z. Liu.
2006. Role of different pathways of the complement cascade in experimental bullous
pemphigoid. J. Clin. Invest. 116: 2892–2900.

12. Lin, L., A. J. Gerth, and S. L. Peng. 2004. Susceptibility of mast cell-deficient W/Wv
mice to pristane-induced experimental lupus nephritis. Immunol. Lett. 91: 93–97.

13. Esposito, I., J. Kleeff, S. C. Bischoff, L. Fischer, P. Collecchi, M. Iorio, G. Bevilacqua,
M. W. Buchler, and H. Friess. 2002. The stem cell factor-c-kit system and mast cells
in human pancreatic cancer. Lab. Invest. 82: 1481–1492.

14. Zimnoch, L., B. Szynaka, and Z. Puchalski. 2002. Mast cells and pancreatic stellate
cells in chronic pancreatitis with differently intensified fibrosis. Hepatogastroenterology
49: 1135–1138.

15. Dib, M., X. Zhao, X. Wang, and R. Andersson. 2002. Mast cells contribute to early
pancreatitis-induced systemic endothelial barrier dysfunction. Pancreatology 2:
396–401.

16. Dib, M., X. Zhao, X. D. Wang, and R. Andersson. 2002. Role of mast cells in the
development of pancreatitis-induced multiple organ dysfunction. Br. J. Surg. 89:
172–178.

17. Esposito, I., H. Friess, A. Kappeler, S. Shrikhande, J. Kleeff, H. Ramesh,
A. Zimmermann, and M. W. Buchler. 2001. Mast cell distribution and activation in
chronic pancreatitis. Hum Pathol. 32: 1174–1183.

18. Wu, A. J., H. Hua, S. H. Munson, and H. O. McDevitt. 2002. Tumor necrosis fac-
tor-� regulation of CD4�CD25� T cell levels in NOD mice. Proc. Natl. Acad. Sci.
USA 99: 12287–12292.

19. Ehrenstein, M. R., J. G. Evans, A. Singh, S. Moore, G. Warnes, D. A. Isenberg, and
C. Mauri. 2004. Compromised function of regulatory T cells in rheumatoid arthritis
and reversal by anti-TNF� therapy. J. Exp. Med. 200: 277–285.

20. Belghith, M., J. A. Bluestone, S. Barriot, J. Megret, J. F. Bach, and L. Chatenoud.
2003. TGF-�-dependent mechanisms mediate restoration of self-tolerance induced
by antibodies to CD3 in overt autoimmune diabetes. Nat. Med. 9: 1202–1208.

21. Sharpe, A. H., E. J. Wherry, R. Ahmed, and G. J. Freeman. 2007. The function of
programmed cell death 1 and its ligands in regulating autoimmunity and infection.
Nat. Immunol. 8: 239–245.

22. Steinman, L. 1996. Multiple sclerosis: A coordinated immunological attack against
myelin in the central nervous system. Cell 85: 299–302.

23. Sriram, S., and I. Steiner. 2005. Experimental allergic encephalomyelitis: a misleading
model of multiple sclerosis. Ann. Neurol. 58: 939–945.

24. Steinman, L., and S. S. Zamvil. 2005. Virtues and pitfalls of EAE for the development
of therapies for multiple sclerosis. Trends Immunol. 26: 565–571.

25. Wheeler, R. D., and T. Owens. 2005. The changing face of cytokines in the brain:
perspectives from EAE. Curr. Pharm. Des. 11: 1031–1037.

26. Steinman, L., and S. S. Zamvil. 2006. How to successfully apply animal studies in
experimental allergic encephalomyelitis to research on multiple sclerosis. Ann. Neurol.
60: 12–21.

27. Bettelli, E., M. Oukka, and V. K. Kuchroo. 2007. T(H)-17 cells in the circle of im-
munity and autoimmunity. Nat. Immunol. 8: 345–350.

28. Weaver, C. T., L. E. Harrington, P. R. Mangan, M. Gavriela, and K. M. Murphy.
2006. Th17: an effector CD4 cell lineage with regulatory T cell ties. Immunity 24:
677–688.

29. Gregory, G. D., A. Bickford, M. Robbie-Ryan, M. Tanzola, and M. A. Brown. 2005.
MASTering the immune response: mast cells in autoimmunity. Novartis Found. Symp.
271: 215–225; discussion 225–231.

30. Brenner, T., D. Soffer, M. Shalit, and F. Levi-Schaffer. 1994. Mast cells in experi-
mental allergic encephalomyelitis: characterization, distribution in the CNS and in
vitro activation by myelin basic protein and neuropeptides. J. Neurol. Sci. 122:
210–213.

31. Johnson, D., D. Yasui, and P. Seeldrayers. 1991. An analysis of mast cell frequency in
the rodent nervous system: Numbers vary between different strains and can be recon-
stituted in mast cell-deficient mice. J. Neuropathol. Exp. Neurol. 50: 227–234.

32. Dietsch, G. N., and D. J. Hinrichs. 1989. The role of mast cells in the elicitation of
experimental allergic encephalomyelitis. J. Immunol. 142: 1476–1481.

33. Secor, V. H., W. E. Secor, C. A. Gutekunst, and M. A. Brown. 2000. Mast cells are
essential for early onset and severe disease in a murine model of multiple sclerosis.
J. Exp. Med. 191: 813–822.

34. Tanzola, M. B., M. Robbie-Ryan, C. A. Gutekunst, and M. A. Brown. 2003. Mast
cells exert effects outside the central nervous system to influence experimental allergic
encephalomyelitis disease course. J. Immunol. 171: 4385–4391.

35. Gregory, G. D., M. Robbie-Ryan, V. H. Secor, J. J. Sabatino, Jr., and M. A. Brown.
2005. Mast cells are required for optimal autoreactive T cell responses in a murine
model of multiple sclerosis. Eur. J. Immunol. 35: 3478–3486.

36. Neuman, J. 1890. Ueber das Vorkommen der sogneannten “Mastzellen” bei patholo-
gischen Veraenderungen des Gehirns. Arch. Pathol. Anat. Physiol. Virchows 122:
378–381.

37. Toms, R., H. L. Weiner, and D. Johnson. 1990. Identification of IgE-positive cells
and mast cells in frozen sections of multiple sclerosis brains. J. Neuroimmunol. 30:
169–177.

38. Ibrahim, M. Z., A. T. Reder, R. Lawand, W. Takash, and S. Sallouh-Khatib. 1996.
The mast cells of the multiple sclerosis brain. J. Neuroimmunol. 70: 131–138.

39. Lock, C., G. Hermans, R. Pedotti, A. Brendolan, E. Schadt, H. Garren,
A. Langer-Gould, S. Strober, B. Cannella, J. Allard, et al. 2002. Gene-microarray anal-
ysis of multiple sclerosis lesions yields new targets validated in autoimmune encepha-
lomyelitis. Nat. Med. 8: 500–508.

40. Rozniecki, J. J., S. L. Hauser, M. Strein, R. Lincoln, and T. C. Theoharides. 1995.
Elevated mast cell tryptase in cerebrospinal fluid of multiple sclerosis patients. Ann.
Neurol. 37: 63–66.

41. Stelekati, E., Z. Orinska, and S. Bulfone-Paus. 2007. Mast cells in allergy: innate in-
structors of adaptive responses. Immunobiology 212: 505–519.

42. Johnson, D., P. A. Seeldrayers, and H. L. Weiner. 1988. The role of mast cells in
demyelination. I. Myelin proteins are degraded by mast cell proteases and myelin basic
protein and P2 can stimulate mast cell degranulation. Brain Res. 44: 195–198.

43. Ascherio, A., and K. L. Munger. 2007. Environmental risk factors for multiple scle-
rosis. Part I: The role of infection. Ann. Neurol. 61: 288–299.

44. Seeldrayers, P. A., D. Yasui, H. L. Weiner, and D. Johnson. 1989. Treatment of ex-
perimental allergic neuritis with nedocromil sodium, an anti-inflammatory drug with
mast cell stabilizing properties. J. Neuroimmunol. 25: 221–226.

45. Zappulla, J. P., M. Arock, L. T. Mars, and R. S. Liblau. 2002. Mast cells: new targets
for multiple sclerosis therapy? J. Neuroimmunol. 131: 5–20.

46. Paniagua, R. T., O. Sharpe, P. P. Ho, S. M. Chan, A. Chang, J. P. Higgins,
B. H. Tomooka, F. M. Thomas, J. J. Song, S. B. Goodman, et al. 2006. Selective
tyrosine kinase inhibition by imatinib mesylate for the treatment of autoimmune ar-
thritis. J. Clin. Invest. 116: 2633–2642.

47. Zoja, C., D. Corna, D. Rottoli, C. Zanchi, M. Abbate, and G. Remuzzi. 2006. Ima-
tinib ameliorates renal disease and survival in murine lupus autoimmune disease. Kid-
ney Int. 70: 97–103.

48. Logothetis, L., I. A. Mylonas, S. Baloyannis, M. Pashalidou, A. Orologas,
A. Zafeiropoulos, V. Kosta, and T. C. Theoharides. 2005. A pilot, open label, clinical
trial using hydroxyzine in multiple sclerosis. Int. J. Immunopathol. Pharmacol. 18:
771–778.

49. Cose, S. 2007. T cell migration: a naive paradigm? Immunology 120: 1–7.
50. Schwartz, R. H. 2003. T cell anergy. Annu. Rev. Immunol. 21: 305–334.
51. Kitawaki, T., N. Kadowaki, N. Sugimoto, N. Kambe, T. Hori, Y. Miyachi,

T. Nakahata, and T. Uchiyama. 2006. IgE-activated mast cells in combination with
proinflammatory factors induce Th2-promoting dendritic cells. Int. Immunol. 18:
1789–1799.

52. Jawdat, D. M., G. Rowden, and J. S. Marshall. 2006. Mast cells have a pivotal role in
TNF-independent lymph node hypertrophy and the mobilization of Langerhans cells
in response to bacterial peptidoglycan. J. Immunol. 177: 1755–1762.

53. Bryce, P. J., M. L. Miller, I. Miyajima, M. Tsai, S. J. Galli, and H. C. Oettgen. 2004.
Immune sensitization in the skin is enhanced by antigen-independent effects of IgE.
Immunity 20: 381–392.

54. Suto, H., S. Nakae, M. Kakurai, J. D. Sedgwick, M. Tsai, and S. J. Galli. 2006. Mast
cell-associated TNF promotes dendritic cell migration. J. Immunol. 176: 4102–4112.

55. Yao, Y., W. Li, M. H. Kaplan, and C. H. Chang. 2005. Interleukin (IL)-4 inhibits
IL-10 to promote IL-12 production by dendritic cells. J. Exp. Med. 201: 1899–1903.

56. Ebner, S., V. A. Nguyen, M. Forstner, Y. H. Wang, D. Wolfram, Y. J. Liu, and
N. Romani. 2007. Thymic stromal lymphopoietin converts human epidermal Lang-
erhans cells into antigen-presenting cells that induce proallergic T cells. J. Allergy Clin.
Immunol. 119: 982–990.

57. Caron, G., Y. Delneste, E. Roelandts, C. Duez, N. Herbault, G. Magistrelli,
J. Y. Bonnefoy, J. Pestel, and P. Jeannin. 2001. Histamine induces CD86 expression
and chemokine production by human immature dendritic cells. J. Immunol. 166:
6000–6006.

58. Gosset, P., F. Bureau, V. Angeli, M. Pichavant, C. Faveeuw, A. B. Tonnel, and
F. Trottein. 2003. Prostaglandin D2 affects the maturation of human monocyte-de-
rived dendritic cells: consequence on the polarization of naive Th cells. J. Immunol.
170: 4943–4952.

59. Theiner, G., A. Gessner, and M. B. Lutz. 2006. The mast cell mediator PGD2 sup-
presses IL-12 release by dendritic cells leading to Th2 polarized immune responses in
vivo. Immunobiology 211: 463–472.

60. Caron, G., Y. Delneste, E. Roelandts, C. Duez, J. Y. Bonnefoy, J. Pestel, and
P. Jeannin. 2001. Histamine polarizes human dendritic cells into Th2 cell-promoting
effector dendritic cells. J. Immunol. 167: 3682–3686.

61. Nakae, S., H. Suto, M. Kakurai, J. D. Sedgwick, M. Tsai, and S. J. Galli. 2005. Mast
cells enhance T cell activation: Importance of mast cell-derived TNF. Proc. Natl. Acad.
Sci. USA 102: 6467–6472.

62. Sayed, B. A., and M. A. Brown. 2007. Mast cells as modulators of T-cell responses.
Immunol. Rev. 217: 53–64.

63. Lu, L. F., E. F. Lind, D. C. Gondek, K. A. Bennett, M. W. Gleeson, K. Pino-Lagos,
Z. A. Scott, A. J. Coyle, J. L. Reed, J. Van Snick, et al. 2006. Mast cells are essential
intermediaries in regulatory T-cell tolerance. Nature 442: 997–1002.

64. Roncarolo, M. G., S. Gregori, M. Battaglia, R. Bacchetta, K. Fleischhauer, and
M. K. Levings. 2006. Interleukin-10-secreting type 1 regulatory T cells in rodents and
humans. Immunol. Rev. 212: 28–50.

65. Hawiger, D., K. Inaba, Y. Dorsett, M. Guo, K. Mahnke, M. Rivera, J. V. Ravetch,
R. M. Steinman, and M. C. Nussenzweig. 2001. Dendritic cells induce peripheral T
cell unresponsiveness under steady state conditions in vivo. J. Exp. Med. 194:
769–779.

66. Steinman, R. M., D. Hawiger, K. Liu, L. Bonifaz, D. Bonnyay, K. Mahnke, T. Iyoda,
J. Ravetch, M. Dhodapkar, K. Inaba, and M. Nussenzweig. 2003. Dendritic cell func-
tion in vivo during the steady state: a role in peripheral tolerance. Ann. NY Acad. Sci.
987: 15–25.

67. Faria, A. M., and H. L. Weiner. 2006. Oral tolerance and TGF-�-producing cells.
Inflamm. Allergy Drug Target 5: 179–190.

68. Carrier, Y., J. Yuan, V. K. Kuchroo, and H. L. Weiner. 2007. Th3 cells in peripheral
tolerance. I. Induction of Foxp3-positive regulatory T cells by Th3 cells derived from
TGF-� T cell-transgenic mice. J. Immunol. 178: 179–185.

69. Cobbold, S. P., K. F. Nolan, L. Graca, R. Castejon, A. Le Moine, M. Frewin,
S. Humm, E. Adams, S. Thompson, D. Zelenika, et al. 2003. Regulatory T cells and
dendritic cells in transplantation tolerance: molecular markers and mechanisms. Im-
munol. Rev. 196: 109–124.

70. Brunkow, M. E., E. W. Jeffery, K. A. Hjerrild, B. Paeper, L. B. Clark, S. A. Yasayko,
J. E. Wilkinson, D. Galas, S. F. Ziegler, and F. Ramsdell. 2001. Disruption of a new

2678



forkhead/winged-helix protein, scurfin, results in the fatal lymphoproliferative disor-
der of the scurfy mouse. Nat. Genet. 27: 68–73.

71. Bennett, C. L., and H. D. Ochs. 2001. IPEX is a unique X-linked syndrome charac-
terized by immune dysfunction, polyendocrinopathy, enteropathy, and a variety of
autoimmune phenomena. Curr. Opin. Pediatr. 13: 533–538.

72. Malek, T. R. 2003. The main function of IL-2 is to promote the development of T
regulatory cells. J. Leukocyte Biol. 74: 961–965.

73. Davidson, T. S., R. J. DiPaolo, J. Andersson, and E. M. Shevach. 2007. Cutting edge:
IL-2 is essential for TGF-�-mediated induction of Foxp3� T regulatory cells. J. Im-
munol. 178: 4022–4026.

74. Zheng, S. G., J. H. Wang, J. D. Gray, H. Soucier, and D. A. Horwitz. 2004. Natural
and induced CD4�CD25� cells educate CD4�CD25� cells to develop suppressive
activity: the role of IL-2, TGF-�, and IL-10. J. Immunol. 172: 5213–5221.

75. Mahic, M., S. Yaqub, C. C. Johansson, K. Tasken, and E. M. Aandahl. 2006.
FOXP3�CD4�CD25� adaptive regulatory T cells express cyclooxygenase-2 and
suppress effector T cells by a prostaglandin E2-dependent mechanism. J. Immunol.
177: 246–254.

76. Qiao, M., A. M. Thornton, and E. M. Shevach. 2007. CD4�CD5� regulatory T cells
render naive CD4�CD25� T cells anergic and suppressive. Immunology 120:
447–455.

77. Apostolou, I., and H. von Boehmer. 2004. In vivo instruction of suppressor commit-
ment in naive T cells. J. Exp. Med. 199: 1401–1408.

78. Korn, T., J. Reddy, W. Gao, E. Bettelli, A. Awasthi, T. R. Petersen, B. T. Backstrom,
R. A. Sobel, K. W. Wucherpfennig, T. B. Strom, et al. 2007. Myelin-specific regula-
tory T cells accumulate in the CNS but fail to control autoimmune inflammation.
Nat. Med. 13: 423–431.

79. Tarbell, K. V., L. Petit, X. Zuo, P. Toy, X. Luo, A. Mqadmi, H. Yang,
M. Suthanthiran, S. Mojsov, and R. M. Steinman. 2007. Dendritic cell-expanded,
islet-specific CD4�CD25�CD62L� regulatory T cells restore normoglycemia in di-
abetic NOD mice. J. Exp. Med. 204: 191–201.

80. Kohm, A. P., P. A. Carpentier, H. A. Anger, and S. D. Miller. 2002. Cutting edge:
CD4�CD25� regulatory T cells suppress antigen-specific autoreactive immune re-
sponses and central nervous system inflammation during active experimental autoim-
mune encephalomyelitis. J. Immunol. 169: 4712–4716.

81. Mellanby, R. J., D. Thomas, J. M. Phillips, and A. Cooke. 2007. Diabetes in non-
obese diabetic mice is not associated with quantitative changes in
CD4�CD25�Foxp3� regulatory T cells. Immunology 121: 15–28.

82. Brusko, T., C. Wasserfall, K. McGrail, R. Schatz, H. L. Viener, D. Schatz, M. Haller,
J. Rockell, P. Gottlieb, M. Clare-Salzler, and M. Atkinson. 2007. No alterations in the
frequency of FOXP3� regulatory T-cells in type 1 diabetes. Diabetes 56: 604–612.

83. Alvarado-Sanchez, B., B. Hernandez-Castro, D. Portales-Perez, L. Baranda,
E. Layseca-Espinosa, C. Abud-Mendoza, A. C. Cubillas-Tejeda, and
R. Gonzalez-Amaro. 2006. Regulatory T cells in patients with systemic lupus ery-
thematosus. J. Autoimmun. 27: 110–118.

84. Ito, T., Y. H. Wang, O. Duramad, S. Hanabuchi, O. A. Perng, M. Gilliet, F. X. Qin,
and Y. J. Liu. 2006. OX40 ligand shuts down IL-10-producing regulatory T cells.
Proc. Natl. Acad. Sci. USA 103: 13138–13143.

85. Fife, B. T., I. Guleria, M. Gubbels Bupp, T. N. Eagar, Q. Tang, H. Bour-Jordan,
H. Yagita, M. Azuma, M. H. Sayegh, and J. A. Bluestone. 2006. Insulin-induced re-
mission in new-onset NOD mice is maintained by the PD-1-PD-L1 pathway. J. Exp.
Med. 203: 2737–2747.

86. Inobe, J., A. J. Slavin, Y. Komagata, Y. Chen, L. Liu, and H. L. Weiner. 1998. IL-4 is
a differentiation factor for transforming growth factor-� secreting Th3 cells and oral
administration of IL-4 enhances oral tolerance in experimental allergic encephalomy-
elitis. Eur. J. Immunol. 28: 2780–2790.

87. Pace, L., S. Rizzo, C. Palombi, F. Brombacher, and G. Doria. 2006. Cutting edge:
IL-4-induced protection of CD4�CD25� Th cells from CD4�CD25� regulatory T
cell-mediated suppression. J. Immunol. 176: 3900–3904.

88. Biedermann, T., S. Zimmermann, H. Himmelrich, A. Gumy, O. Egeter,
A. K. Sakrauski, I. Seegmuller, H. Voigt, P. Launois, A. D. Levine, et al. 2001. IL-4
instructs TH1 responses and resistance to Leishmania major in susceptible BALB/c
mice. Nat. Immunol. 2: 1054–1060.

89. Jawdat, D. M., E. J. Albert, G. Rowden, I. D. Haidl, and J. S. Marshall. 2004. IgE-
mediated mast cell activation induces Langerhans cell migration in vivo. J. Immunol.
173: 5275–5282.

90. Del Prete, A., W. H. Shao, S. Mitola, G. Santoro, S. Sozzani, and B. Haribabu. 2007.
Regulation of dendritic cell migration and adaptive immune response by leukotriene
B4 receptors: a role for LTB4 in up-regulation of CCR7 expression and function.
Blood 109: 626–631.

91. Abbott, N. J. 2000. Inflammatory mediators and modulation of blood-brain barrier
permeability. Cell. Mol Neurobiol. 20: 131–147.

92. Englehardt, B. 2006. Molecular mechanisms involved in T cell migration across the
blood brain barrier. J. Neural Transm. 113: 477–485.

93. Ott, V. L., J. C. Cambier, J. Kappler, P. Marrack, and B. J. Swanson. 2003. Mast
cell-dependent migration of effector CD8� T cells through production of leukotriene
B4. Nat. Immunol. 4: 974–981.

94. Benoist, C., and D. Mathis. 2002. Mast cells in autoimmune disease. Nature 420:
875–878.

95. Straub, R. H. 2007. Autoimmune disease and innervation. Brain Behav. Immun. 21:
528–534.

96. Brain, S. D. 2000. New feelings about the role of sensory nerves in inflammation. Nat.
Med. 6: 134–135.

97. Vasko, M. 1999. Prostaglandin-induced neuropeptide release from spinal cord. Prog.
Brain Res. 104: 367–380.

98. Villoslada, P., S. L. Hauser, I. Bartke, J. Unger, N. Heald, D. Rosenberg,
S. W. Cheung, W. C. Mobley, S. Fisher, and C. P. Genain. 2000. Human nerve
growth factor protects common marmosets against autoimmune encephalomyelitis by
switching the balance of T helper cell type 1 and 2 cytokines within the central nervous
system. J. Exp. Med. 191: 1799–1806.

99. Kessler, J. A., and I. B. Black. 1980. Nerve growth factor stimulates the development
of substance P in sensory ganglia. Proc. Natl. Acad. Sci. USA 77: 649–652.

100. Dinh, Q. T., D. A. Groneberg, C. Peiser, J. Springer, R. A. Joachim, P. C. Arck,
B. F. Klapp, and A. Fischer. 2004. Nerve growth factor-induced substance P in cap-
saicin-insensitive vagal neurons innervating the lower mouse airway. Clin. Exp. Al-
lergy 34: 74–1479.

101. Ralph, J. A., D. Zocco, B. Bresnihan, O. Fitzgerald, A. N. McEvoy, and
E. P. Murphy. 2007. A role for type 1� corticotropin-releasing hormone receptors in
mediating local changes in chronically inflamed tissue. Am. J. Pathol. 170:
1121–1133.

102. Kokkotou, E., D. Torres, A. C. Moss, M. O’Brien, D. E. Grigoriadis, K. Karalis, and
C. Pothoulakis. 2006. Corticotropin-releasing hormone receptor 2-deficient mice
have reduced intestinal inflammatory responses. J. Immunol. 177: 3355–3361.

103. Kalantaridou, S., A. Makrigiannakis, E. Zoumakis, and G. P. Chrousos. 2007. Pe-
ripheral corticotropin-releasing hormone is produced in the immune and reproduc-
tive systems: actions, potential roles and clinical implications. Front. Biosci. 12:
572–580.

104. Cao, J., N. Papadopoulou, D. Kempuraj, W. S. Boucher, K. Sugimoto,
C. L. Cetrulo, and T. C. Theoharides. 2005. Human mast cells express corticotrop-
in-releasing hormone (CRH) receptors and CRH leads to selective secretion of vas-
cular endothelial growth factor. J. Immunol. 174: 7665–7675.

105. Kempuraj, D., N. G. Papadopoulou, M. Lytinas, M. Huang,
K. Kandere-Grzybowska, B. Madhappan, W. Boucher, S. Christodoulou,
A. Athanassiou, and T. C. Theoharides. 2004. Corticotropin-releasing hormone and
its structurally related urocortin are synthesized and secreted by human mast cells.
Endocrinology 145: 43–48.

106. Huang, M., J. Berry, K. Kandere, M. Lytinas, K. Karalis, and T. C. Theoharides.
2002. Mast cell deficient W/Wv mice lack stress-induced increase in serum IL-6 lev-
els, as well as in peripheral CRH and vascular permeability, a model of rheumatoid
arthritis. Int. J. Immunopathol. Pharmacol. 15: 249–254.

107. Cao, J., C. L. Cetrulo, and T. C. Theoharides. 2006. Corticotropin-releasing hor-
mone induces vascular endothelial growth factor release from human mast cells via
the cAMP/protein kinase A/p38 mitogen-activated protein kinase pathway. Mol.
Pharmacol. 69: 998–1006.

108. Castagnetta, L., O. M. Granata, A. Traina, L. Cocciadiferro, A. Saetta, R. Stefano,
M. Cutolo, and G. Carruba. 2002. A role for sex steroids in autoimmune diseases: a
working hypothesis and supporting data. Ann. NY Acad. Sci. 966: 193–203.

109. Vliagoftis, H., V. Dimitriadou, W. Boucher, J. J. Rozniecki, I. Correia, S. Raam, and
T. C. Theoharides. 1992. Estradiol augments while tamoxifen inhibits rat mast cell
secretion. Int. Arch. Allergy Immunol. 98: 398–409.

110. Narita, S., R. M. Goldblum, C. S. Watson, E. G. Brooks, D. M. Estes, E. M. Curran,
and T. Midoro-Horiuti. 2007. Environmental estrogens induce mast cell degranu-
lation and enhance IgE-mediated release of allergic mediators. Environ. Health Per-
spect. 115: 48–52.

111. Vasiadi, M., D. Kempuraj, W. Boucher, D. Kalogeromitros, and T. C. Theoharides.
2006. Progesterone inhibits mast cell secretion. Int. J. Immunopathol. Pharmacol. 19:
787–794.

2679The Journal of Immunology


