Antichemokine immunotherapy for allergic diseases

Andrew D. Luster

Chemokines have emerged as critical regulators of leukocyte
function and as such represent attractive new targets for the
therapy of allergic diseases. Recent studies have revealed
important roles for the chemokine family in both the afferent and
efferent limbs of the immune system, orchestrating and
integrating innate and acquired immune responses. A subset of
chemokines including eotaxin-1 (also called CCL11), eotaxin-2
(CCL24), eotaxin-3 (CCL26), MCP (monocyte chemoattractant
protein)-3 (CCL7), MCP (monocyte chemoattractant protein)-4
(CCL13), TARC (thymus- and activation-regulated chemokine)
(CCL17), and MDC (macrophage-derived chemokine)
(CCL22) are highly expressed in allergic inflammation and are
regulated by T helper type 2 cytokines. Receptors for these
chemokines, including CCR3 (CC chemokine receptor 3),
CCR4 (CC chemokine receptor 4) and CCR8 (CC chemokine
receptor 8) are expressed on key leukocytes associated with
allergic inflammation, such as T helper type 2 cells, eosinophils,
mast cells and basophils, establishing a subset of chemokine/
chemokine receptors potentially important in allergic
inflammation. Recent data using inhibitory antibodies and
chemokine antagonists support the concept that interfering with
this subset of chemokines and their receptors represents a new
approach to allergy immunotherapy. Curr Opin Allergy Clin Immunol
1:661-667. © 2001 Lippincott Williams & Wilkins.
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Abbreviations

BLC B lymphocyte chemoattractant
CCR CC chemokine receptor

CLA cutaneous lymphocyte antigen
CXCR CXC chemokine receptor

DC-CK1  dendritic cell-derived CC chemokine 1

ELC Epstein-Barr virus induced gene ligand 1 chemokine

MCP monocyte chemoattractant protein

MDC macrophage-derived chemokine

MIP macrophage inflammatory protein

RANTES  regulated upon activation in normal T cells expressed and secreted
SLC secondary lymphoid chemokine

STAT6 signal transducer and activator of transcription factor 6

TARC thymus- and activation-regulated chemokine

Th2 T helper type 2
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Introduction

Chemokines are secreted basic proteins of 8-10 kDa
that represent the largest family of cytokines encoded in
the human genome with close to 50 members [1]. They
are critically important in regulating leukocyte trafficking
in vivo and participate in the activation of leukocytes in
tissues. Chemokines signal leukocytes through a family
of G protein-coupled seven transmembrane receptors
consisting of over 20 distinct receptors. The unexpected
complexity of the chemokine system appears to allow for
the precise control of leukocyte trafficking iz vivo, which
fine-tunes the immune response. The distinct activity of
chemokines and the unique pattern of chemokine
receptor expression on defined leukocyte subsets have
afforded an opportunity to manipulate the immune
system in a more defined manner than previously
appreciated. This review will present an overview of
chemokine function in allergic disease, highlighting
potential areas for therapeutic intervention. Particularly
attractive chemokine targets that have emerged from
human and murine studies will be highlighted.

Chemokine function in allergic inflammation
Chemokines appear to have two main functions in
regulating allergic inflammation: leukocyte trafficking
and leukocyte activation. Recent murine studies have
revealed important roles for the chemokine family in
both the afferent and efferent limbs of the immune
system, orchestrating both the innate and acquired
immune responses (Fig. 1). It has been appreciated for
some time now that the primary immune response takes
place in the draining lymph nodes and not in the tissue
itself. Antigen is picked up by dendritic cells in the
tissue and carried into regional lymph nodes, where
they activate naive T and B cells. Activated T and B
cells then leave the lymph node and find their way
back to the site of inflammation. Once in the tissue,
these activated lymphocytes and the cytokines they
secrete lead to the accumulation and activation of
additional leukocytes. In the case of allergic inflamma-
tion, it is the T helper type 2 (Th2) cell, the eosinophil
and the mast cell that characterize the tissue inflamma-
tory response.

Whilst the trafficking patterns of dendritic cells have
been appreciated for some time now, the molecules that
control their movement iz vivo have only recently been
recognized as members of the chemokine family [3].
The chemokine system has emerged as the critical
regulator of both dendritic cell and lymphocyte traffick-
ing. It has been hypothesized that macrophage inflam-
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Figure 1. The role of chemokines in the generation of allergic pulmonary inflammation
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Chemokines function in at least four distinct steps in the development of allergic inflammation. (1) Immature dendritic cells traffic from the bone marrow
into the respiratory epithelium. This process is likely under the control of multiple chemokines, including MIP-3x (CCL20) signaling via CCRS. (2) Once
dendritic cells pick up antigen in the tissue they become activated and downregulate their responsiveness to CCR1, CCR5 and CCRS ligands and
become responsive to the CCR?7 ligands SLC (CCL21) and ELC (CCL19), which guide the antigen loaded dendritic cell into the lymph node. In the
lymph node these dendritic cells activate naive T cells generating T helper type 2 (Th2) cells. (3) Th2 cells leave the lymph node and travel back to the
lung where they can be reactivated in the lung by reexposure to inhaled antigen. Activated Th2 cells release the chemokine [-309 as well as Th2
cytokines interleukin (IL)-4 and IL-13, which then induce the release of the eotaxins (CCL11, CCL24, CCL26) and MDC (CCL22) and TARC
(CCL17) from respiratory epithelium. (4) These ‘Th2-chemokines’ then recruit more Th2 cells as well as eosinophils and perhaps basophils and mast

cells. BLC (CXCL13), MCP-4 (CCL13). Modified from [2].

matory protein (MIP)-3a (CCL20) attracts immature
dendritic cells into the tissue, a process that is likely
amplified by other ‘inflammatory’ chemokines, such as
MIP-1o0 (CCL3) [4]. Once in the vicinity of the
inflammatory stimulus, immature dendritic cells pick
up antigen and then differentiate into cells more capable
of activating lymphocytes. During this maturation
process, dendritic cells down modulate the expression
of CC chemokine receptor 6 (CCR6) and hence
responsiveness to MIP-3o [5]. At the same time, they
upregulate their expression of CCR7 allowing them to
respond to secondary lymphoid chemokine (SLC)
(CCL21) and Epstein-Barr virus induced gene ligand 1
chemokine (ELC) (CCL19). This switch in chemokine
receptor expression and chemokine responsiveness
results in the dendritic cells leaving the tissue and being
drawn into the lymphatics, and ultimately, into the T
cell rich regions of lymph nodes.

While the molecular details still remain to be fully
elucidated, the expression of chemokines by lymph
node stroma and dendritic cells coordinates the
juxtaposition of antigen loaded dendritic cells with
recirculating T and B cells. Chemokines that may play
a role in this process are dendritic cell-derived CC
chemokine 1 (DC-CK1) (CCL18), macrophage-derived
chemokine (MDC) (CCL22), MIP-3a, SLLC and ELC.
ELC and SLC are expressed by T zone lymph node
stroma as well as dendritic cells and recruit naive T
cells [6,7]. DC-CK1 is expressed by activated mature
dendritic cells and also recruits naive T cells [8]. In
contrast, MDC is induced in Langerhans cells migrat-
ing from contact-sensitized skin during maturation into
lymph node dendritic cells, and chemoattracts antigen-
specific T cells but not naive T cells [9]. B
lymphoctye chemoattractant (BLC) (CXCL13) is ex-
pressed from stromal cells in the B cell follicle and



brings together CXCRS5-positive T helper cells and B
cells [10-13].

Thus, some activated T cells down-regulate CCR7 and
up-regulate CXCRS5, they become directed toward the
follicle to instruct B cells in class switching and have
been called follicular T' cells [10,12]. Other T cells
down-regulate CCR7 and up-regulate CCR3, CCR4 and
CCRS and are attracted into sites of Th2 inflammation,
while other T cells up-regulate CXCR3 and CCRS5 and
are attracted into sites of Th1 inflammation [14]. T cells,
activated in regional lymph nodes following encounter
with activated antigen loaded dendritic cells, are
recruited to sites of inflammation by sensing chemokine
gradients established at these local sites. For Th2 cells,
chemokines induced by Th2 cytokines and regulated by
the transcription factor STAT6, such as the eotaxins,
MDC, TARC, and 1-309 (CCL1), appear to control the
trafficking of ThZ cells into sites of allergic inflammation
[15°°]. Once in the tissue, Th2 cells secrete interleukin
(IL)-4 and IL.-13, and amplify Th2 cell recruitment by
inducing the release of STAT6 inducible chemokines,
which are active on Th2 cells. Interestingly, many of
these same chemokines are also active on ecosinophils
and mast cells. In this way, Th2 cells control the
trafficking of cosinophils, and perhaps mast cells, into
sites of allergic inflammation.

The other main function of chemokines relates to their
ability to activate leukocytes once in the tissue.
Chemokines have been shown to activate leukocytes
associated with allergic inflammation, such as eosino-
phils, basophils and mast cells, by inducing the
exocytosis of secondary granules. In fact, chemokines
are the major non-IgE histamine releasing factors and
may therefore play a very important role in the late
phase release of histamine seen in allergic responses.
The main eosinophil chemokine receptor is CCR3 [16],
and CCR3 ligands, such as eotaxin-1 and -2 and MCP-4,
have been shown to activate eosinophil granule release
[17] and respiratory burst [18,19]. Lower levels of other
receptors such as CCR1, CXCR2, CXCR3 and CXCR4
have been reported on eosinophils, although their
significance remains unknown. Basophils express high
levels of CCR2 and CCR3, as well as lower levels of
CXCR1, CXCR2, CXCR4 and CCR1 [20]. CCR2
agonists, such as MCP-1, MCP-2, MCP-3 and MCP-4,
are potent inducers of exocytoxis and mediator-release in
basophils but weak inducers of a migratory response
[21,22]. CCR2 is the only chemokine receptor on
basophils capable of inducing strong and consistent
mediator release in basophils without the need for
priming with other cytokines, such as IL-3. In contrast,
CCR3 agonists are potent inducers of basophil chemo-
taxis but only weak inducers of mediator release, and
require preactivation of the basophil with 1L.-3 or IL-5
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[20]. Chemokines can also induce the release of
leukotriene (L'T)C4 from primed basophils. Mast cells
also express high levels of CCR3. Interestingly, CCR3 is
a receptor of importance to eosinophils, basophils and
mast cells and therefore represents an attractive thera-
peutic target.

Chemokines and T helper type 1/T helper
type 2 cell balance

Since allergic inflammation is the result of an aberrant
response to a foreign antigen, shifting that response to a
Thl-type response is one potential therapeutic strategy.
However, while chemokines have been implicated in
development of Th2 cell responses [23,24], insufficient
data exist that they directly control Th2 cell develop-
ment in a manner that makes this an attractive strategy
for therapeutically shifting the Th1/Th2 balance of an
immune response.

Chemokine expression in human allergic
diseases

A subset of chemokines has been found to be up-
regulated in allergic diseases and in animal models of
allergic diseases (Table 1). These studies have revealed
that chemokines regulated by Th2 cytokines, particu-
larly ILL-4 and IL-13, and proinflammatory cytokines,
such as tumor necrosis factor and IL.-1, are highly
expressed in allergic inflammation, such as asthma,
atopic dermatitis, and allergic rhinitis.

Asthma

Expression of ecotaxin-1, eotaxin-2, MCP-1, MCP-3,
MCP-4, TARC, MDC, RANTES (CCLS5), and MIP-1«
are increased in the lung and bronchoalveolar lavage
(BAL) of asthmatic patients compared to normal controls
[25-28]. In addition, levels of eotaxin-1 [29°], eotaxin-3
[30°], RANTES [31], MDC and TARC [32°°] are up-
regulated in the lung and BAL following acrosol antigen

Table 1. Chemokine expression in human allergic diseases

Chemokine
Disease Chemokine receptor
Asthma RANTES, eotaxin-1, eotaxin-2, CCR3
eotaxin-3, MCP-3, MCP-4
MCP-1 CCR2
MDC, TARC CCR4
1-309 CCR8
Atopic dermatits TARC CCR4
MIP-3x CCRe6
Eotaxin-1, MCP-4 CCR3
Allergic rhinitis RANTES, eotaxin-1, eotaxin-2, CCR3
eotaxin-3, MCP-3, MCP-4
MDC, TARC CCR4

CCR, CC chemokine receptor; 1-309 (CCL1); MCP, monocyte
chemoattractant protein; MDC, macrophage-derived chemokine; MIP,
macrophage inflammatory protein; RANTES, regulated upon activation
in normal T cells expressed and secreted; TARC, thymus- and
activation-regulated chemokine.
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challenge. Levels of eotaxin-1, MCP-4 and RANTES
correlated with BAL eosinophilia, suggesting that these
chemokines play a pathogenic role in recruiting eosino-
phils into the lung. T cells recovered from the airway
mucosa 24 h after allergen challenge demonstrated that
virtually all T cells expressed IL.-4 and CCR4 and that
CCRS8 was seen on 28% of these T cells [32°°]. These
observations suggest that CCR4 might play an important
role in the recruitment or retention of Th2 cells in the
allergic lung. However, these observations await valida-
tion as another recent study examining chemokine
receptor expression on lung T' cells isolated from
asthmatic patients at baseline (non-antigen challenge)
and nonasthmatic study participants found only low
levels of CCR4 in both groups [33°].

Allergic rhinitis and sinusitis

A similar set of chemokines is associated with allergic
rhinitis and sinusitis. Nasal allergen challenge of allergic
rhinitis patients induced the expression of eotaxin-1,
RANTES, MCP-3 and MCP-4 from the nasal mucosa
and release of these proteins into nasal secretions [34—
36]. Similarly, levels of MCP-3 and MCP-4 but not
MCP-1 were increased in the ethmoid sinuses of allergic
subjects with chronic sinusitis [37].

Atopic dermatitis

In atopic dermatitis lesions, high levels of RANTES,
eotaxin, MCP-3, MCP-4, MIP-3a and 'TARC are seen in
lesional skin [38—43]. Levels of TARC and MIP-3a are
associated with disease activity [42-43] and the propor-
tion of cutaneous lymphocyte antigen (CLA™) (skin
homing) CCR4" lymphocytes is up-regulated in the
blood and lesions of atopic dermatitis patients [44].
Further support for a role of CCR4 in atopic dermatitis
comes from a mutant mouse strain (NC/Nga) that
spontaneously develops atopic dermatitis-like lesions
that contain high levels of TARC and MDC, CCR4
ligands [45]. Taken together, these data suggest that
"TARC and MDC play important roles in the recruitment
of skin homing CLA* CCR4" Th2 cells into atopic
dermatitis lesions. Antigen-induced late-phase cutaneous
responses in atopic subjects induced the sequential
expression of eotaxin-1 associated with early 6-h
eosinophils, and of eotaxin-2 and MCP-4 with later
24-h eosinophils [46].

Thus, human studies examining the expression of
chemokines in allergic diseases support the emerging
concept that CCR3, CCR4, and CCRS8 and their
chemokine ligands play important roles in the pathogen-
esis of allergic diseases.

Chemokine targets for allergic inflammation
In thinking about where interruption of the chemokine
cascade could effectively inhibit the recruitment and

activation of leukocytes that characterize the allergic
response, it is helpful to divide the discussion into the
roles of chemokines in different phases of the allergic
response (Fig. 1). The first phase relates to the
trafficking of dendritic cells or dendritic cell precursors
from the bone marrow and blood into the tissue, such as
the lung or skin. This process is likely to be under the
control of chemokines, but a single chemokine/chemo-
kine receptor pair has not emerged as a dominant player
in this process. Immature dendritic cells express several
chemokine receptors, including CCR1, CCR2, CCR5
and CCR6 [3]. CCR6 was thought to play an important
role in this process but CCR6-deficient mice have been
reported to have an impairment in dendritic cell function
isolated to the gastrointestinal tract [47,48]. Recently,
treatment of rats with the selective CCR1 and CCRS5
antagonist Met-RANTES reduced baseline numbers of
tracheal intraepithelial dendritic cells by approximately
50% [49]. It is not clear at present if dendritic cells that
are recruited into different tissues are responding to the
same or different chemokine signals. Thus, currently,
selectively interfering with immature dendritic cell
trafficking into tissue sites remains an interesting
theoretical possibility without a molecular target. The
second phase of the response, as outlined in Fig. 1,
relates to the trafficking of activated antigen loaded
dendritic cells from periphery into draining lymph
nodes. Data from CCR7-deficient mice have revealed
that this receptor plays an important role in this process
[50]. Therefore, inhibiting CCR7 function may be an
attractive way of preventing antigens introduced into the
lung from being introduced into the immune system and
thus preventing a primary immune response. Interrup-
tion of CCR7 signaling presents several significant
problems, however. The first is that, in most circum-

Figure 2. Key chemokine/chemokine receptor pairs implicated in
allergic inflammation
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stances, therapy will need to be aimed at inhibiting the
secondary immune response in patients who have
demonstrated that they have made a pathologic Th2
response to an antigen. Interruption of CCR7 signaling
might prevent the allergic patient from developing an
allergic response to a new antigen but probably will be
ineffective at preventing the activation of an amnestic
response at a body surface. In addition, CCR7 function is
important for the recruitment of naive T cells into lymph
nodes and the interruption of CCR7 signaling will likely
result in general immunodeficiency.

The third phase relates to the recruitment of Th2 cells
into sites of allergic inflammation. Th2 cells express
several chemokine receptors, including CCR3, CCR4
and CCRS. Although CCR3 was the first chemokine
receptor described to be differentially expressed on
polarized Th2 cells [51] most investigators have found
little to no CCR3 on T cells found in allergic
inflammation [32°%,33°]. In addition, mice deficient in
CCR3 and CCR4 appear to have normal trafficking of
Th2 cells [52]. One study, however, suggested that
CCR3 and CCR4 ligands sequentially contribute to the
recruitment of Th2 cells in allergic pulmonary inflam-
mation [53]. Mice deficient in CCR8 have an impaired
Th2 response, but it remains unclear if this is due to a
primary defect in Th2 cell polarization or Th2 cell
trafficking [54°*]. The author’s team has recently
demonstrated a dramatic impairment in Th2 cell
trafficking in mice deficient in the transcription factor
STAT6 using an adoptive transfer protocol [15°°]. In this
model, chemokines active on Th2 cells and eosinophils,
such as the CCR3 ligands eotaxin-1 and eotaxin-2, the
CCR4 ligands MDC and TARC and the CCRS ligand I-
309 were not expressed following adoptive transfer of
ovalbumin-specific ThZ cells and aerosol ovalbumin
challenge. These data suggest that one or more
STAT6-inducible chemokines control the trafficking of
Th2 cells into the allergic lung. At present, CCR8 may
be the best candidate for a therapeutic target aimed at
specifically inhibiting ThZ cell trafficking into the lung.
CCR4 may play a more prominent role in Th2 cell
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trafficking to the skin, although this awaits experimental
confirmation.

The fourth potential area relates to the trafficking and
activation of eosinophils, basophils and mast cells. Once
Th2 cells are in the tissue and are activated by antigen,
they release cytokines that induce the subsequent release
of chemokines leading to the influx of eosinophils. 1L.-4
and IL-13, via a STAT6-dependent mechanism, induce
the release of chemokines active on eosinophils, such as
eotaxin-1, eotaxin-2, eotaxin-3, and MCP-4. These
chemokines activate eosinophils via CCR3, making
CCR3 a good target for interfering with eosinophil
recruitment to sites of allergic inflammation [16]. The
trafficking of basophils and mast cells in allergic
inflammation is less well documented. However, the
number of mast cells [55,56] and basophils [57] found in
allergic tissue is increased compared to normal tissue and
their numbers correlate with disease severity [57],
suggesting that these cells are recruited into allergic
tissue. As mentioned above, once in the tissue, these cells
can be activated by chemokines and, in particular, CCR2
and CCR3 ligands. The contribution that chemokines
make to the overall activation of these inflammatory cells
in allergic tissue remains to be determined, however.

Chemokine antagonists

Neutralizing antichemokine antibodies and chemokine
antagonists have been used in murine models of allergic
diseases to establish the principle that antagonizing
chemokine action represents a viable therapeutic strat-
egy (Table 2). Antibodies to TARC [58], MDC [59],
eotaxin-1 [60], MCP-1 [60,61], MIP-1a [61], RANTES
[61] and MCP-3 [62] have all in their own right inhibited
various aspects of allergic pulmonary inflammation and
airway hyperreactivity. However, mice with genetic
deficiency of these genes or their receptors, such as
eotaxin-1 [63,64], CCR2 [65] and CCR4 [52], have not
exhibited the phenotypes seen using neutralizing anti-
bodies, raising some concerns that compensatory
changes may be seen with long-term depletion of
chemokine signaling. Modified chemokines that can

Table 2. Chemokine antagonism in models of allergic pulmonary inflammation

Antagonists Asthma model Pulmonary eosinophilia Th2 cell recruitment IL-4, IL-5, IL-13 Ig-E AHR
Met-RANTES OVA L L ND ND ND
vCCH1 OVA 1l No A No A No A 1l
Anti-TARC Ab OVA L 1l L ND Ll
Anti-MDC Ab OVA 1 ! ND ND W
Anti-eotaxin-1 Ab OVA ! ! No A No A 1l
Anti-MCP-1 Ab OVA/SEA L L 1 L W
Anti-MCP-3 Ab OVA L ND ND ND ND
Anti-MIP-1a Ab SEA N No A ND ND No A
Anti-RANTES Ab SEA 1 No A ND ND No A

AHR, airways hyperreactivity; IL, interleukin; MCP, monocyte chemoattractant protein; MDC, macrophage-derived chemokine; MIP, macrophage
inflammatory protein; A, no change; OVA, ovalbumin; RANTES, regulated upon activation in normal T cells expressed and secreted; SEA, soluble egg
antigens from Schistosoma mansoni; TARC, thymus- and activation-regulated chemokine; Th2, T helper type 2.
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function as antagonists and virally encoded chemokine
antagonists have also revealed important roles for
chemokines in murine models of allergic pulmonary
inflammation. For example, when RANTES is ex-
pressed in Escherichia coli, the initiating methionine is
retained, resulting in Met-RANTES. This protein can
block functional responses to RANTES and MIP-1a.
Administration of Met-RANTES during the sensitiza-
tion and challenge phases in a murine ovalbumin model
of allergic pulmonary inhibited T cell and cosinophil
recruitment as well as airway hyperreactivity and mucus
hypersecretion [60]. Viral-derived CC-chemokine inhi-
bitor is a 35 kDa secreted virulence protein encoded in
the pox virus genome [66]. It is a competitive antagonist
for at least 15 CC chemokines inhibiting binding to their
respective chemokine receptors. Administration of the
inhibitor to the respiratory tract of immunized mice prior
to antigen challenge reduced pulmonary eosinophilia
and airways hyperreactivity [67°°]. These studies have
established the ‘proof of concept’ that inhibiting
chemokine action in asthma is a viable strategy that
should be explored.

Conclusion

Unraveling the complexity of the chemokine system has
provided new insight into the molecular regulation of
leukocyte trafficking. The intense interest in the
chemokine system has focused attention on the critical
importance of leukocyte trafficking in shaping the nature
and intensity of an immune response. The specificity of
the chemokine system affords a unique opportunity to
precisely manipulate leukocyte function in pathologic
responses, such as allergic inflammation. In this regard,
interfering with CCR3, CCR4 and CCRS8 signaling
represents attractive new targets for attenuating allergic
inflammation associated with allergic diseases.
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