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Adjuvants are substances that enhance immune responses and
thus improve the efficacy of vaccination. Few adjuvants are avail-
able for use in humans, and the one that is most commonly used
(alum) often induces suboptimal immunity for protection against
many pathogens. There is thus an obvious need to develop new
and improved adjuvants. We have therefore taken an approach to
adjuvant discovery that uses in silico modeling and structure-based
drug-design. As proof-of-principle we chose to target the interac-
tion of the chemokines CCL22 and CCL17 with their receptor CCRA4.
CCR4 was posited as an adjuvant target based on its expression on
CD4+CD25* regulatory T cells (Tregs), which negatively regulate
immune responses induced by dendritic cells (DC), whereas CCL17
and CCL22 are chemotactic agents produced by DC, which are
crucial in promoting contact between DC and CCR4* T cells.
Molecules identified by virtual screening and molecular docking as
CCR4 antagonists were able to block CCL22- and CCL17-mediated
recruitment of human Tregs and Th2 cells. Furthermore, CCR4
antagonists enhanced DC-mediated human CD4+ T cell prolifera-
tion in an in vitro immune response model and amplified cellular
and humoral immune responses in vivo in experimental models
when injected in combination with either Modified Vaccinia An-
kara expressing Ag85A from Mycobacterium tuberculosis
(MVABS85A) or recombinant hepatitis B virus surface antigen (rHB-
sAg) vaccines. The significant adjuvant activity observed provides
good evidence supporting our hypothesis that CCR4 is a viable
target for rational adjuvant design.
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he efficacy of vaccines can be greatly improved by adjuvants

that enhance and modify the magnitude and duration of
protective immunity. A variety of adjuvants including alum,
water-in-oil adjuvants, and complete Freund’s adjuvant (CFA)
with differing modes of action have been used experimentally (1,
2). Alum, the most commonly used adjuvant in human vaccines,
is a relatively weak adjuvant and induces responses of Th2-type
that may not confer protection against many pathogens. Con-
versely, although CFA stimulates potent Thl-type immune
responses in experimental animals, toxic effects due to excessive
inflammation make CFA unsuitable for humans. Thus develop-
ment of new and better adjuvants for human vaccines remains a
challenging prerequisite of vaccine research.

Past approaches to adjuvant identification have been largely
empirical. However, new vaccine targets may require novel
adjuvants that can induce well defined cellular and humoral
immune responses. With increasing knowledge of the molecular
basis of immunoregulatory mechanisms coupled with bioinfor-
matics, rational approaches to the design of molecular adjuvants
directed toward specific immune cell receptors are now possible
(3). One class of molecules that may serve as a useful adjuvant
target is the chemokine receptor family and in particular, CCR4,
based on its expression on CD4*CD25" regulatory T cells
(Tregs) (4). Tregs play a crucial role in down-modulating
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immune responses, contributing both to the maintenance of
self-tolerance and to the prevention of excessive responses
against infection (5). CCR4 is the receptor for two chemokines:
CCL17 and CCL22. They are produced by dendritic cells (DC)
the sentinels of the immune system, are chemotactic for Tregs,
and are crucial in promoting contact between DC and CCR4*
T cells (4, 6-8).

Recent reports suggest Tregs can suppress DC-mediated
immune responses (9) by inhibiting DC maturation and the
expression of costimulatory molecules and hence their ability to
activate T cells (10, 11). Blocking CCR4 function, and thus
inhibiting the interaction of Tregs with DC at the time of
vaccination, would be predicted to enhance vaccine-induced
immune responses. Such a strategy would require transient
inhibition of CCR4 and Treg function and, to avoid damaging
autoimmunity, an absence of Treg depletion (12-14). This
strategy can be realized by using small molecule CCR4 antag-
onists that would act as adjuvants by transiently blocking Treg
functions.

Here, we used homology modeling and molecular docking to
CCR4 to identify potential lead compounds that display antag-
onistic properties. We identified CCR4 antagonists that enhance
DC-mediated human T cell proliferation in an in vitro immune
response model and which induce cellular and humoral re-
sponses in vivo. Our results provide a “proof of principle” for the
utility and efficiency of in silico modeling as an aid to the rational
design of molecular adjuvants targeting specific receptors.

Results

Development of a Homology Model for CCR4. Chemokine receptors
belong to the rhodopsin family of heterotrimeric guanine nu-
cleotide-binding protein (G protein)-coupled receptors
(GPCR). GPCR share a conserved structure: seven transmem-
brane a-helices connected by six loops of varying lengths (15). As
is the case for all GPCR, the structure of CCR4 comprises seven
a-helices forming a flattened two-layer structure joined by three
intracellular and extracellular loops. The transmembrane region
is composed of seven segments of 20-30 consecutive residues
with high overall hydrophobicity.

The structure of only one member of the GPCR superfamily—
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Fig.1. Insilico modeling of CCR4 antagonists. Representative illustrations of
two small molecule CCR4 antagonists AF-399/42016530 and ST 016907 docked
by GOLD into the homology model of CCR4. The diagram depicts a view
looking down on the protein in the membrane from outside the cell. Residues
making principal van der Waals contacts are shown in full; the remainder of
CCR4 is shown as a single ribbon after the amino acid backbone. Antagonists
are visualized with a surrounding hydrophobic Connolly surface. Pictures
generated by using Sybyl7.3. Values in parentheses denote molecular weight.

bovine rhodopsin—had been determined by x-ray crystallogra-
phy when our study was undertaken (16). Despite the low
sequence identity between rhodopsin and CCRA4, this structure
can be used as a scaffold for the transmembrane regions.
Initially, a homology model of CCR4 was created (Fig. 1).
Sequences corresponding to the transmembrane, intracellular
and extracellular regions of CCR4 were predicted and trans-
posed onto the rhodopsin structure, with the transmembrane
regions modeled as a-helices and the termini and loops added in
an extended conformation. The final model was produced after
solvation and optimization in a lipid bilayer.

Identification of Potential Lead Molecules Through Structure-Based
Virtual Screening and Molecular Docking to CCR4. Unlike chemo-
kines and other large peptide ligands, small molecules occupy a
cavity within the transmembrane region of the receptor that
corresponds to a typical ligand-binding site (17). To identify
potential lead compounds that display CCR4 antagonistic prop-
erties, a database containing structures from a variety of sup-
pliers was constructed within UNITY (SYBYL 7.0, Tripos Inc.,
USA) and screened for potentially reactive and undesirable
molecules (18). The resulting “clean” database consisting of
~450 000 molecules was prescreened by using a pseudophar-
macophore derived from properties of known chemokine an-
tagonists: Compounds must have a MW >500; contain two or
more five- or six-membered aromatic rings; and one or more
nitrogen atoms [supporting information (SI) Fig. S1]. The 3D
structures of the 13 000 compounds thus selected were built using
CORINA (19). These structures were tested for interaction with
CCR4 by using the GOLD docking program and the GoldScore
fitness function (20). The ligands docked within a predicted
cavity in the transmembrane region of CCR4. Models of two
docked CCR4 antagonists are shown in Fig. 1.

Assessment of CCR4 Antagonism and Specificity Through Chemotaxis
Assay. The 116 top ranked molecules were tested for their ability
to inhibit CCL22-mediated chemotaxis of a CCR4" human
Caucasian acute T lymphoblastoid leukaemia cell line CCRF-
CEM (Fig. 24). Sixteen of the compounds (~13.7%) inhibited
CCR4-mediated migration of CCRF-CEM cells with ICs values
in the range of 179 X 107! to 229 X 104 M.

CCRF-CEM also expresses another chemokine receptor,
CXCR4 (Fig. 2A4), which allowed us to test the specificity of the
CCR4 antagonists. With the exception of one antagonist, the
compounds had no effect on either CXCR4-mediated migration
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Fig. 2. Assessment of the specificity of CCR4 antagonists. (A) Expression of
chemokine receptors CCR4 and CXCR4 by CCRF-CEM cells. (B) CCR4 antagonists
do not inhibit CXCL12-mediated chemotaxis of CCRF-CEM cells. Data (n = 2)
show the number of migrated cells in response to 3 nM CXCL12 in the absence
(Control) or presence of 2 uM CCR4 antagonists AF-399/42019029, AF-399/
42016530, 6987710, ST 016907, AF-399/42018025, and AF-399/420018078.

(Fig. 2B) or cell viability (data not shown), even at concentra-
tions 1000 times higher than their ICsy values (=2 uM).

Interference with CCL22- and CCL17-Mediated Recruitment of Human
Tregs by CCR4 Antagonists. Tregs negatively regulate immune
responses induced by professional antigen presenting cells.
Therefore inhibition of CCL22- and CCL17-mediated CCR4-
dependent recruitment of Tregs represents a potential target for
boosting immune responses. Tregs, which are enriched among
CD4+*CD45RO™ T cells expressing high levels of CD25, were
isolated from the peripheral blood mononuclear cells (PBMC)
of healthy donors. These CD4+CD25"eh cells expressed FoxP3
and CCR4 (Fig. 34). Moreover, they failed to proliferate and to
secrete T cell cytokines after in vitro stimulation and also
suppressed the proliferation of cocultured conventional T cells
(data not shown), thus confirming that isolated CD4*CD25"igh
cells are bona fide Tregs.

We examined six compounds (AF-399/42019029, AF-399/
42016530, 6987710, ST 016907, AF-399/42018025, AF-399/
420018078) for their ability to block CCR4-mediated migration
of Tregs. All six antagonists inhibited CCL22-mediated Treg
migration (Fig. 3B) significantly: Inhibition was in the range of
29.6-40.1% (n = 6 donors). None of the compounds affected
cell viability. In addition, all 6 compounds inhibited Treg mi-
gration in response to another CCR4 ligand, CCL17 (35.9-
46.4%, Fig. 3C). Interestingly, inhibition was slightly greater for
CCL17 than for CCL22, possibly reflecting the higher affinity of
CCL22 for CCR4 (21). Our results thus indicate that in silico
identified CCR4 antagonists can interfere with the recruitment
of Tregs mediated by two CCR4 ligands.

Inhibition of CCL22- and CCL17-Mediated Chemotaxis of Human Th2
Cells by CCR4 Antagonists. It is known that polarized effector T cells
can influence the development of immune responses. Th2-based
responses can inhibit Th1-biased cellular immune responses, which
are thought to be more protective against intracellular pathogens
(22). In addition to Tregs, polarized human Th2 cells express CCR4,
and migrate in response to CCR4 ligands (23). Therefore it was
important to determine whether novel adjuvants could inhibit
migration of polarized Th2 cells, because this might be deleterious
or useful, depending on the target pathogen. Fig. 44 confirms that
in vitro generated polarized Th2 cells express CCR4. Furthermore,
as observed with Tregs, all 6 CCR4 antagonists significantly inhib-
ited both CCL22- and CCL17-directed migration of Th2 cells (Fig.
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Fig. 3. CCR4 antagonists block CCL22- and CCL17-mediated migration of

human peripheral blood CD47CD25* regulatory T cells. (A) Expression of
CCR4, CD25, CD45RO, CD45RA, and FoxP3 on Tregs. (B and C) Inhibition by
CCR4 antagonists of CCL22 (1.2 nM)-mediated (B) and CCL17 (1.2 nM)-
mediated (C) chemotaxis of Tregs. Data show the percent inhibition of che-
motaxis by the indicated CCR4 antagonists (10 nM) for six donors. Percent
inhibition of chemotaxis by CCR4 antagonists was calculated as follows: [(no.
cells migrated in the presence of DMSO — no. cells migrated in the presence
of antagonist)/no. cells migrated in the presence of DMSO] X 100. Mean values
are indicated with a horizontal bar. *, P < 0.05 compared with DMSO controls.

4 B and C), and the effects were comparatively greater for CCL17
than CCL22.

Enhancement of DC-Mediated Human CD4* T Cell Proliferation by
CCR4 Antagonists in an in Vitro Inmune Response Model. The utility
of a CCR4 antagonist as an adjuvant is predicated on the hypothesis
that this molecule would inhibit recruitment of Tregs to DC,
resulting in an enhanced immune response. To test this hypothesis,
we modeled the early stages of a human immune response in vitro.
Six-day old immature DC (0.2 X 10° per milliliter) were placed in
the lower chambers of transwell plates. The cells were stimulated
with a TLR ligand (LPS, 100 ng/ml) to induce activation and
secretion of DC-chemokines. After 24 h, we added to the upper
chambers 0.5 X 10° CD4" T cells that contain a mixture of total
CD4" T cells and Tregs from an allogeneic donor (8:1 ratio). The
ratio 8:1 of total CD4™" T cells and Tregs was chosen based on our
previous experiments demonstrating that Tregs inhibit in a dose-
dependent manner the proliferation of non-Treg T cells and
expression of costimulatory molecules CD80 and CD86 on DC
when Tregs and non-Treg T cells are present at various ratios (11).

The T cells were added to the upper chambers in medium
alone or medium containing DMSO or CCR4 antagonists (10
nM). In this setting, the T cells migrate to lower chambers of the
transwells in response to chemokines secreted by TLR-
stimulated DC. After 2 h incubation, the top chambers were
removed. The lower chambers containing migrated CD4* T cells
and mature DC were incubated for a further 4 days. Because DC

Bayry et al.

oy

(=]

($)

100 - ——
100 10" 102 10° 104
CCR4
* * * * * *
B 50 1 )
2 . g o
-g 40
£ [
2 20
Ls 7 tet
b ° °
S 20 [ )
S
z [
£ 10
®
0

1 1 1
AF-399/  AF-399/
016907 42018025 42018078

I 1 1
AF-399/ AF-399/ 6987710 ST
42019029 42016530

C 60 * * * * * *
e i3
©
1% ¢« 8 8 3
A - T
> °
(<] 30 . ‘
< o s
g ° o
=
2 154
=
=

0 T T T T T 1
AF-399/ AF-399/ 6987710 ST AF-399/  AF-399/
42019029 42016530 016907 42018025 42018078
Fig. 4. CCR4 antagonists inhibit CCL22- and CCL17-mediated migration of

human Th2 cells. (A) The expression of CD4 and CCR4 on in vitro-generated
Th2 cells. (B and C) Percent inhibition by CCR4 antagonists (10 nM) of CCL22
(1.2 nM)-mediated (B) and CCL17 (1.2 nM)- mediated (C) migration of Th2 cells
(n = 7 donors). Mean values are indicated with a horizontal bar. *, P < 0.05
compared with DMSO controls.

and T cells were from unrelated donors, presentation of alloan-
tigens by TLR-stimulated DC serves as a stimulus for T cell
activation. The non-Tregs were CFSE-labeled, so that their
proliferation could be measured by the dilution of this fluores-
cent dye, which occurs upon cell division. Greater or lesser
migration of Tregs toward DC would result in lower or higher
proliferation respectively.

As shown in Fig. 5 4 and B, DC-mediated T cell proliferation
was significantly higher for T cells exposed to CCR4 antagonists
than for controls (P < 0.05). The mean enhancement of prolif-
eration of T cells was in the range of 39.1-49.2% as compared
with controls. Further, the observed activities were due to bona
fide CCR4 antagonism, because CCR4 antagonists did not
modify human DC phenotype (data not shown) nor the mature
DC-mediated chemotaxis and proliferation of CD4*CD45RA™*
naive T cells that lack Tregs in the population (Fig. 5C).
Therefore, the results indicate that CCR4 antagonists enhance
T cell responses by inhibiting recruitment of Tregs.

Amplification of the Inmunogenicity of Vaccines by CCR4 Antagonists
in Vive. Our data demonstrating the efficacy of CCR4 antagonists
in blocking the recruitment of Tregs and boosting DC-mediated
T cell proliferation suggest that these compounds might exert
adjuvant activity in vivo. Therefore, we examined the impact of
our compounds on the quality of a primary immune response
to vaccination in mice. Three compounds (AF-399/42018025,
AF-399/42016530, ST 016907) were chosen, which inhibit the
CCR4-mediated migration of mouse cells in vitro (data not shown).
Simultaneous immunization of each of the compounds with Mod-
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Fig. 5. CCR4 antagonists boost DC-mediated human CD4* T cell prolifera-
tion by blocking Treg recruitment. (A) CFSE profiles of DC-stimulated T cells
treated with medium alone (Control), or with solvent (DMSO) or representa-
tive CCR4 antagonists (10 nM). The upper right quadrant represents undivided
cells, whereas upper left quadrant represents cells that have divided and
therefore diluted CFSE fluorescence. The values denote percent of cells that
have undergone division. (B) The percent increase in DC-mediated T cell
division upon exposure to CCR4 antagonists compared with controls. Percent-
age enhancement of T cell proliferation by CCR4 antagonists was calculated as
follows: [(% divided cells in the presence of antagonist — % divided cells in
control)/% divided cells in control] X 100. Statistical significance as analyzed
by Mann-Whitney test is denoted by * (P < 0.05 compared with DMSO). (C)
CCR4 antagonists do not modify mature DC-mediated proliferation of
CD4"CD45RA™ naive T cells lacking both Tregs in the population and expres-
sion of CCR4. The values denote percent of cells that have undergone division.

ified Vaccinia Ankara expressing antigen 85A of Mycobacterium
tuberculosis (MVAS85A) significantly enhanced the frequency of
PPD-reactive IFN-y-secreting cells (Fig. 64). The increased cellular
response by all three antagonists was also reflected in significantly
greater production of IFN-vy in PPD-stimulated cultures (Fig. 64).

The potential for CCR4 antagonists to stimulate antibody
responses was examined by using recombinant hepatitis B virus
surface antigen (rHBsAg), ayw subtype. Immunization with
HBsAg alone or HBsAg and DMSO induced minimal antibody
responses (Fig. 6B). However, simultaneous administration of
AF-399/42016530 with rHBsAg significantly enhanced the titer
of HBsAg specific antibodies to a level similar to that of
Engerix-B (Fig. 6B), a commercial alum-containing rHBsAg
vaccine. Further, IgG subclass analysis revealed that the anti-
HBsAg IgG response was predominantly of the IgG1 subtype in
both AF-399/42016530 adjuvanted and Engerix-B immunized
mice (Fig. 6C).

Discussion

Colocalization of Tregs with their target cells is important for
their suppressive function. Tregs are found in a wide variety of
lymphoid and nonlymphoid tissues. By altering the tissue and
microenvironmental distribution of Tregs, it should be possible

10224 | www.pnas.org/cgi/doi/10.1073/pnas.0803453105
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Fig. 6. CCR4 antagonists amplify immunogenicity of vaccines in vivo. (A)
Assessment of T cell response in mice 6 days after MVA85A vaccination in the
presence of ~2.5 uM CCR4 antagonists (AF-399/42016530, ST 016907, and
AF-399/42018025) or DMSO control. IFN-y production by splenocytes in re-
sponse to PPD was analyzed by measuring IFN-y in the supernatants (filled
triangles, pg/ml) and ELISPOT assay (open triangles, X103 cells per spleen).
Similar results were obtained in two or three independent experiments. (B)
1gG responses against rHBsAg as measured by ELISA 14 days after the second
vaccination of mice with rHBsAg, rHBsAg plus DMSO, rHBsAg plus AF-399/
42016530 (~2.5 pM), or Engerix-B. Four mice per group were tested individ-
ually. *, P < 0.05 compared with DMSO controls. (C) Anti-HBsAg IgG responses
elicited by Engerix-B or rHBsAg plus AF-399/42016530 are of IgG1 subclass.

to modulate immune responses. The chemokine receptor CCR4
is associated with Treg migration and function (4, 24, 25). Upon
maturation and activation, DC in both lymphoid and nonlym-
phoid tissues produce CCL22 and CCL17, and the binding of
these ligands to CCR4 helps to guide Tregs toward DC (4, 7, 26).
If CCR4* Tregs fail to compete effectively with naive T cells for
access to DC because CCL22 and CCL17-binding to CCR4 is
blocked then this should result in increased activation and
differentiation of vaccine antigen-specific effector T cells. Our
results support this hypothesis, because we demonstrate in a
model of the early immune response that CCR4 antagonists
block Treg recruitment in response to DC-chemokines and thus
enhance DC-mediated T cell proliferation. A similar mechanism
may underlie the adjuvant activity of CCR4 antagonists observed
in vivo.

Chemokines function by signaling through a complex system
of receptors that guide the migration and interactions of immune
cells and thus regulate immune responses. Several strategies
have been proposed for intervening in the chemokine system to
modulate immune responses (27, 28). However, designing che-
mokine receptor antagonists remains challenging because there
is great redundancy and promiscuity in receptor-ligand interac-
tions and a palpable lack of structural information. Previous

Bayry et al.
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attempts to develop CCR4 antagonists have revealed that race-
mic thiazolidinones display good receptor affinity but lack
sufficient drug-like properties in vivo. Although switching the
thiazolidinone core to lactam, pyrimidine, isoxazole, and pyra-
zole produced better drug-like properties, only molecules with
isoxazole retained potency (29, 30).

Drawing on such work, we used a pharmacophore as the
starting point for structure-based virtual screening. By docking
compounds to our modeled CCR4 in silico, we identified
compounds able to bind within the transmembrane region. A
significant proportion of compounds exhibited CCR4-specific
antagonism in vitro, validating the virtual screening process.
Driven by computational compound selection, a significant
enrichment over random screening is observed. This enrich-
ment compares favorably to the outcome of robotic high-
throughput screening of hundreds of thousands of compounds
over weeks or months, in unsupervised assays of uncertain
reliability, where signal-to-noise issues remain important. Vir-
tual screening should prove equally valuable in identifying
molecules that mediate adjuvant activity targeting other re-
ceptors, such as Toll-like receptors.

Ideally, an adjuvant should be able to induce well defined
cellular and humoral immune responses to vaccine antigens.
Whereas cellular immune responses reduce pathogen burden,
humoral responses prevent infection. When CCR4 antagonists
were tested for their adjuvant function in vivo with MVASS5A and
rHBsAg vaccines, enhanced immunogenicity was observed for
both cellular and humoral immune responses. The cellular
immune responses induced by immunization of MVASSA with
CCR4 antagonists are particularly striking, given that the vaccine
vector used is known to be highly immunogenic (31, 32).
However, because this viral vector has inherent adjuvant activity,
it was important to show that CCR4 antagonists could also
enhance the response to a poorly immunogenic protein antigen,
such as rHBsAg. In this model, responses nearly as great as those
obtained with the commercial alum-adjuvanted vaccine, En-
gerix-B, were seen. Further, our in vitro results suggest that
CCR4 antagonists could function similarly in humans.

Although, CCR4 antagonists block the migration of Th2 cells
in response to CCL22 and CCL17, this activity may not greatly
influence a primary humoral immune response, i.e., in a setting
that lacks prepolarized antigen-specific Th2 cells. Indeed, the
antibodies elicited using a CCR4 antagonist as an adjuvant were
predominantly IgG1, which is regarded as a Th2 antibody
subclass in the mouse. Whether the blocking of antigen-specific
memory Th2 cells during booster immunization reduced the
secondary humoral immune responses observed is not known.
Nevertheless, the magnitude of the antibody response induced by
the CCR4 antagonist was impressive and promising when com-
pared with that stimulated by a marketed vaccine (Engerix-B),
especially considering that we have not yet optimized the dose of
CCR4 antagonists for in vivo use. In this context, the significant
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