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CCR5 Regulates High Dose Oral Tolerance by Modulating CC
Chemokine Ligand 2 Levelsin the GALT?

R. William DePaolo, Rashida L athan, and William J. Kar pus?

Oral tolerance is an immunomodulatory mechanism used by gut tissues to induce systemic tolerance to ingested proteins. In
models of disease, such as experimental autoimmune encephalomyelitis, oral tolerance has been used to protect against paralysis
induced by immunization with myelin proteins. Previous work in our laboratory has shown arole for the chemokine, CCL 2, and
itsreceptor in theinduction of high dose oral tolerance. In the present study, wereport that two CCR5 ligands, CCL4 and CCL5,
are expressed in gut tissues after Ag feeding. CCR5™/~ mice were unable to be tolerized by feeding a high dose of Ag and were
not protected from developing experimental autoimmune encephalomyelitis. Moreover, CCR5~'~ mice did not display cytokine
deviation asnormally seen after high dose oral Ag. Using a selective CCR5 antagonist, methionine-RANTES, CCL 2 expression was
inhibited, resulting in enhanced IL-12 production and the inability for mice treated with methionine-RANTES to become orally
tolerized. This current study suggests that CCR5 ligands may function to modulate CCL2 levels in the gut after Ag feeding,
promoting a cellular environment that favors tolerance rather than immunity. The Journal of Immunology, 2004, 173: 314-320.
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purchased from Peptides International (Louisville, KY); amino acid com-
position was verified by mass spectrometry, and purity was >98%.

Tolerance and immunization

Induction of tolerance was performed by administering 2 mg of
MOG35-55 or 2 mg of OVA323-339 dissolved in 0.5 ml of PBS by
intragastric gavage. To induce EAE, mice were immunized with 200 ug of
MOG35-55 emulsified in CFA containing 4 mg/ml Mycobacterium tuber-
culosis (Difco, Kansas City, MO) s.c. and given 200 ng of pertussis toxin
(List Biological Laboratories, Campbell, CA) i.v. on the day of and 2 days
after immunization. Individual animals were graded according to clinical
severity, as follows: grade 0, no abnormality; grade 1, limp tail; grade 2,
limp tail and hind limb weakness; grade 3, partial hind limb paraysis;
grade 4, complete hind limb paralysis. In some experiments, mice were
treated with 100 ng of met-RANTES 1 h before Ag feeding and immu-
nized with MOG35-55 to induce EAE 7 days later.

Chemokine and cytokine ELISA

CCL2, CCL3, CCL4, and CCL5 were quantified from tissue samples by
specific ELISA (26, 27). Briefly, PP and MLN samples were harvested and
homogenized in 1 ml of PBS and clarified by centrifugation (400 X g) for
10 min. Flat-bottom microtiter plates were coated with capture Ab diluted
in sodium phosphate coating buffer and incubated at 4°C overnight. Non-
specific binding sites were blocked by incubation with 10% FCSin PBSfor
1 h at 37°C, and samples were subsequently added in triplicate and incu-
bated for 2 h at 37°C. HRP-conjugated anti-CCL2 Ab was added and
incubated for an additional 1 h at 37°C. Plates were developed using o-
phenylenediamine substrate, and absorbance was read at 490 nm. Standard
curves for the chemokines were generated using a series of dilution of
purified recombinant chemokine (R&D Systems, Minneapolis, MN). The
detection limit of these assays is 31.25 pg/ml, and this ELISA is specific
and does not cross-react with any other cytokine or chemokines. Chemo-
kine levels in mucosa and spleen were quantified by comparison with the
standard curve and expressed as pg/ml tissue. Culture supernatants were
tested for the presence of IL-2, IFN-vy, IL-12, TNF-«, and IL-4 by com-
mercial ELISA kits (Endogen, Cambridge, MA). The detection limit of the
cytokine ELISA kits was as follows: IL-2, 15.6 pg/ml; IFN-vy, 48.8 pg/ml;
IL-12, 156 pg/ml; TNF-e, 31.3 pg/ml; and IL-4, 31.3 pg/ml.

Satistical analysis

Comparisons of disease and disease incidence were analyzed by the y?
analysis, using Fisher's exact probability test. Statistical significance of
cytokine levels, proliferations, and disease onset was analyzed using Stu-

dent’s t test for comparisons of two means. Vaues of p = 0.05 were
considered significant.

Results
Ligands for CCR5 are up-regulated in the GALT after Ag
feeding

To assess the role of chemokinesin oral tolerance, levels of CCL3,
CCL4, and CCL5 were measured from wild-type mice after feed-
ing 2 mg of MOG35-55 or saline. Six hours and 2 days after Ag
feeding, PP and MLN were harvested and homogenized in 1 ml of
sterile PBS, and the clarified supernatants were analyzed by
ELISA. Mice that received oral PBS did not produce any CCL3,
CCLA4, or CCL5 at either 6 h or 2 days postpeptide gavage (Fig. 1).
Feeding MOG35-55 induced a significant amount of CCL5 in the
GALT at both 6 h and 2 days (Fig. 1A). CCL4 was significantly
increased 2 days after Ag feeding (Fig. 1B); however, there was no
increase in CCL3 in the wild-type mice at either time point (Fig.
1C). These dataindicate that both CCL4 and CCL5, but not CCL 3,
are up-regulated in the GALT following high dose Ag feeding.

CCR5 '~ mice are not protected from EAE when fed
MOG35-55

CCL5, CCL4, and CCL3 al have the ability to bind and signal
through the chemokine receptor CCR5 (28). Because two of the
three ligands for CCR5 were up-regulated in the GALT after Ag
feeding, we wanted to assess the role of CCR5 in ora tolerance
induction. CCR5 '~ mice develop EAE (29), so we decided to use
lack of disease development as a readout for the induction of ora
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FIGURE 1. CCRS ligands are up-regulated in the GALT after Ag feed-
ing. C57BL/6 mice were fed 2 mg of MOG35-55 or saline. Six hours and
2 days after feeding, two mice were sacrificed and intestinal mucosa was
homogenized in 1 ml of PBS. Protein expression in clarified supernatants
of CCL5 (A), CCL4 (B), and CCL3 (C) was assessed by ELISA. Hatched
lines represent the limit of detection of each assay. The data shown are
representative of three independent experiments.

tolerance. CCR5™/~ and wild-type mice were fed 2 mg of
MOG35-55 or OVA320-339, as a control peptide, 7 days before
immunization with 100 ng of MOG35-55 in CFA plus pertussis
toxin to induce EAE. The results shown in Fig. 2A demonstrate
that control peptide-fed wild-type and CCR5/~ mice immunized
with MOG35-55 develop severe EAE with an incidence of 100%
(Fig. 2B). Feeding MOG35-55 protected wild-type mice from de-
veloping severe EAE (Fig. 2A). The incidence of disease devel-
opment in this group was 14% (Fig. 2B). However, deletion of
CCR5 reverses the protective effect of feeding MOG35-55 pep-
tide, and those mice devel oped EAE identical with control peptide-
fed mice (Fig. 2A) with an incidence of 100% (Fig. 2B). These
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FIGURE 2. Oral toleranceis not induced in CCR5™'~ mice fed MOG35-55. C57BL/6 or CCR5 '~ mice received 2 mg of MOG 35-55 or OVA323-39
(sham) intragastrically 7 days before immunization with MOG35-55 in CFA. Mice were evaluated for clinical signs of EAE on afour-point scale. The data
are expressed as the mean clinical disease score for al mice as a function of days after immunization (A) or as percentage of clinical disease incidence (B).
Both mean clinical disease and disease incidence were significantly decreased in only the MOG35-55-fed wild-type mice compared with other groups (p <

0.05). The data shown are representative of three separate experiments.

results demonstrate that CCR5 expression is necessary for the in-
duction of high dose oral tolerance.

CCR5~/~ mice have altered immune deviation

We further evaluated the effect of CCR5 deletion on immune re-
sponses following Ag feeding. One feature of high dose ora tol-
erance is immune deviation, whereby mice primed with Ag and
CFA normally produce Thl-associated cytokines, but an oraly
tolerized animal will produce Th2 cytokines after priming (30).
When a subset of control peptide-fed wild-type mice from the
experiment shown in Fig. 2 displayed peak clinical EAE, MLN
cells and splenocytes were harvested from al four groups of mice
and were stimulated in vitro with MOG35-55 to determine their
ability to produce cytokines. The results shown in Fig. 3 indicate
that wild-type mice fed MOG35-55 produced significantly less
IL-2 and IFN-vy and significantly more IL-4 than control Ag-fed
wild-type mice. However, MOG35-55-fed CCR5 ™/~ mice
showed no change in IL-2, IFN-v, or IL-4 compared with either
control peptide-fed CCR5 '~ mice or control peptide-fed wild-
type mice. Therefore, they did not demonstrate an Ag-specific T
cell cytokine phenotype seen in orally tolerized mice. These data
suggest that in the absence of CCR5, Ag feeding does not induce
immune deviation as measured by the up-regulation of Th2
cytokines.

CCR5™/~ mice produce less mucosal CCL2 after Ag feeding

Chemokines have been described principally as chemoattractant
cytokines (28). We considered the possibility that the absence of
CCRS5 was altering leukocyte trafficking into or out of the gut
following Ag feeding, and thus accounting for the lack of tolerance

induction and cytokine deviation. However, when PP, MLN, and
spleen were assessed by flow cytometry for leukocyte subpopula-
tions, there were no differences in numbers of CD4, CD8, CD11b,
v8 T cells, and CD19 populations between any of the groups at 2
and 5 days after Ag feeding (data not shown). Because there were
no changes in lymphocyte trafficking in the GALT following Ag
feeding in the CCR5~/~ mice, we hypothesized that there may be
defects in inflammatory and/or regulatory cytokine. We have pre-
viously demonstrated arole for CCL2 in theinduction of high dose
ora tolerance through a mechanism of mucosal IL-12 regulation
(22, 23). CCL2 was not found to be a critical molecule for the
induction of low dose oral tolerance; however, deletion of CCL2 or
its receptor did impair the production of IL-4 after repeated low
dose feedings (31). Both models suggest that CCL2 functions to
control cytokine production. Therefore, we explored a potential
role of CCR5 stimulation in mucosal cytokine regulation by hy-
pothesizing that CCR5™/~ mice have a deficiency in the ability to
produce CCL2, which could potentially affect inflammatory cyto-
kine expression. In the first set of experiments to address this pos-
sibility, wild-type and CCR5 /'~ mice were fed 2 mg of
MOG35-55 or sdline as a control; 2 days later, intestinal mucosa
was harvested and homogenized, and the clarified supernatants
were analyzed for IL-12 and CCL2 by ELISA. Consistent with our
previous findings (23), wild-type mice fed saline showed neither
IL-12 nor CCL2 production (Fig. 4). Wild-type mice fed 2 mg of
MOG35-55 produced low amounts of 1L-12 (Fig. 4A) and high
amounts of CCL2 (Fig. 4B) in the GALT. However, CCR5 '~
mice fed MOG35-55 produced high levels of I1L-12 (Fig. 4A) and
low levels of CCL2 (Fig. 4B). These data suggest that the absence
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FIGURE 3. CCR5 "/~ mice do not exhibit immune deviation when fed MOG35-55. Spleen (M) and MLN (f#) were harvested from wild-type and
CCR5 '~ mice at the peak of acute disease. A total of 5 X 10° cells was restimulated in vitro with 50 pwg/ml MOG35-55 for 48 h, and supernatants were
analyzed for IL-2, IFN-vy, and IL-4 by ELISA. *, Denotes p < 0.05. The data shown are representative of three independent experiments.
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of CCR5 alters the cytokine milieu of the GALT through reduced
CCL2 production and concomitant enhancement of 1L-12 levels.

CCR5™/~ macrophages from the GALT produce less CCL2 after
MOG35-55 feeding

We wanted to directly investigate whether adherent cell popula-
tions from CCR5 ™/~ mice have a defect in CCL2 production fol-
lowing orad Ag administration. Plastic-adherent cells, including
macrophages and dendritic cells, were isolated from the PP and
MLN 2 days after feeding either 2 mg of MOG35-55 or saline.
Real-time PCR was performed for expression of CCL2 mRNA.
The results in Fig. 5 demonstrate macrophages and dendritic cells
from MOG35-55-fed wild-type mice up-regulated CCL2 mRNA
expression in both the PP and MLN compared with cells from
saline-fed controls. Additionally, macrophages and dendritic cells
from both the PP and MLN of MOG35-55-fed CCR5 '~ mice had
a significantly lower amount of CCL2 mRNA expression. These
data directly demonstrate that CCR5/~ macrophages and den-
dritic cells derived from the GALT produce less CCL2 after Ag
feeding.
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FIGURE 4. CCR5 '~ mice show enhanced mucosal 1L-12 and less
CCL2 production after Ag feeding. CCR5™/~ and wild-type mice were fed
2 mg of MOG35-55 or PBS (sham) as a control. Two days after Ag feed-
ing, the intestinal mucosa was harvested and homogenized in 1 ml of PBS.
The clarified supernatants were analyzed by ELISA for the presence of
IL-12 (A) and CCL2 (B). *, Denotes p < 0.05 compared with wild-type
MOG35-55-fed mice. The data shown are representative of three indepen-
dent experiments.
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FIGURE 5. CCR5 /" adherent cells from the GALT produce less
CCL2 after feeding. CCR5™/~ and wild-type mice were fed 2 mg of
MOG35-55 or saline. Two days following feeding, the MLN and PP were
removed; adherent macrophages and dendritic cells were isolated; and real-
time PCR for the detection of CCL2 mRNA was performed. The positive
controls (PC) were a population of LPS-stimulated normal peritoneal mac-
rophages. *, Denotes p < 0.05 compared with wild-type MOG355-55-fed
mice. The data shown are representative of three separate experiments.

In vivo treatment with a CCR5 antagonist before Ag feeding
abrogates oral tolerance and inhibits mucosal CCL2 and [L-12

We have previously demonstrated that local gut production of
CCL2 is crucia to high dose ora tolerance by down-regulating
IL-12 production (22). met-RANTES is a selective CCR5 antag-
onist that has an extremely low binding affinity for CCR1 (32) and
is unable to inhibit chemotaxis to the CCR3 ligand, eotaxin (32).
However, met-RANTES was able to block RANTES-induced che-
motaxis, demonstrating the CCR5 selectivity of this antagonist
(32). To further explore the role of CCR5 in modulating ora tol-
erance, we treated wild-type C57BL/6 mice with 100 ng of met-
RANTES 1 h before feeding 2 mg of MOG35-55 or OVA323—
339, asacontrol. Seven daysfollowing Ag feeding, all of the mice
were immunized with MOG35-55 in CFA to induce EAE. As
shown in Fig. 6, animals fed MOG and treated with met-RANTES
prior were not orally tolerized and demonstrated clinical disease
(Fig. 6A), with an incidence of 80% (Fig. 6B) that was significantly
higher than the tolerized control animals. At the peak of clinica
disease, mice from each group were sacrificed and splenocytes
were restimulated in vitro with MOG35-55. Splenocytes from an-
imals fed MOG35-55 and treated with the CCR5 antagonist dis-
played significantly elevated |FN-y production compared with the
oraly tolerized control animals (Fig. 6C). To understand whether
antagonizing CCR5 had the same effect on mucosal production of
CCL2and IL-12 asseeninthe CCR5™/~ animals, mice were given
100 pg of met-RANTES 1 h before Ag feeding and then fed
MOG35-55 or saline. Two days after Ag feeding, GALT was ho-
mogenized, and levels of CCL2 and IL-12 were examined by
ELISA. The results shown in Fig. 7A demonstrate that met-
RANTES treatment of MOG35-55-fed wild-type mice reduced
expression of CCL2. Correspondingly, the level of IL-12 in the
GALT was increased (Fig. 7B). Because treatment with met-
RANTES before Ag feeding increased IL-12 levels, we wanted to
determine whether this treatment abrogated ora tolerance. Re-
maining mice from each group were immunized with MOG35-55,
and 7 days later Ag-specific proliferation and IFN-vy levels were
measured. These data demonstrate that blocking CCR5 in vivo
before feeding abrogates oral tolerance induction and aters the
cytokine milieu of the gut by inhibiting CCL2 and promoting pro-
duction of the inflammatory cytokine IL-12 as well as allowing
differentiation of Thl lymphocytes.
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expressed as the mean clinical disease score for all mice as a function of
days after immunization (A) or as percentage of clinical disease incidence
(B). Both mean clinical disease and disease incidence were significantly
decreased in only the MOG35-55-fed wild-type mice compared with other
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FIGURE 7. CCR5 antagonist inhibits CCL2 production from the GALT
of MOG35-55-fed mice and increases IL-12 production. C57BL/6 mice
were treated with 100 png of met-RANTES 1 h before feeding 2 mg of
MOG35-55 or saline. Two days following Ag feeding, PP and MLN were
harvested and homogenized. The clarified supernatants were used to de-
termine CCL2 (A) and IL-12 (B) protein levels by ELISA. The data are
representative of four separate experiments.

To gain further insight into CCR5 regulation of CCL2 expres-
sion, we assessed the ability of met-RANTES to antagonize CCR5
regulation of CCL2 production by activated macrophages in vitro.
Normal peritoneal macrophages wereisolated from wild-type mice
and activated in vitro with LPS in the presence of met-RANTES.
After 24 h in culture, the supernatants was harvested and assessed
for chemokine expression by ELISA. The results shown in Fig. 8
demonstrated that met-RANTES was unable to inhibit CCL3 (A),
CCL4 (B), or CCL5 (C) expression at any dose tested. In contrast,
met-RANTES inhibited CCL2 expression (D) in a dose-dependent
fashion. These data suggest that antagonizing the chemokine re-
ceptor, CCR5, leads to adecrease in CCL 2 production, and support
the earlier observations that CCR5 function is critical to oral tol-
erance induction through the regulation of CCL2 expression.

Discussion

In the present study, we demonstrate that CCRS5 is a critical re-
ceptor for the induction of high dose oral tolerance. Not only are
two of the three CCR5 ligands up-regulated in the GALT after Ag
feeding (Fig. 1), but CCR5 "/~ mice fed MOG35-55 peptide be-
fore immunization did not develop ora tolerance and were not
protected from developing EAE (Fig. 2). These results have led us
to conclude that CCR5 activation regulates oral tolerance induc-
tion through the modulation of CCL2 expression. Support for this
idea derives from the findings that MOG35-55-fed CCR5 ™/~ mice
produce lower amounts of CCL2 in the GALT compared with
wild-type mice (Figs. 4 and 5), as well as the result in which the
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CCR5 antagonist, met-RANTES, inhibited GALT CCL2 expres-
sion following MOG35-55 feeding in wild-type mice (Fig. 7).

Previous reports have suggested that CCL5 activation of its re-
ceptor CCR5 can modulate the up-regulation of other chemokines
in dendritic cell subsets (33), as well as in cultures of astrocytes
(24). The latter study demonstrated increases in CCL2 when as-
trocytes were stimulated with CCL5; however, when the astrocytes
were derived from CCR5/~, CCR3™/~, or CCR1L™/~ animals,
there was still an increase in CCL2 transcripts, suggesting the re-
sponse is not solely dependent on a single receptor. Specifically,
within macrophage populations, Zhou et al. (34) observed that
CCR5~/~ macrophages had minor defects in clearing Listeria and
defects in secretion of GM-CSF, IL-18, and IL-6. Finally, they
reported that CCR5 /'~ animals had an enhanced delayed-type hy-
persensitivity response, suggesting that signaling through CCR5
may have a down-modulatory role in T cell-dependent immune
responses (34).

The regulation of CCL2 by CCL5 is a novel and interesting
mechanism through which oral tolerance induction may be regu-
lated. We propose the following model whereby activation of
CCR5 by either CCL4 and/or CCL5 serves to modulate CCL2
expression, which in turn regulates oral tolerance induction by
influencing the balance between mucosal inflammatory cytokines
such as IL-12 and regulatory cytokines such as TGF-B. After Ag
is ingested and taken up by the M cells in the PP, there is local
expression of CCL2, CCL3, CCL4, and CCL5. Ag ingestion aso
up-regulates these particular chemokines in the MLN. At this
point, we do not know whether CCL3, CCL4, or CCL5 expression
precedes that of CCL2. Nevertheless, CCL4 and CCL5 are potent
agonists for CCR5 that is expressed by macrophagesin the PP and
MLN. We believe that CCL4 and CCL5 can activate CCR5 to
modulate CCL 2 expression by macrophages. It appears that CCR5
activation does not totally regulate CCL2 expression, as thereis a
low level of CCL2 production in the GALT of MOG35-55-fed
CCR5™/~ mice (Fig. 4). CCL2 serves to concomitantly down-
regulate GALT IL-12 expression while allowing the up-regulation
of TGF-B (23). It is this cytokine balance in the GALT that pro-
motes the induction of high Ag dose oral tolerance. When CCR5
iseither deleted (Fig. 4) or its activation antagonized (Fig. 7), there
isless CCL2 expression, thereby shifting the GALT cytokine bal-
ance toward IL-12 and the promotion of immunity and the abro-
gation of high dose oral tolerance induction. We believe this to be
specific to CCR5 and not other receptors for CCL5 such as CCR1
or CCR3 because met-RANTES has only a weak affinity for
CCR1, isineffective at inhibiting CCR3-mediated chemotaxis, but
effectively inhibits CCL5-mediated chemotaxis (32, 35).

All three CCR5 ligands, CCL3, CCL4, and CCL5, have differ-
ential effects on mucosal and systemic immunity. When these che-
mokines were administered intranasally with OVA, it was found
that CCL4 and CCL5, but not CCL3, could €licit both systemic
IgA and mucosal Ab-forming cells that produce secretory I1gA (36,
37). However, CCL4 skewed the response toward a Th2-like phe-
notype, producing high amounts of IL-4 from both mucosal and
systemic lymph nodes, whereas CCL5 and CCL3 skewed the re-
sponse toward a Thl-like phenotype, in which high amounts of
IFN-v and very little IL-4 or I1L-10 were produced (36, 37). In the
present study, we have demonstrated that CCL4 and CCL5 are
increased after Ag feeding in GALT tissues, yet CCL3 isnot. To
further support the ideathat CCL 3 does not function to regulate the
induction of high dose oral tolerance, CCL3™/~ mice are tolerized
by feeding high dose MOG35-55 (data not shown). Because both
CCL4 and CCL5 can activate CCR5, we are currently testing
whether both receptor ligands have similar ability to modulate
GALT CCL2 expression and thereby regulate the IL-12/TGF-B
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balance that we believe determines whether feeding high doses of
Ag results in tolerance or immunity.

Our results indicate that signaling through CCR5 can act as a
rheostat in regulating levels of CCL2 that may help to inhibit IL-12
production by local macrophages and dendritic cellsin GALT tis-
sue. This idea has implications in the design of both vaccines, in
which the promotion of immunity is desired, as well as immuno-
therapy, in which the inhibition of immunity is the goal. The use
of a CCR5 antagonist in conjunction with amucosal vaccine could
lead to high levels of 1L-12 in the gut after vaccine administration,
and provide a mechanism whereby a more robust immune re-
sponse is generated. Similarly, the use of a CCR5 agonist in con-
junction with high dose oral Ag might be able to tip the GALT
cytokine balance during ongoing autoimmune disease toward anti-
inflammatory and result in a diminution of autoreactivity. We are
currently exploring these possibilities.
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