Cross-Linking Cell Surface Chemokine

Receptors Leads to Isolation, Activation

and Differentiation of Monocytes
into Potent Dendritic Cells

FumikAzu NIMURA,*,} L1 FENG ZHANG,* Kazu Okuma,* REIKO TAN;lxKA,*
HAJIME SUNAKAWA,T NAOKI YAMAMOTO,} AND YUETSU TANAKA*®
*Department of Immunology and fDepartment of Oral and Maxillofacial Functional Rehabilitation,

Graduate School of Medicine, University of the Ryukyus, Okinawa, Japan; and fAIDS Research Center,
National Institute of Infectious Diseases, Tokyo, Japan

Monocytes express on the cell surface several kinds of
chemokine receptors that facilitate chemotaxis followed by
differentiation in target tissues. In the present study, we found
that a large number of monocytes from peripheral blood
mononuclear cells (PBMCs) tightly adhered to plastic cell
culture plates precoated with a monocional antibody (mAb,
clone T312) specific for human CCRS5 but not an isotype control
after overnight incubation. Soluble T312 did not induce such
adhesion, indicating that cross-linking of CCRS5 is required for
the enhanced adhesion of monocytes. The adhesion was
blocked by a P13-K inhibitor and an anti-CD18 blocking mAb.
Following the cross-linking of CCR5, monocytes synthesized
high levels of M-CSF, RANTES, MIP-1a, and MIP-1p associated
with a readily detectable downmodulation of CD14, CD4, CS:RS,
and CXCR4 expression. The T312-enriched monocytes differ-
entiated into dendritic celis (DCs) in the presence of interleukin-
4 alone. After maturation with p-interferon, the T312-induced
DCs stimulated proliferation of allogeneic naive CD4* T cells
accompanied by the synthesis of high levels of y-interferon in
vitro. Furthermore, the T312-induced DCs were capable of
stimulating antigen-specific human T- and B-cell immune
responses in our hu-PBL-SCID mouse system. Finally, screen-
ing of other anti-chemokine receptor mAbs showed that select
clones of mAbs against CXCR4 and CCR3 were also capable of
facilitating enrichment of monocytes similar to T312. These
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results show that cross-linking of chemokine receptors on
monocytes by appropriate mAbs leads to activation and differ-
entiation of monocytes and that the method described herein
provides an alternate simple strategy for adherence-based

isolation of monocytes and generation of functional DCs. Exp
Biol Med 231:431-443, 2006
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immunodeficiency virus (HIV)

Introduction

Peripheral blood monocytes are derived from bone
marrow progenitor cells and are recruited to tissues, where
they undergo differentiation into macrophages or myeloid
dendritic cells (DCs) (1—4). Recruitment of monocytes from
the recirculating pool into normal or inflamed tissues
involves a series of cascading events, which include the
generation of chemokine gradients and the expression of
cell adhesion molecules and their cognate ligands (5).
Ligation of the chemokine receptors activates B1- and B2-
integrins (6), which in turn mediate adhesion of monocytes
within tissues, where they differentiate into DCs. DCs are
potent antigen-presenting cells (APCs) and have a central
role in the activation and function of both innate and
adaptive immune responses against infectious microorgan-
isms (7). Dysfunction and potential loss of DCs have been
associated with decreased antigen-specific T-cell responses
and synthesis of lower levels of virus-suppressive Type-1
interferon (8-11).

Results from a number of studies have documented the
enhanced potential of DCs to process and present antigen,
and thus, DCs have been regarded as natural cellular
“adjuvants.” This functional attribute has led to clinical
trials of DC-based immunotherapy not only in a number of
animal tumor models and human malignancies (12) but also
against a number of infectious disease agents. This view is
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highlighted by the recent finding that immunization of
human immunodeficiency virus Type 1 (HIV-1)-infected
patients with autologous DCs sensitized with chemically
inactivated autologous HIV-1 led to a marked sustained
decrease in viral load (13, 14). Essentially similar data, in
terms of decreasing viral loads, were obtained using the
simian immunodeficiency virus (SIV)-infected nonhuman
primate model of human AIDS following immunization
with autologous SIV-pulsed DCs (15); the results of this
study were reasoned to be due to enhancement of both T-
cell and neutralizing antibody responses. This finding was
further supported using the hu-PBL-SCID model, in which
human peripheral blood mononuclear cell (PBMC)-en-
grafted mice, following immunization with inactivated HIV-
I-pulsed human DCs, were shown to generate high levels of
HIV-1-specific T-cell and B-cell immune responses suffi-
cient to protect these animals against challenge with virulent
HIV-1 isolates (16, 17).

Human DCs for such studies are generally derived from
culturing enriched populations of monocytes in vitro in
media supplemented with varying combinations of cyto-
kines, depending on the nature of the studies to be
performed. Evidence has been accumulating in support of
the notion that there exist subsets of DCs that differ in their
expression of cell surface markers, in vivo trafficking
patterns, and cytokines synthesized, which influences the
quality of the T-cell response that is induced by such DCs
(18). Thus, in vitro culture of monocytes with recombinant
human granulocyte/macrophage-colony stimulating factor
(GM-CSF) and interleukin-4 (IL-4) leads to their differ-
entiation into myeloid DCs, and in vitro culture of those
cultured in media containing GM-CSF and IL-3 leads to
their differentiation into lymphoid DCs (19). There also
appears to be evidence that a common precursor progenitor
cell exists that can give rise to either myeloid or
plasmacytoid DC subsequent to Flt-3 ligation (20). In the
in vitro culture of the monocytes, GM-CSF functions as a
survival and differentiation factor, whereas IL-4 induces
differentiation of DCs by blocking their differentiation into
the macrophage lineage (21, 22).

To study the biology of these DCs and to use them for
in vivo studies, a large number of monocytes need to be
isolated from the peripheral blood. This is accomplished
using a variety of techniques, such as elutriation centrifu-
gation (23), use of antibody-conjugated immunobeads (21,
24), and the more simple method of adherence of these cells
to plastic (5, 24). Although the purity of the preparations
using such procedures varies, it is clear that the former two
techniques are expensive, requiring unique instrumentation
and/or clinically trained staff, and labor intensive. Although
the adherence-to-plastic method is simple, the yield of
monocytes in such preparations varies among donors, and
the results are difficult to reproduce.

We have previously reported that cross-linking of
CXCR4 by a monoclonal antibody (mAb) that recognizes
the extracellular loop 3 (ECL-3) region of CXCR4 induces

homologous adhesion of T cells and enhances HIV-]
infection (25). Since fresh monocytes express a variety of
chemokine receptors on their cell surface (26), we
hypothesized that cross-linking of these chemokine recep-
tors by an immobilized mAb might induce monocyte
adhesion onto culture plates, providing a simple alternative
procedure for the enrichment of monocytes from PBMCs.
Indeed, herein we present data that show that cross-
linking the chemokine receptors CCR5, CXCR4, and CCR3
on monocytes by appropriate mAbs enhances adhesion of
monocytes to plastic plates and that these adherent
monocytes can be induced to differentiate along the
macrophage or myeloid DC lineages with the use of distinct
recombinant cytokines. This procedure will provide a
relatively efficient and a more practical alternative for the
isolation and study of monocytes and DC lineages.

Materials and Methods

Animals. SCID mice lacking functional T, B, and
natural killer (NK) cells and BALB/c-rag2™~ common
gamma ™~ mice (27) were used in the present study. These
mice were kept in the specific-pathogen-free animal facility
of the Laboratory Animal Center at the University of the
Ryukyus. The protocols for the care and use of the hu-PBL-
SCID mice were approved by the Committee on Animaj
Research of the University of the Ryukyus before initiation
of the present study.

Reagents. RPMI-1640 medium was purchased from
Sigma Chemical Co. (St. Louis, MO) and supplemented
with 5% heat-inactivated fetal calf serum (FCS) (Sigma
Chemical) (referred to as RPMI medium). Serum-free
medium, AIM-V, was purchased from Life Technology
(Grand Island, NY). Recombinant (r) human GM-CSF and
IL-4 were produced in 293T cells transfected with
pCMhGM-CSF and pCMhIL-4, respectively (RIKEN Gene
Bank, Ibaraki, Japan), using the calcium phosphate method,
The total protein and cytokine concentrations of the pooled
culture supemnatants were determined by enzyme-linked
immunosorbent assay (ELISA) and a functional assay, ag
described previously (16). rIl.-2 was provided by the U.S,
National Institutes of Health (NIH) AIDS Research and
Reference Reagent Program. rIFN-B was purchased from
Torey (Tokyo, Japan). rIFN-y and rM-CSF were purchased
from Peprotec (London, UK). The PI3-K inhibitor
LY294.002 LPS from Escherichia coli, OVA, keyhole
limpet hemocyanin (KLH), and bovine serum albumin
(BSA, fraction V) were all purchased from Sigma Chemical_
Fluorescein isothiocyanate (FITC)-labeled E. coli, FITC-
fibrinogen, FITC-gelatin, and FITC-collagen were pur-
chased from Molecular Probes (Eugene, OR). Monocyte
negative isolation Kits were purchased from Dynal (Oslo,
Norway). Cell proliferation kits were purchased from Roche
Diagnostics (Mannheim, Germany). ELISA kits for human
IL-1B, IL-4, IL-6, IL-10, IL-12 p70, tumor necrosis factor
(TNF)-«, M-CSF, MIP-1%, MIP-1B, and RANTES were
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purchased from Biosource (Camarillo, CA). ELISA Kkits for
y-interferon (IFN—y) were purchased from R&D Systems,
Inc. (Minneapolis, MN). Naive CD4*' T-cell isolation kit
was purchased from MACS (Gladbach, Germany).

The mAbs produced in our laboratory included two rat
anti-human CCRS N-terminus clones (clone T312 immu-
noglobulin [Ig]Gl, clone T227 IgG2b); three rat anti-human
CXCR4 (clone A145 IgG1, clone A120 IgG2b, clone A80
IgG1) (25); rat anti-human T-cell leukemia virus (HTLV)-1
(clone LAT-27, IgG2b) (28); rat anti-hepatitis C virus
(HCV) (clone Mo-8, IgG2b) (29); rat anti-human OX40
(clone W4-54, IgG2b, Tanaka et al., unpublished data), and
mouse anti-human OX40L (clone 5A8, IgGl) (30). The
other mAbs used included mouse IgG anti-human CD4,
SIM-2, and SIM-4 (obtained from the U.S. NIH AIDS
Research and Reference Reagent Program), the clones
OKT-4, OKT-8, and 60-bca anti-CD14 (obtained from
ATCC, Rockville, MD). These mAbs were purified from
SCID mouse ascites fluids by Superdex G-200 gel filtration
(Amersham Bioscience, Uppsala, Sweden). Commercially
available mAbs used were mouse IgG anti-human CD4,
CDll1c, CD80, CD83, CD86, HLA-DR (Coulter Inc.,
Hialeah, FL), and mouse IgG anti-human CD11a, CDI11b,
CDI14, CD18, CD29, CD51, and CD61 (BD Pharmingen,
San Diego, CA). Additional anti-human chemokine receptor
mADbs, such as anti-CCR1 (mouse IgG2b, Cat #MAB145),
CCR2 (mouse IgG2b, Cat #MAB150), CCR3 (rat 1gG2a,
Cat #MAB155), CCRS (mouse IgG2b, Cat #MAB180), and
CCRS (rat IgG2b, Cat #MAB1429), were purchased from
R&D Systems, Inc. (Minneapolis, MN); and the mAbs
against CXCR4 (clone 12GS5, mouse IgG2a) and CCRS
(clone 2D7, mouse IgG2a) were purchased from BD
Pharmingen.

Cultivation of Monocytes. PBMCs were isolated
from heparinized (5 U/ml) blood of normal healthy donors
by a standard density gradient centrifugation at fIOO g using
lymphocyte separation medium (Sigma Chemical) for 15
mins at room temperature. The cells at the interface were
collected and washed three times in cold phosphate-butfered
saline (PBS) containing 0.1% BSA (BSA-PBS). PBMCs
were resuspended in RPMI medium or serum-free AIM-V
medium at 5 X 10% cells/ml. Then, 1 ml of the cell
suspension was dispensed into individual wells of lZ-Yvell
plates (BD Pharmingen), which were precoated with various
mADbs (5 pg/ml) for 1 hr at 37°C. PBMCs were allowed to
adhere 2 hrs or overnight at 37°C in a 5% CO, humidified
incubator. Nonadherent cells were removed by gentle
washing three times in BSA-PBS. The remaining adherent
cells were then cultured in RPMI medium. For some
experiments, monocytes were purified using a :rlonocyte
negative isolation kit and were used at 1-2 X 10° .cells/ml.
For the generation of macrophages, adherent or immuno-
magnetic bead-enriched CD14" monocytes were cultured in
the presence of 20 ng/ml M-CSF for 6 days in a 5% CO,
humidified incubator. For the generation of DCs, the media
was supplemented with either GM-CSF (500 ng/ml) and IL-

4 (200 ng/ml) or IL-4 (25 ng/ml) alone. Immature DCs were
obtained after 56 days of culture. For maturation, the
immature DCs were cultured in the presence of human f-
interferon (IFN-B) (1000 U/ml) for an additional day. For
sensitization with antigens, the immature DCs at Day 6 were
cultured in the presence of either 100 pg/m! OVA or KLH
for 1 day and then matured with IFN-B for an additional
day. Viable cell number was assessed on an aliquot of such
cells using staining with 0.1% eosin-Y.

Flow Cytometry. Phagocytosis and cell surface
markers were determined using fluorescence activated cell
sorter (FACS) Calibur and Cell Quest software (BD
Pharmingen). Cell samples were Fc-blocked by incubation
in media containing 2 mg/ml of human IgG in PBS
containing 0.1% NaNj; and 2% FCS (FACS buffer) on ice
for 15 mins and were then stained with appropriate
fluorescent dye—conjugated reagents on ice for 30 mins,
according to the manufacturer’s instructions. After washing
with FACS buffer, cells were fixed in 1% paraformalde-
hyde-containing FACS buffer and analyzed. For quantita-
tion of phagocytosis, sample cells (1 X 10°%) in 0.2 ml of
RPMI medium were cultured in the presence of FITC-
labeled E. coli at a cell to bacterium ratio of 1:10 to 1:100
for 1 hr at 37°C in a 5% CO, humidified incubator. After
incubation, these cells were washed once in FACS buffer,
fixed with 1% PFA, and then analyzed.

There were significant individual variations in the
percentage of CCRS-positive cells in PBMCs. The percen-
tages of T312-positive cells were as follows: 6%—14% of
CD14" monocytes, 11%—43% of CD3" T cells, 6%—15% of
CD3" CD4* T cells, and 5%—-14% of CD20" B cells.
Ovemight incubation of PBMCs in medium alone led to a
marked increase in the frequency of monocytes that
expressed CCRS5 (up to 70%), as detected using the T312
mAb. However, there was no detectable change of CCRS
expression in the other cell subsets (data not shown).

DC Functional Assays. Several assays were em-
ployed to determine whether the cell population that was
being cultured belonged to the DC lineage. This included
quantitation of the levels of IL-12 p70 and IL-10 produced in
the culture supernatants of the potential DCs, as determined
by ELISA; ability of the cells to induce allo-proliferation;
and a unique in vivo assay. For the assessment of allo-
proliferative potential, the mature or immature DCs to be
tested were cultured at 1 X 10° cells/ml in RPMI medium in
the presence of LPS (1 pg/ml) and IFN-y (100 ng/ml) for 24
hrs. The ability to induce allogeneic stimulation was
determined by co-culturing naive CD4" T cells (1 X 10%)
with these potential DCs (0.5 X 10% in triplicate in a 96-well
plate in a final volume of 0.2 ml in RPMI medium containing
20 U/ml 1L-2 for 7 days. The level of proliferation of the
CD4" T cells was assessed by the bromodeoxyuridine
{BrdU)~incorporation ELISA method (31).

The in vivo function of DCs was determined using the
hu-PBL-SCID mouse system, as previously described (16).
Briefly, a SCID mouse received antigen-pulsed mature DCs
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(a) Microscopy of adherent PBMC

Control plate

(b) FCM of non-adherent PBMC

Figure 1. Stable adhesion of monocytes onto the bottom of plastic wells precoated with an anti-human CCR5 mAb. Aliquots (1 mi) of PBMCs at
2 % 10%mi of 5% FCS-RPMI medium were cultured ovemight in individual wells of a 12-well plate that had been previously coated either with
clone T312 rat IgG1 anti-human CCRS or an isotype control mAb. (a) The morphology of the adherent cells as seen by phase-contrast
microscopy at x100. (b) Nonadherent PBMCs from each well were collected and analyzed by flow cytometry. The percentages of CD14+
monocytes in the lymphocyte and monocyte gate in nonadherent PBMCs are noted in the double-staining profile with anti-CD3 and anti-CD14

mADbs. FS, forward scatter; SS, side scatter.

X 10° cells) with autologous fresh PBMCs (3 X 10° cells)
in a final volume of 0.1 ml in RPMI medium injected
directly into the spleen, followed 7 days later with the ip
injection of the same number and source of DCs pulsed with
the same antigen. Five days later, the mice were sacrificed,
and blood was collected by cardiocentesis and human
lymphocytes were recovered from both the peritoneal cavity
and the spleen. The immune sera were assayed for human
antibody titers against OVA or KLH by ELISA using
peroxidase-labeled goat anti-human IgG, as described
previously (16). For the measurement of antigen-specific
human T-cell immune responses, the human lymphocytes (2
X 10° cells) collected from the immunized mice were
cultured for 2 days at 37°C in a 5% CO, humidified
incubator with 2 X 10° autologous APCs (adherent PBMCs)
in the presence or absence of either 5 pg/ml OVA or KLH in
a volume of 0.5 ml in individual wells of a 24-well
microtiter plate (BD Pharmingen). Media used consisted of
RPMI medium supplemented with 20 U/ml of IL-2. The
concentration of human IFN-y produced in the culture
supernatants was determined by standard ELISA.

Results
Cross-Linked CCRS Induces Strong Adhesion
of Monocytes. Twelve-well microtiter plates were first

coated with the rat anti-human CCRS N-terminus antibody
(IgG1, clone T312) or an isotype control mAb. Then,
PBMCs (5 X 10%ml) isolated from several normal donors
were individually incubated overnight at 37°C in a 5% Co,
humidified incubator in a volume of 1 ml of RPMI medium
in each well of the plate. Following incubation, the
nonadherent cells were removed. As shown in Figurela,
there appeared to be a marked increase in the number of
cells that remained adherent to the wells precoated with the
T312 mAb as compared with the control wells. As seen in
Figure 1b, of interest was the finding that the nonadherent
cells from the T312 mAb-coated wells were selectively
depleted of CD14" cells (0.5%), compared with the
nonadherent cells from the control wells (8%). The input
unfractionated PBMCs from the various donors used for this
study contained levels of CD14" cells that were essentially
similar to the levels noted in the control wells, indicating
that incubation of the PBMCs in the T312 precoated wells
led to the select adhesion of the CD14" cells. Lymphoid
cells other than CD14™ monocytes were also present in the
population of cells that adhered to the T312 mAb-coated
wells, which mainly consisted of T and B cells, constituting
up to 20% of the total adherent cells (data not shown). It ig
important to note that the addition of the T312 mAb to
aliquots of the PBMCs from the same donors before
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Figure 2. Microscopic analysis of the mechanisms for monocyte adhesion following CCRs cross-linking. (a) PBMCs were incubated for 2 hrs in

were analyzed microscopically at X200.

incubation in the microtiter wells or the addition of the same
T312 mADb to the PBMCs following dispensing of the cells
into the microtiter wells did not lead to increased adhesion
of the CD14" monocytes, providing evidence indicating that
the antibody had to be cross-linked for the adhesion to
occur. A study of the kinetics of cell adhesion to the T312
mAb-coated wells was also performed. It should also be
noted that there was a difference in the incubation time for
maximal yield of monocytes following incubation of
PBMC:s in wells precoated with the T312 mAb, compared
with the control antibody. Thus, where a 2-hr incubation
was sufficient to obtain the maximum yield of monocytes by
incubation of PBMCs in the control antibody-coated wells,
it required an overnight or 24-hr incubation in the T312
mAb-coated wells (data not shown). Thus, for all further
studies, adherent cells were isolated by incubation of the
PBMCs either for 2 hrs in control wells or overnight in
T312 mAb-coated wells, unless otherwise noted.

Since binding of CCRS by its natural ligands is known

2 mAb-coated wells in medium alone (T312/med) or in the presence or of 5 MM PI3-K
of 10 ug/mi of each mAb: anti-CD18, CD29, or CD11a. In these experiments, nonadherent cel

to induce intracellular signaling via the PI3-K pathway,
experiments were carried out to determine if such signaling
was a prerequisite for the stable binding of the monocytes to
the T312 mAb-coated wells. The above experiment was
repeated, with the only difference being that an aliquot of
each of the donor PBMCs was incubated in the T312 mAb-
coated wells in the presence of 5 MM of the PI3-K inhibitor
LY294.002. Representative data shown in Figure 2a
demonstrate that the addition of the PI3-K inhibitor
completely blocked the cell adhesion. Flow cytometric
analysis of the nonadherent cells in the wells containing the
PI3-K inhibitor confirmed the presence of a high frequency
of CD14" cells, denoting the lack of adhesion of the CD14-
expressing cells (data not shown). It was also of interest that
the addition of various concentrations of soluble or
immobilized RANTES, MIP-1a, and MIP-18 did not
enhance monocyte adhesion (data not shown), denoting
that simple ligation of the chemokine receptors was not
sufficient to facilitate adhesion.
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rofile and phenotypic analysis of purified monocytes following CCR5 cross-linking. (a) CD14 negativel
monocytes at 2 X 10°/ml in RPMI medium in T312 mAb-coated (T312-treated) or control wells (control) 9 ) Selected

were cultured ovemight, and Cytokines

produced in the culture supernatants were assayed by ELISA. Values of <0.1 ng/mi were below the sensitivity of the assay employed. (b)
Aliquots of monocytes that were cultured in control wells (thick dark lines) or those cultured in T312 mAb-coated wells (thin dark lines) v.Jere
analyzed for the expression of CD14, CD4, CCRS5, and CXCR4 by routine flow cytometry. The broken lines show background staining of cells

with isotype control mAbs.

It has been previously documented that adhesion of
monocytes onto plastic plates is mediated by fibrinogen
binding by the P2-integrins Mac-1 (CDI11b/CD18) and/or
p150/95 (CD11c/CD18) (32, 33). As shown in Figure 2b,
the T312 mAb-induced adhesion of monocytes was blocked
by anti-CD18 blocking mAb (with specificity for the
common chain of P2-integrins), but not anti-CD29 mAb
(Bl-integrin) or anti-CD1 la (another component of the §32-
integrin, LFA-1), indicating an involvement of the [32-
integrins in the enhanced adhesion of monocytes by T312
mAb-mediated CCRS cross-linking.

Cytokine Profile and Phenotype Analysis of
Monocytes Adhered to the T312 mAb-Precoated
Wells. In an effort to define the cytokine profile character-
istic of the monocyte population, it was reasoned that
depletion of nonmonocyte lymphoid cells before analysis
would be important. The magnetic bead negative selection
technique for CD14" cells was thus used to deplete such
nonmonocyte lymphoid cells, and the subsequent enriched
monocytes were then incubated overnight in wells precoated
with either T312 or control mAb, and the supematant fluids
were collected. Representative data from three experiments
are shown in Figure 3a. As seen, the T312 mAb-stimulated
monocytes secreted significant levels of M-CSF, MIP-la,
MIP-1p, and RANTES. The CD14" monocytes are likely to

be the major cell lineage that responded to the T312 mAp
stimulation by the production of cytokines, because PBMCs
depleted of CD14* monocytes failed to synthesize detect.
able levels of the same cytokines. An aliquot of the same
supernatants was also screened for levels of GM-CSF, TNF-
a, [L-18, IL-12, or IL-10, but each was found to be below
0.1 ng/ml. A variety of rat and mouse mAbs that had been
generated in our laboratory with specificity for HTLV-],
HIV-1, HCV, OX40L, OX40, or IL-2R were also used to
precoat the wells and were screened for their ability to
induce cytokine synthesis by purified monocytes in paralle]
with the use of T312 mAb. As expected, only monocytes
incubated in the wells precoated with T312 mAb produced
M-CSF, MIP-la, MIP-1B, and RANTES, denoting an
element of specificity for the T312 mAb (data not shown),
Phenotypic analysis of monocytes adhered to the T312
mAb-precoated wells consistently showed a marked down-
regulation of CD14, CD4, CCRS, and CXCR4 (a repre-
sentative profile is shown in Figure 3b). Downmodulation of
the CDI14 on the cell surface was not attributed to the
shedding of CD14, since there was no difference in the leve)
of soluble CD14 between the supernatant fluids from the
wells precoated with the T312 mAb and those from the
control wells, as determined by ELISA (data not shown),
CCRS5 Cross-Linking Stimulates Monocyte Dit-
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Figure 4. Morphological and flow cytometric analyses of adherent PBMCs following maturation in different culture conditions in vitro. (a)
PBMCs at 5 x 10%ml in RPMI medium were cultured overight in wells precoated with T312 mAb. After removal of nonadherent cells, adherent
cells were cultured in RPMI medium (medium) or in the presence of 500 ng/ml GM-CSF and 200 ng/mi IL-4 (GM-CSF-HL-4) or 25 ng/ml IL-4
alone (IL-4) for 5 days. Morphology was observed microscopically at X200. (b) The T312-induced immature DCs were generated from PBMCs
adhered to the T312 mAb-coated wells during ovemight incubation followed by cultivation in the presence of either GM-CSF and IL-4 (T312-DC
in GMHL-4) or IL-4 alone (T312-DC in IL-4). For comparison, control conventional DCs were generated from 2 hr-adherent PBMCs in control
wells followed by cultivation in GM-CSF and IL-4 for 6 days (cont. DC). After maturation for an additional day with IFN-B, aliquots of these cells
were subjected to flow cytometric analysis, and the profiles for the expression of HLA-DR, CD86, CD83, CD14, CD11¢, and CD1a are shown.

ferentiation into DCs. To test whether the T312 mAb-
induced CCR5 cross-linking has the potential to differ-
entiate monocytes into functional DCs, aliquots of PBMCs
were first incubated either in the T312 mAb-coated wells
ovemight or the control mAb-coated wells for 2 hrs (for the
gencration of conventional DCs), the nonadherent cells were
removed, and then the adherent cells were further cultured
in the presence or absence of either GM-CSF and IL-4 or
L4 alone for 5 or 6 days, respectively.

As shown in Figure 4a, the adherent cells incubated in
T312-coated wells appeared to have a DC type (?f
morphology, which was confirmed by flow cytometric
analysis (see Fig. 4b). Interestingly. the T312 mAb-
stimulated monocytes, when cultured in the presence of
{L-4, regardless of the presence or absence of GM-CSF,
exhibited higher mean density levels of CD86 and lower
levels of CD1a than did control conventional DCs that were

cultured in media containing both GM-CSF and IL-4. The
DCs cultured in the presence of GM-CSF and IL-4 in the
T312 mAb-coated wells had a phenotype that was basically
similar to that of the ones cultured in 1L.-4 alone, and these
are both representative profiles of immature DCs. Kinetic
studies of the differentiation of these T312 mAb-stimulated
immature DCs showed that the optimal level of maturation
was achieved by cultivation in the presence of IFN-f for an
additional day.

We next sought to examine the relative phagocytic
activity of monocyte-derived DCs or macrophages that were
cultured in various conditions. As seen in Figure 5,
macrophages obtained following differentiation of a highly
enriched population of CD14" monocytes in M-CSF-
containing media in general gave a higher relative
phagocytic index than did DCs generated in media
containing GM-CSF and IL-4. In addition, those that were
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Figure 5. Phagocytic activities of cultured macrophages or immature
DCs. Various DCs were generated as described in the legend for
Figure 4, and macrophages were generated from 2 hr-adherent
PBMCs followed by cultivation in the presence of M-CSF for 6 days.
These sample cells in RPMI medium were incubated with a 10-fold
excess of FITC-labeled E. coli particles for 1 hr at 37°C. After
washing, the levels of uptake of FITC-labeled E. coli by cells were
determined by flow cytometry with gating for macrophages and DCs
using standard forward and side scatter.

stimulated with T312 mAb and cultured in media containing
either GM-CSF and IL-4 or IL-4 alone were less phagocytic
than the control macrophages generated by M-CSF.
Interestingly, the T312 mAb-stimulated monocytes, follow-
ing incubation with media containing M-CSF alone, gave
slightly lower phagocytic values than the normal macro-
phages cultured in the same media. These data seem to
indicate that cross-linking of CCRS influences monocyte
differentiation into DC rather than macrophage, even in the
presence of M-CSF.

We further determined the relative levels of viability of
the cells that adhered either to the T312-coated wells
overnight or to control wells for 2 hrs followed by
cultivation in medium alone or media containing either
GM-CSF and IL-4 or IL-4 alone for 5 or 6 days,
respectively. Figure 6a shows, first of all, that whereas
there was variation in the number of viable cells recovered
among donors of the PBMCs, the yields of viable cells
generated in the T312 mAb-coated or control wells followed
by cultivation in GM-CSF and IL-4 were basically similar.
In contrast, aliquots of the same cells incubated in T312
mAb-coated or control wells gave different yields following
incubation with IL-4 alone. The cells stimulated by T312
mAb gave significantly higher viable yields than those
incubated in control wells. The overnight adherent mono-
cytes could differentiate into functional DCs in the presence
of GM-CSF and IL-4, but the cell yield was lower than

(@)

Ceontrol
_ OT312-treated

Viable cell number
(x 10 cells/ well)

GM+IL-4 IL-4
Donor 2

: GM+IL4 IL-4

(b) Donor 1

o

Eimmature
CIFN-beta matured

=

T312-DC in
GM+L-4

o
n

¥ r—2
TN2-0CiniL-4

Production of IL-12 (p70)
(ng/mi)

Figure 6. Yields of DCs and IL-12 production. (a) Immature DCs
were generated by either incubation of aliquots of PBMCs from three
different donors in the control wells (control) or in the T312 mAb-
coated wells (T312-treated) and then for 6 or 5 days, respectively
with GM-CSF and IL-4 or IL-4 alone, as described in the legend for
Figure 4. Numbers of viable cells that were not stained by eosin-Y
were manually counted using a hemocytometer. The means from
triplicate determinations are shown. (b) DCs from a donor before
(immature) or after IFN-B treatment (mature) were stimulated by 1 ng/
ml LPS and 100 ng/mi IFN-y for 24 hrs. IL-12 p70 levels in the culture
supematants were determined by ELISA.

those obtained from the 2-hr adherent cells (data not
shown).

Aliquots of these in vitro-generated immature DCg
were subsequently challenged with LPS and IFN-y for 48
hrs, and supernatant fluids were assayed for levels of IL-12
p70. Controls consisted of aliquots of the conventional DCg
obtained from the same PBMC:s in wells coated with contro]
IgG1 instead of T312 mAb. As seen in Figure 6b, there were
significant levels of IL-12 synthesized by both these
populations of immature DCs, and the importance of the
levels appeared quite similar. Furthermore, the IL-12—
producing activity of these immature DCs was lost after full
maturation by incubation with IFN-B.

Function of DCs. In an effort to determine whether
the T312 mAb-induced DCs were as competent as convep-
tional DCs, these immature DC populations were matured
by cultivation in media containing IFN-B for 1 day and the
aliquots dispensed into microtiter wells and standard mixed
lymphocyte reaction (MLR) studies performed. The T312
mAb-induced DCs (termed T312/IL-4 or T312/GM-I_L.4)
and the conventional DCs (termed control/GM-IL4) were
co-cultured with allogeneic naive CD4" T cells. Controls
consisted of CD4" T cells cultured alone or DCs cultured
alone. The cultures were performed at a DC to T-cell ratio of
1 to 20, and each combination was cultured in triplicate for
7 days and proliferation assessed using BrdU incorporation
by the ELISA method. Supernatant fluids from the MLR
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Figure 7. T312 mAb-induced DCs stimulate allogeneic naive CI24*‘
T cells to proliferate and produce IFN-y. Allogeneic naive CD4* T
cells were co-cultured with IFN-B-matured .DCs'that had been
generated from the adherent PBMCs, as described in the legend for
Figure 4 in RPMI medium supplemented with 20 U/ml IL-2 for 7 days.
(a) Cell proliteration was determined by BrdU incorporation. Mean
values from six wells and standard errors are shown. Controls
consisted of culturing either DCs or T cells alone. (b) IFN-y
produdion in the culture supematants was determined by ELISA.

cultures were also assayed for levels of IFN-vy, IL-4, and IL-
10. As shown in Figure 7a, there was no significant
difference in the proliferation-inducing activity among the
three preparations of DCs. However, an obvious difference
was seen in the levels of IFN-y synthesized from the naive
cD4" T cells (Fig. 7b). The T312 mAb-induced DCs
generated in the presence of either GM-CSF and IL-4 or IL-
4 alone stimulated higher production of IFN-y than the
control DCs. None of these DCs induced production of IL-4
or IL-10 from the CD4" T cells by co-culture. The T312
mAb-induced DCs did not produce detectable levels of
human IFN-y, even following stimulation with LPS or
CD40L (data not shown), indicating that the allogen.elc
naive CD4" T cells are the likely source of IFN-y folloxymg
co-culture and stimulation with DCs. These results indicate
that the T312 mAb-induced DCs acquired a relatively
higher Thl-polarizing capacity than control conventional
DCS. oy
Furthermore, we tested and compared the ability of
these DCs to induce human antigen-specific T- and B-cell
immune responses in vivo. For this purpose, we used our hu-
pBL-SCID mouse model (16). SCID mice were engrafted
with normal PBMCs together with antigen (OVA)-pulsed
autologous T312 mAb-induced or conventional mature
DCs. A booster injection with antigen-pulsed homologous
source of mature DCs was performed after 7 days. Immune
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Figure 8. T312 mAb-induced DCs trigger human antigen—specific T-
cell responses in hu-PBL-SCID mice. DCs were generated as
described in the legend for Figure 4, followed by exposure to antigen
(100 pg/ml OVA or KLH) for 24 hrs and by maturation with IFN-g for
an additional 24 hrs. These DCs (5 x 10° calls) together with
autologous fresh PBMCs (3 x 108 cells) were mixed in 0.1 ml RPM#
medium and transplanted into the spleen of SCID mice. Booster
immunization was made by injection of the same numbers of antigen-
loaded DCs (ip) on Day 7. After 5 days, cells obtained from the
spleen and peritoneal cavity of the mice were cultured with
autologous APCs (adherent PBMCs during 2-hr incubation in normal
wells) in the presence (APC + Ag) or absence (APC alone) of 5 ng/mi
OVA for 2 days, and the Supematants were assayed for human IFN-y

by ELISA. Values depicted reflect the mean levels of IFN-y of
triplicate cultures (SD was <10%).

sera and spleen cells were harvested after § days following
the booster injection. Figure 8 shows that immunization
with the T312 mAb-induced and OVA-pulsed DCs was
more efficient in inducing antigen-specific T-cell immune
responses in the hu-PBL-SCID mice, as determined and
defined by human IFN-y production by the immune cells in
vitro, than the conventional DCs pulsed with OVA. IL-4
was not produced from those immune cells (data not
shown). Human OVA-specific IgG were also induced by
both types of the conventional and T312 mAb-induced DCs
up to a titer of 1:400, as determined by ELISA (data not
shown). Essentially similar results were obtained when mice
were immunized with another antigen, KLH (data not
shown). These data indicate that the T312 mAb-induced
DCs, in general, appear to be relatively more efficient than
conventionally derived DCs in inducing antigen-specific
IFN-v responses in vivo.

Effect of Cross-Linking by Other mAbs Agalnst
Chemokine Receptors. Based on the results from the
above studies, additional experiments were carried out to
examine the specificity of the ligation of the CCRS
coreceptor by the T312 mAb. Thus, a battery of mAbs
against human chemokine receptors expressed by mono-
cytes, including CCR1, CCR2, CCR3, CCRS, CCRS, and
CXCRA4, were used to precoat microtiter wells, and aliquots
of purified monocytes were incubated in such antibody-
coated wells. The level of M-CSF synthesized by the cells
following overnight incubation was used as an index of
monocyte stimulation. As seen in Figure 9 among the anti-
human CCRS mAbs tested, Mab180 (mouse IgG anti-CCRS
N-terminus), but not T227 (rat IgG2a anti-CCRS N-
terminus) or 2D7 (mouse IgG anti-CCR5 ECL-2), was as
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Figure 9. Screening of the other anti-chemokine receptor mAbs that
can stimulate monocytes. Purified monocytes at 1 X 10%mi in RPM!
medium were cultured in wells precoated with various mAbs
ovemight, and the culture supematants were assayed for M-CSF
by ELISA. The values depicted represent the mean of triplicate
cultures with SD of <10%.

effective as T312 mAb in the stimulation of monocytes.
Among the anti-human CXCR4 mAbs, clone A120 (rat
IgG2b anti-CXCR4 ECL1&2) and A80 (rat IgGl anti-
CXCR4 ECL-3) were also capable of stimulating mono-
cytes. Another monocyte-stimulating mAb was the rat
IgG2a anti-CCR3 mAb. These mAbs that successfully
stimulated monocytes also promoted monocyte adhesion,
and A120 anti-CXCR4 mAD in particular was very potent in
inducing adhesion and differentiation of monocytes similar
to the data derived using the T312 mAb (data not shown).
Whether subtle differences exist in the adherent cells
enriched by the mAbs that were active in such an assay
remains to be determined.

Discussion

In the present study, we present data showing that
cross-linking of CCRS as well as select other chemokine
receptors (CXCR4 and CCR3) by mAbs immobilized onto
plastic microtiter wells leads to enhanced adhesion of
monocytes followed by synthesis of M-CSF and a set of p-
chemokines and that incubation of these adherent cells with
GM-CSF and IL-4 or IL-4 alone leads to their differentiation
along the DC lineage. This functional activity observed
following chemokine receptor cross-linking is in contrast to

the data obtained with FcR cross-linking (34). This
enhanced adherence of monocytes apparently improves
the efficacy of adhesion-based monocyte enrichment from
fresh PBMCs. )

One contributing mechanism that facilitates such tight
adhesion may involve the enhanced affinity of the B2-
integrins Mac-1 and/or p150/95, which bind to fibrinogen,
an extracellular matrix protein, since such adhesion was
markedly inhibited in the presence of mAb anti-CD18 (a
common chain of the PB2-integrin) but not anti-CD11a (a
component of another B2-integrin, LFA-1). This view is
supported by data obtained by flow cytometric analysis of
the T312 mAb-stimulated monocytes, compared to those
incubated in control mAb-coated wells. Thus, the T312
mAb-stimulated cells but not the control cells showed a
markedly increased density of staining with FITC-fibrino-
gen, but not with FITC-gelatin or collagen (data not shown).
Although sensitization of chemokine receptors by their
respective cognate chemokine ligands is known to activate
Bl- and B2-integrins (5), it is important to note that the
addition or precoating of wells with chemokines that bind to
CCRS (i.e., RANTES, MIP-1a, and MIP-1B), respectively,
did not induce such enhanced monocyte adhesion in vitro in
the present study (data not shown). Thus, it is likely that
antibody-mediated cross-linking of chemokine receptors
initiates an enhanced degree of activation of monocytes,
probably through an extraordinary degree of polarization of
the receptors onto the plates. This is supported by the
observations made by Lee et al. (35) that the mode of
monocyte activation by cross-linking of chemokine recep-
tors by gpl20 of HIV-1 particles was stronger than that
induced by a simple interaction between CCRS and CXCR4
with their respective chemokines. The inhibition of the T312
mAb-induced monocyte adhesion by the PI3-K-specific
inhibitor LY294.002 indicates that the T312 mAb-mediated
CCRS5 cross-linking also stimulates the G-protein signal
cascade, as documented previously for gp120 of HIV-1 (35)
and chemokines (36). Since PI3-K activation by chemokines
also induces polarization of adhesion molecules anpd
facilitates migration (5, 37), it is likely that it is either the
mere strength of the signal that is induced by cross-linking
of CCR5 by T312 mAb or the potential pulling together of
additional, as-yet-unknown proteins that distinguishes
between enhanced adhesion and mere signaling.

It is worth noting that the tight adhesion was not
induced by another rat IgG anti-CCRS mAb, termed clone
T227. The difference between anti-CCRS clone T312 and
T227 is that the T227 mAb recognizes a region located
within the N-terminus of the CCRS molecule that has been
further localized to a peptide spanning the CCRS N-
terminus amino acids 1-20 but not 2-21, whereas the clone
T312 mAb recognizes both of the peptides, with an affinity
similar to the clone T227 mAb (Tanaka et al., unpublished
data). These two mAbs compete with each other in binding
to CCRS. Thus, these results indicate that activation of
monocyte by CCRS5 cross-linking is epitope-dependent
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rather than antibody affinity-dependent. This view is further
supported by the observation that the use of yet another
immobilized CCRS5-specific clone, ECL-2 mAb, did not
lead to enhanced adhesion of monocytes, indicating a
requirement for epitope specificity to facilitate adhesion.
Similarly, with regard to CXCR4, the clones A145 mAb
(anti-N-terminus) and 12GS5 (anti-ECL1&2) did not induce
significant monocyte adhesion, in contrast to A120 mAb
(anti-ECL1&2) and A80 mAb (anti-ECL-3). The clone
A 120 mAb blocks the binding of SDF-1 (the natural ligand
for CXCR4) and inhibits infection by the CXCR4-tropic
HIV-1 strains, whereas the clone A80 mAb does not block
SDF-1 binding but stimulates homologous T-cell aggrega-
tion and thus enhances infection of the CXCR4 and CCRS5-
tropic HIV-1 strains (25). However, it is still unclear which
regions (epitopes) of each chemokine receptor are the hot
spots for the induction of strong activation signals on
monocytes, and this topic thus requires further study.

Along with the enhanced adhesion facilitated by cross-
linking of the chemokine receptor, such cross-linking also
induced downmodulation of cell surface expression of
CD14, CD4, CCRS, and CXCR4 and cytokine production
by monocytes. It is of interest that similar effects on
monocytes have been induced by prokineticin 1 (PK1)/
endocrine gland-derived vascular endothelial growth factor

-VEGF), and its G protein-coupled receptors (PKR1 and
PKR2) (38). Downregulation of CD14 was reported to be
induced by IL-4 or IL-13 at the transcriptional level (39) or
by shedding, which was induced by antibody-mediated
cross-linking of CDI14 or stimulation by LPS anq IFNjY
(40). However, these are not the likely me?han1§ms in
studies reported herein, since there was little if any

roduction of IL-4 and IL-13 and no detectable levels of
soluble CD14 in the culture supematants. It has been shown
that downmodulation of cell surface expression .of CD14,
CD4, and CXCR4, but not CCRS5 on monocytes, is induced
py PKC activation by phorbol 12-myristate 13-acetate
(PMA) (41, 42) and that CCR5 downmodulation is indlfced
by CCRS5-binding chemokines at only high concentrations
as a result of CCRS intemalization (43). Whether tht_ase
pamways are activated by cross-linking of the chemokine
receptors is currently not known. It has also been shown that
there is a molecular association between CD4 and Fhe
chemokine receptors or among the various chemokine
receptors (44, 45). Thus, it can be speculated that CCR§ or
CXCR4 cross-linking may induce homo- or hetero-oligo-
merization of the cell surface CD14, CD4, CXCR4, and/or
CCRS, and is then internalized.

In the early studies on monocyte adhesion (5) it was
shown that adherence onto plastic plates stimulates mono-
cytes to activate M-CSF, IL-1B, or TNF-u gene expression
and that LPS stimulation further enhances the synthesis of
these cytokines. Similarly, activation of monocytes via the
pPK1 pathway following adhesion requires additional
stimulation by LPS to promote the production of IL-12
p70 and TNF-a (46). Thus, it is clear that the mechanisms

for cytokine production in the studies described herein
likely involve distinct pathways other than those discussed
above. In addition, the addition of soluble chemokines or
the use of immobilized chemokines with specificity for
CCRS5 and CXCR4 did not induce cytokine production in
the present conditions (data not shown). Differences in the
precise pathways that are triggered in the studies reported
herein are a subject of current study.

The observation that not only CCRS but also CXCR4
and CCR3 cross-linking triggered production of M-CSF by
monocytes and induced differentiation in the absence of
exogenously added M-CSF or GM-CSF was unexpected.
For differentiation of monocytes into macrophages in vitro
in the absence of these cytokines, extracellular matrix
proteins are known to have profound influence (47). It has
been previously reported that human monocytes differ-
entiated into CDl4-low macrophages in a fibronectin-
containing medium without the addition of exogenous
cytokines (48). Thus, bovine fibronectin in our RPMI
medium may have some additive effects on chemokine
receptor—stimulated monocyte differentiation, although the
use of serum-free medium for monocyte cultivation in T312
mAb-coated wells did not influence the present results (data
not shown). Although cross-linking of CCR5, CXCR4, or
CCR3 resulted in M-CSF production from monocytes, anti-
M-CSF- or GM-CSF-neutralizing mAbs did not block
monocyte differentiation into macrophages (data not
shown). Thus, we assume that chemokine receptor Cross-
linking may bypass the requirement of M-CSF stimulation.
Since the ligation of M-CSF receptor (CD115) stimulates
PI3-K (49, 50), the PI3-K activation as a result of the
chemokine receptor cross-linking may be responsible for the
de novo monocyte differentiation into macrophages. The
mechanisms by which cross-linking of chemokine receptors
on monocytes induced the differentiation of these cells into
DCs without the addition of exogenous GM-CSF in the
presence of IL-4 are also under current study. The cross-
linking may function as survival and differentiation factor
for the generation of DCs from monocytes, because
monocytes in the absence of chemokine receptor cross-
linking failed to survive when cultured in media containing
IL-4 alone.

The primary objective of the present study was to find
an alternate, more-efficient and practical method for the in
vitro generation of functional DCs with potent Thl-inducing
capacity in vivo. Various cytokine cocktails have been
applied for generation of functional DCs, including
combinations of IL-3 and IFN-B, FIt3L and IL-4, CD40L
alone, or GM-CSF, IL-4, and the proinflammatory cytokines
GM-CSF and Type I IFN (51-56). In addition, it has been
reported that the methods of monocyte isolation, such as
adherence or CD14" enrichment by MACS (which results in
CD14 cross-linking), influence cytokine production from
generated DCs (i.e., adherent monocyte-derived DCs were
more potent in producing IL-12, IL-10, and TNF-a and in
stimulating Tc1 than those from CD14 positively selected
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monocytes) (24). Because the DCs generated in the studies
reported herein by CCRS (or CXCR4 or CCR3) cross-
linking in the presence of either GM-CSF and IL-4 or IL-4
alone were relatively more potent than conventional DCs in
stimulating IFN-y production from allogeneic naive CD4* T
cells in vitro and OVA- or KLH-specific T cells in vivo, it is
indicated that in studies that require Th1-polarizing DCs, the
cross-linking of CCRS, CXCR4, or CCR3 on monocytes
should be considered. The higher density of expression of
CD86 on the chemokine receptor cross-linked DCs may
have some influence for Thl-inducing capacity, although
the mechanism at present still remains unknown.

Based on the results of the present study, we suggest
that the use of cross-linking of CCR5, CXCR4, or other
chemokine receptors for the generation of functional DCs ex
vivo provides an alternate and simple tool that will facilitate
the therapeutic use of DCs. Thus, studies of DC-based
immunotherapy in patients with HIV-1 infection that have
been reasoned to require induction of maintenance of Thl
type of antiviral immune response could benefit from such
an approach. In addition, cross-linking of the chemokine
receptors could also facilitate limited entry of HIV-1 into
such cells because of downmodulation of the HIV-1
receptors. Such an approach has already been initiated,
and preliminary studies have shown that inactivated HIV-1-
pulsed DCs generated from CCR5- and CXCR4—cross-
linked monocytes could trigger highly potent human anti-
HIV-1 T-cell responses using our hu-PBL-SCID mouse
model. These studies are currently in progress.

We thank the NIH AIDS Research and Reference Reagent Program
for supplying IL-2.
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