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Abstract

We examined the ability of human monocyte-derived interleukin (IL)-10-induced semi-mature dendritic cells (semi-mDCs) that
had been pulsed with soluble protein and necrotic cellular fragments to induce an antigen {Ag)-specific anergy in CD4” and CD§ T
cells. IL-10 converted normal immature DCs (iDCs) into semi-mDCs during the maturation. In contrist to normal iDCs and m atwre
DCs, IL-10-induced semi-mDCs as well as [L-10-treated iDCs not only had reduced their allogencic T cell-stimulatory capacity, but
also induced an allogeneic Ag-specific anergy in T cells. Normal mDCs that had been pulsed with wetanus toxin (TT) or allogencic
necrotic cellular fragments caused further activation of TT-specific CD4* T cells or allogencic fibroblast-specitic CD8* T cells, Ag-
pulsed IL-10-induced semi-mDCs induced an anergic state in both cell types. Thus, our results suggest that [L-10-induced senii-
mDCs induce an Ag-specific anergy in CD4* and CD8" T cells via presentation of the internalized protein and cross-presentati on of
the phagocytosed cellutar fragments. ® 2002 Elsevier Science (UUSA). All rights reserved.
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1. Introduction

Dendritic cells (DCs)' are unique professional anti-
gen (Ag)-presenting cells (APCs) capable of stimulating

* Corresponding author. Fax: +§1-99-275-5305.
E-mail address: katsuaki@m3.kufm.kagoshima-u.ac.jp (K. Sato).

! dbbreviations used: Ab, antibody; Ag, antigen; APCs, Ag-present-
ing cells; CBMCs, cord blood mononuclear cells; DCs, dendritic cells;
E/T ratios, effector cell to target celi ratios; FasL, Fas ligand; FITC-
OVA, FITC-labeled ovalbumin; GM-CSF, granulocyte-macrophage
colony-stimulating factor; iDCs, immature DCs; IFN, interferon; IL,
interleukin; LPS, lippolysaccharide; mAb, monoclonal Ab; mDCs,
mature DCs; MFI, mean fluorescence intensity; MLR, mixed leuko-
cyte reaction; PB, peripheral blood; PBMCs, peripheral blood mono-
nuclear cells; SD, standard deviation; Tc, cytotoxic T; Thl, type-1 T
helper; TNF, tumor necrosis factor; Tr, regulatory T; TRAIL, TNF-
related apoptosis-inducing ligand; TT, tetanus toxin.

naive T cells as part of the primary immune response,
and are more potent APCs than monocytes/macr o-
phages or B cells [1-3]. DCs take up exogenous soluble
protein Ags via macropinocytosis, and present them to
CD4* T helper (Th) cells via the MHC class IL-restr icted
pathway [4,5]. On the other hand, DCs also acquire
soluble proteins by macropinocytosis for presentation
to CD8* cytotoxic T (Tc) cells in the MHC class [-re-
stricted pathway [4,5]). Similarly, DCs can take vp Ag
released from cells undergoing necrosis or apoptosis for
presentation to MHC class I-restricted Tc cells, a pro-
cess referred to as cross-presentation [4,5),

Interleukin (IL)-10 is a multifunctional cytokine
produced by activated T cells, B cells, keratinocytes,
monocytes/macrophages, DCs, and certain tumor cells
[6-10). IL-10 has been shown to inhibit activation and
proliferation of human peripheral blood (PB) T cells

0008-8749/02/8 - see front matter © 2002 Elsevier Science (USA}. All rights reserved.
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following extracellular stimulation [7]. IL-10 also in-
hibits T cell stimulatory capacity of DCs as well as
monocytes/macrophages via downregulation of MHC
and costimulatory molecules [8-10]. Steinbrink et al.
[8.9] have reported that treatment of immature DCs
(iDCs), but not mature DCs {(mDCs), with IL-10 not
only reduced their allogeneic T cell-stimulatory capac-
ity, but also induced an allogeneic Ag-specific anergy in
T cells. In addition, antigenic peptide-pulsed IL-10-
treated DCs also caused an Ag-specific anergy in Th and
Tc cells [8,9].

To address whether IL-10-induced semi-mature DCs
(semi-mDCs) negatively regulate the function of Ag-
specific effector T cells via presentation of the internal-
ized soluble antigenic protein and cross-presentation of
the phagocytosed necrotic cells, we examined the ability
of human IL-10-induced semi-mDCs that had been
pulsed with protein and cellular fragments derived from
necrotic cells to induce an anergic state in Ag-specific
CD4* and CD8™ T cells.

2. Materials and methods
2.1. Media and reagents

The medium used throughout was RPMI 1640 (Sig-
ma, St. Louis, MO) supplemented with antibiotic—
antimycotic (GIBCO BRL, Rockville, MD) and 10%
heat inactivated FCS (GIBCO). Granulocyte-macro-
phage colony-stimulating factor (GM-CSF), IL-2, IL4,
IL-10, and tumor necrosis factor (TNF)-o were pur-
chased from Pepro Tech. (London, England). Lipo-
polysaccharide (LPS) (E coli 0127B8) was obtained
from Sigma. FITC-labeled ovalbumin (FITC-OVA) was
purchased from Molecular Probes (Eugene, OR).

2.2. In vitro generation and culture of human normal and
IL-10-treated DCs

Normal iDCs were obtained by culturing PB mono-
cytes with GM-CSF (50 ng/ml) and IL-4 (50 ng/ml) for 7
days [10]. For the preparation of normal mDCs, cells
were subsequently cultured with TNF-o (50 ng/ml) or
LPS (100 ng/mi) for another 3 days [10]. Alternatively,
iDCs were treated with IL-10 (50 ng/ml) for 3 days, and
subsequently cultured with TNF-o (50ng/ml) or LPS
(100 ng/ml} for 3 days. Cell differentiation was moni-
tored by light microscopy, and the resultant cells were
used for subsequent experiments. For preparation of
Ag-pulsed APCs, normal or IL-10-treated iDCs (10%)
were cultured with OVA (1 pg/ml; Sigma), tetanus toxin
(TT) (1 pg/ml; Biogenesis, Poole, England), or necrotic
allogeneic fibroblasts (10°; BioWhittaker, Walkersville,
MD) (5] for 24 h, and cells were subsequently stimulated
with TNF-a (50 ng/ml) for 3 days.

2.3. Flow eytometry

For surface marker analysis [10], cells were cultured
with following monoclonal antibodies (mAbs) conju-
gated to FITC or PE for direct fluorescein: CDS83
(Coulter Immunology, Hialeah, FL), CD4, CD8, CD25,
CD40, CD20, CD86, CD1352, CD154, HLA-A/B/C, and
HLA-DR (BD PharMingen, San Diego, CA). Cells were
also stained with the corresponding FITC- or PE-con-
jugated isotype-matched control mAb (BD PharMin-
gen). Alternatively, intracellular analysis of the
expression of cytokines was performed according to the
manufacturer’s instructions with some modification. In
brief, T cells were stimulated with platebound anti-CD3
mAb (10pug/ml; BD PharMingen) plus soluble anti-
CD28 mAb (10pg/ml; BD PharMingen) for 6h. Two
pM monensin (Sigma) was added for the last 5h of
culture. Cells were collected, washed, fixed, and sapo-
nin-permeabilized (fix/perm solution; BD PharMingen),
and stained with mAbs to IL-2, IL-4, IL-10, and IFN-y
(BD PharMingen). Analysis of fluorescence staining was
performed with a FACS Calibur flow cytometer (Becton
Dickinson, Mountain View, CA) and CELLQuest
Software, and data are expressed as mean fluorescence
intensity (MFT) + standard deviation (SD) and % mean
positivity 5D,

2.4. Endocytosis assay with FITC-OV A

The methods used to determine the endocytotic ac-
tivity of DCs have been described previously [10].
Briefly, FITC-OVA was added at a final concentration
of 1pg/ml to the cells (10%). After incubation for 60 min
at 37 °C, cells were washed four times with ice-cold PBS.
The uptake by cells was measured by flow cytometry.

2.5. Preparation of T cells

CD3* T cells were isolated from PB mononuclear
cells (PBMCs) or cord blood mononuclear cells
(CBMCs) as described previously [I1]. Following this
procedure, CD4* T-cell subset was subsequently nega-
tively selected from CD3* T cells [11]. These T-cell
preparations were typically >98% pure as indicated by
anti-CD3 mAb andfor anti-CD4 mAb (BD PharMin-
gen) staining.

2.6. Preparation of TT-specific CD4* T cells and allog-
eneic fibroblast-specific CD8% T cells

PBMCs (107) were primed with TT (1ug/ml) or ne-
crotic [5] allogeneic fibroblasts (106) for 3 weeks in me-
dium containing IL-2 (100 U/ml) (an induction phase).
Following this procedure, CD4* or CD8* T cells were
negatively selected from the respective Ag-primed
PBMCs [11]. The resultant cells (>95% CD3*CD4*
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transplantation (HSCT) are limited to the small population
of 8- to 12-Gy uniformly irradiated victims who can receive
transplants from an HLA-matched sibling in the early stages
of ARS. Development of hematopoietic growth factors
(HGF) allowed us the treatment option of administering
HGF without HSCT [2].

For overcoming the limitations of BMT, umbilical cord
blood (CB) is an ideal stem cell source with a lower inci-
dence and reduced extent of GVHD. It eliminates donor
acquisition delay and allows urgent triage for ARS. Accu-
mulating results suggest that use of umbilical CB trans-
plantation (CBT) correlates with a lower incidence of
acute and chronic GVHD [3-16], even in the presence of
HLA-mismatched donor/recipient parity [5-9,11,12], than is
achieved with BMT {10-12]. The feasibility and efficacy of
CBT for adult recipients also have been established [13-17).
The increasing numbers of cryopreserved umbilical CB
units in local CB banks supplied us the opportunity to iden-
tify HLA-compatible donor candidates with sufficient num-
bers of stem cell doses who would tolerate HLA 1-locus to
3-loci mismatched CBT.

A criticality accident occurred at the uranium fuel pro-
cessing plant of JCO Co. Ltd. in Tokaimura, Ibaraki Prefec-
ture, Japan, on September 30, 1999 [18]. Fast-neutron radia-
tion was a major component of the accidental irradiation,
and the rest was y-rays. Three employees of JCO were
exposed to high radiation doses of 16 to 24.5 GyEq, 6 to
10 GyEq, and 2 to 5 GyEq [19]. We report on the second vic-
tim. Accurate dose estimation is essential to determining the
strategy for clinical intervention in ARS, although the mixed
components of fast neutrons with +-rays and nonuniform
irradiation made estimation difficult. Dosimetry was based
on 4 parameters: presence of prodromal symptoms, change in
peripheral blood (PB) components, results of PB chromo-
some analysis, and amount of radioactive 2Na in samples of
PB. Our patient started to vomit almost an hour after the
exposure [20]. Nausea and vomiting within 1 hour were eval-
uated as 6- to 8-GyEq radiation according to the Interna-
tional Atomic Energy Agency criteria [2]. The patient’s white
blood cell (WBC) count 2 to 3 hours after the exposure was
12,700/mm?, and the lymphocyte subset was only 1% of WBC
count. The lymphocyte count reached zero by the seventh
day after exposure. The platelet count was 15.9 X 10%/mm?,
linearly decreasing from the fifth day after exposure, and
decreased to less than 50,000/mm® within 10 days These
hematological findings suggested that the patient was irradi-
ated at a dose from 6 to 8 GyEq of radiation. PB ringed chro-
mosome analysis of this patient indicated that the irradiated
dose was 7.8 to 8.3 GyEq, and the measurement of radioac-
tive 2Na in the PB samples demonstrated a 9.3-GyEq radia-
tion dose. These findings revealed that the patient had severe
impairment of hematopoiesis from high-dose radiation. We
therefore determined that it was necessary to perform urgent
rescue hematopoiesis by HSCT, despite the nonuniform irra-
diation, We have previously described the clinical outcome of
CBT in this patient [21-23]. Donor/recipient mixed chi-
merism and unexpected rapid autologous hematopoietic
recovery were obtained. However, the recovered autologous
hematopoiesis possessed defective immune function, and
life-threatening infection and death resulted.

We discuss the clinical intervention strategy for the treat-
ment of ARS, focusing on the immune function of the radia-
tion victim.

2. Materials and Methods
2.1. Patient

The transplantation procedure and clinical course have
been previously described [21-23]. Briefly, pretransplantation
conditioning consisted of antithymocyte equine y-globulin
alone (2.5 mg/kg for 2 consecutive days), and GVHD pro-
phylaxis consisted of the combined use of cyclosporine A
(CyA) and methylprednisolone (mPSL). HLA-DRB1 1-
locus mismatched unrelated CB (2.08 X 107 total nucleated
cells per kilogram) was transplanted on October 9, 1999 (10
days after the accident). Granulocyte colony-stimulating fac-
tor {G-CSF), erythropoietin, and thrombopoietin were con-
currently administered to augment the hematopoietic recov-
ery. The granulocyte count rose to more than 500/mm® on day
15 after CBT. Donor/recipient mixed chimerism was attained
at engraftment, and it was confirmed by chromosomal analy-
sis and fluorescence-labeled in situ hybridization technique
(FISH) with Y-chromosome specific probes. We reduced the
dose of CyA and mPSL gradually 1o avoid GVHD and unde-
sirable opportunistic infection. Autologous hematopoietic
recovery was completed by day 50 after CBT.

Transient reactivation of cytomegalovirus (CMV)} was
detected by CMV-antigenemia analysis with CMV-specific
mouse monoclonal antibodies (C10 and C11) of patient-
derived granulocytes and by CMV polymerase chain reac-
tion (PCR) of patient-derived plasma. CMV infection was
successfully treated by the administration of ganciclovir,
because the patient’s CD8* lymphocyte count increased con-
currently [23]. Radiation burns of the face, throat, and
extremities worsened in conjunction with autologous
hematopoietic recovery. Allogeneic cadaver skin transplan-
tation failed to restore the skin and mucocutaneous barriers;
the result was colonization of methicillin-resistant Staphylo-
coccus aureus on the patient’s skin and throat despite con-
comitant administration of vancomycin with arbekacin. The
patient suffered from obstructive sleep apnea syndrome,
which was caused by a blood clot in the oral cavity. The
patient died of aspiration pneumonia and ARDS 210 days
after the accident.

Recovered autologous bone marrow contained complex
chromosomal abnormalities [23], and immune function was
investigated as described below. All materials examined were
collected from the patient and used after signed informed
consent according to the Declaration of Helsinki.

2.2, Flow Cytometry

Patient PB mononuclear cells (PBMNCs) were separated
by density gradient with centrifuge and Ficoll-Hypaque
(Pharmacia Biotech, Uppsala, Sweden), treated with 0.5%
mouse serum (Dako, Glostrup, Denmark) for 15 minutes at
4°C to block nonspecific Fc receptor binding, and incubated
with 1 or 2 of following monoclonal antibodies (MoAbs)
conjugated to fluorescein isothiocyanate (FITC) or phyco-
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Abstract

The optimal treatment for the hematological toxicity of acute radiation syndrome (ARS) is not fully established, especially
in cases of high-dose nonuniform irradiation by miixed neutrons and v-rays, because estimation of the irradiation dose
(dosimetry) and prediction of autologous hematological recovery are complicated. For the treatment of ARS, we performed
HLA-DRB-mismatched unrelated umbilical cord blood transplantation (CBT) for a nuclear accident victim who received
8 to 10 GyEq mixed neutron and y-ray irradiation at the JCO Co. Ltd. nuclear processing facility in Tokaimura, Japan. Donor/
recipient mixed chimerism was attained; thereafter rapid autologous hematopoietic recovery was achieved in concordance
with the termination of immunosuppressants. Immune function examined in vitro showed recovery of the autologous immune
system was severely impaired. Although the naive T-cell fraction and the helper T-cell subtype 1 fraction were increased, the
mitogenic responses of T-cells and the allogeneic mixed leukocyte reaction were severely suppressed. Endogenous immuno-
globulin production was also suppressed until 120 days after the accident. Although skin transplantation for ARS was suc-
cessful, the patient died of infectious complications and subsequent acute respiratory distress syndrome 210 days after the acci-
dent. These results suggest that fast neutrons in doses higher than 8 to 10 Gy cause complete abrogation of the human immune
system, which may lead to fatal outcome even if autologous hematopoiesis recovers. The roles of transplantation, autologous
hematopoietic recovery, chimerism, immune suppression, and immune function are discussed. Int J Hematol. 2002;76:157-164.
©2002 The Japanese Society of Hematology

Key words: Neutron irradiation; Umbilical cord blood transplantation; Autologous hematopoietic recovery; Immune
dysfunction

1. Introduction ity due to acute graft-versus-host disease (GVHD) and ensu-
ing acute radiation syndrome (ARS) [1,2}. After the Cher-

The feasibility and efficacy of allogeneic bone marrow  nobyl accident, 11 of 13 BMT recipients died of burns, gas-
transplantation (BMT) for accidentally irradiated individu-  trointestinal (GI) bleeding, interstitial pneumonitis, acute
als remains unclear because of the high incidence of mortal- respiratory distress syndrome (ARDS), and GVHD, Experi-
mentally transplanted fetal liver cells failed to engraft in the
7 adult recipients, because the transplants contained limited

Correspondence and reprint requests: Hitomi Nagayama, MD, numbers of hematopoietic stem cells (HSCs). Only 2 long-
PhD, Division of Hematology, Department of Medicine, Keio term Chernobyl survivors who underwent BMT have been
University School of Medicine, 35 Shinanomachi, Shinjuku-ku, supported by autologous hematopoietic recovery [1].
Tokyo 160-8582, Japan; 81-3-5363-3785; fax: 81-3-3353-3515 Because of the high incidence of non-bone marrow toxicities
(e-mail: zephyrus@sc.ite.keio.acjp). and transplant-related mortality, the indications for HSC
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Fig.3 Chest CT scan (a) before and (b) I month after the
initiation of IL-2 treatment. Note the marked regression of
a right lung hilar mass despite progression of the other
metastatic nodules and pleural effusion.

any other changes associated with active autoimmune
disease.

Discussion

Since RCC is thought to be an immunogenic cancer,
gene immunotherapy is considered to be one of the chal-
lenging gene therapy strategies. In 1997, Simons et al.
reported a phase I study of autologous RCC vaccination
in the USA 3 An objective partial response was observed
in one of seven patients treated with GM-CSF gene-
transduced tumor vaccine.? In Japan, a phase I study of
a GM-CSF gene-transduced tumor vaccine for meta-
static RCC patients (the first cancer gene therapy in the

RCC patient treated with GM-CSF gene therapy 465

country) is currently being conducted as a multi-
institutional study organized by IMSUT. The procedure
for producing autologous vaccine cells is conducted at
IMSUT under Good Manufacturing Practices. Although
the treatment protocol is essentially the same as the one
reported by Simons et al.,’ the vaccination schedule is
longer in the current study than in the previous clinical
trial conducted in the USA.

The objectives of the current study are to test the
safety of the gene therapy and evaluate immunological
anti-tumor effects. In the present paper we reported the
clinical course of the first patient enrolled in the study.
During and after gene therapy, no remarkable side-
effects were observed by physical examination or
laboratory tests. In addition, no pathological findings
specific to gene immunotherapy, such as autoimmune
disease, were found by autopsy. To our knowledge, this
is the first detailed report of an autopsy of a patient
treated with GM-CSF gene therapy.

Despite the strong positive DTH conversion against
autologous RCC cells after vaccination, the clinical
response of the GM-CSF gene therapy resulted in pro-
gressive disease. However, the subsequent low-dose
IL-2 therapy showed rapid and remarkable regression
in a large lung hilar metastatic mass. The most striking
histological finding in the responding mass was CDS
positive T-cell infiltration. It suggests the CD8 positive
T-cell might be an important effector cell in regression
of the mass. Since the mass regressed after IL-2 therapy,
it is not certain that the GM-CSF gene therapy plays a
role in this immune response. Further clinical and
immunological evaluation of the other patients enrolled
in the study is required. ‘

Finally, there was a difference in RCC histology
between the nephrectomised primary site and the meta-
static sites. This may have been the result of natural
selection of metastatic phenotype, because it is well
known that metastases from clear cell at the primary site
are not always clear cell and may be considerably less
differentiated than cells at the primary site. Another pos-
sibility is the selective escape of non-clear cell popula-
tions from immunity induced by vaccine prepared from
clear cell carcinoma, which was dominant at the primary
site. Although it is not clear whether selective escape
might be involved in the present case, the genetic insta-
bility and heterogeneous features of RCC may require
additional treatment combined with immune gene ther-
apy. At the time of this report, the trial is in progress, and
an additional three patients have been successfully
treated with no significant side-effects. Further clinical
and immunological evaluation including these patients
is required to ascertain the clinical benefits of GM-CSF
gene therapy in metastatic RCC.
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) lung metastatic lesions and (c) right lung hilar

metastasis. (d) Immunohistochemical staining with anti-CD8 antibody of the right hilar mass (x 100). The largest part of the
primary site consisted of clear cell carcinoma (a}, whereas most metastatic sites consisted of granular cell carcinoma (b). The
right lung hilar metastasis (the nodule that responded after IL-2 therapy) showed diffuse necrotic change (¢}. Immunchis-
tochemistry revealed CD8 positive T-lymphocyte dominant infiltration of the right lung hilar metastasis (d).

for a total IL-2 dose of 20x10% JRU. However, the
patient’s condition deteriorated due to progression
of metastases. The patient died of multiple RCC
metastases 9 months after nephrectomy and 7 months
after the start of GM-CSF gene therapy.

Autopsy and histological findings

With permission from the family, an autopsy was per-
formed S5h after the patient’s death. Grossly massive
RCC metastases were found in both lungs and the liver.
Widespread metastases were also found in the pancreas,
duodenum, left kidney, pleura and retroperitoneal lymph
nodes. Histological examination of the metastasis sites
showed that almost all examined nodules consisted of
granular cell carcinoma, which was in sharp contrast to
the histology of the primary site where clear cell carci-

noma was dominant (Figs 2a,b). In addition, sarcoma-
toid changes were observed in the kidney metastasis.
These findings indicate the apparent histological diver-
gence of metastatic sites. While scattered necrotic foci
were seen, RCC cells were morphologically viable in
most of the metastatic sites. In contrast, histology of the -
right lung hilar metastasis, the lesion that shrank after
IL-2 therapy, showed diffuse necrotic changes (Fig. 2¢).
Viable cells were barely seen in pseudocapsule of this
lesion as bizarre foci of granular cell carcinoma. No sig-
nificant differences were found in the degree of lympho-
cyte infiltration and dendritic cell infiltration; however,
the shrunk lesion was infiltrated with proportionately
more CD8 positive T lymphocytes, compared to other
non-responding metastatic lesions, as shown in Fig. 2d.
The similar CD8 positive T-lymphocyte accumulation
was seen in one necrotic deposit in the liver. Careful
histological examination did not reveal vasculitis or



Fig.1 Plain chest X-ray showing a large metastatic mass
in the right hilar region and multiple metastases in both
lungs. ‘

Case report
Clinical course

A 60-year-old man with gross hematuria was seen at
Tsukuba University Hospital (TUH) in September 1998,
The patient was diagnosed as stage IV RCC (UICC clas-
sification 1997) with multiple lung metastases (Fig, 1).
Following careful screening for eligibility criteria and
after providing written informed consent, the patient
was transferred to the Research Hospital of IMSUT,
where he was enrolled in a phase I study of GM-CSF
gene therapy. A 10cm RCC tumor arising from the
upper pole of the right kidney was resected, and the cell
processing began on the same day. The largest part of
resected tumor consisted of clear cell carcinoma with
nuclear grade 2 as shown in Fig.2a. The autologous
RCC cell culture from 80 g of tumor tissue was success-
fully propagated, and the human GM-CSF gene was
introduced using the MFG-S retrovirus vector.!~
Four-hundred and sixty million transduced cells with
GM-CSF production of 49ng/10% cells per 24h were
harvested. The harvested vaccine cells were lethally
irradiated with 150 Gy of X-ray, then frozen in aliquots
and stored in liquid nitrogen. BioReliance (Rockville,
Maryland, USA) conducted standard safety testing
according to US Food and Drug Administration guide-

RCC patient treated with GM-CSF gene therapy 463

lines and confirmed that culture supernatants were free
of replication-competent retrovirus (RCR),

After safety and release testing, GM-CSF gene ther-
apy was initiated by subcutaneous injection of vaccine
cells. From December 1998 to April 1999, the patient
was injected with a total of 2.2x10® vaccine cells
divided into ten doses (4 x 107 celis in the first injection,
followed by 2x107 cells at 2-week intervals). The
patient experienced no remarkable side-effects except
for low-grade fever, and local erythema and induration
at the vaccination sites, both of which resolved spon-
taneously. Laboratory tests revealed no remarkable
changes except transient eosinophilia up to 700 cells/
mm?, which peaked 48 h after vaccination and returned
to normal the next day. There was no significant alter-
ation in the serum GM-CSF level after vaccination.
During the course of vaccination, the delayed-type
hypersensitivity (DTH) reaction was examined by the
intradermal injection of 1x 10° lethally irradiated cul-
tured autologous RCC cells (non-transduced RCC cells)
as an in-vivo immunological examination.? As a con-
trol, the same number of lethally irradiated cultured
autologous normal kidney cells, which were prepared
from normal part of nephrectomy tissue, were injected
intradermally. Reactions to DTH increased markedly
after the start of vaccination; however, weak reaction
was also observed at the site of normal kidney cell
injection.

After therapy began, the growth of the largest lung
hilar mass, as evaluated by helical computed tomogra-
phy (CT), had slowed to some extent; however, new
multiple nodules appeared in other lung fields. The
patient maintained good performance status until the
10th injection, but routine radiographic examination at
that time revealed development of new metastases in
the liver and brain. At this point, vaccination was dis-
continued, and the patient was transferred to TUH
for further treatment and supportive care. No RCR
was detected in blood samples during or after the end of
vaccination.

After transfer to TUH, asymptomatic  brain
metastases were treated with a single session of gamma-
knife radiosurgery for prevention of central nervous
system complications. Intravenous administration of - -
human recombinant interleukin (IL)-2 (Teceleukin,
Shionogi, Osaka), at a daily dose of 0.7-1.4 x 106 Japan
Reference Unit (JRU), began I month after the end of
the vaccination period, A few weeks after the start of IL-
2 therapy, chest X-ray revealed a decrease in the size of
the right hilar large mass, despite new metastatic depos-
its and pleural effusion in both lungs. The findings were
confirmed by chest CT scan 1 month after the start of
IL-2 therapy (Fig. 3). Treatment continued for 5 weeks
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Case Report

Advanced renal cell carcinoma treated with granulocyte-
macrophage colony-stimulating factor gene therapy:
A clinical course of the first Japanese experience

Abstract
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A phase [ study of granulocyte-macrophage colony-stimulating factor {(GM-CSF) gene-transduced
tumor vaccine for patients with metastatic renal cell carcinoma (RCC) was initiated in 1998, as the
first cancer gene therapy in Japan. The study is still ongoing, but the first patient is presented here as
a case report. The patient was a 60-year-old man with Stage IV CRC with multiple lung metastases.
After surgical resection of the tumor, autologous tumor cells were transduced and cultured to produce
(GM-CSF. The patient received a total of 2.2 x 108 gene-transduced autologous vaccine cells by sub-
cutaneous injection. During the course of vaccination, growth of the largest metastatic mass slowed
to some extent; however, multiple new lesions developed. About 1 month after the start of low-dose
IL-2 therapy, rapid and remarkable regression in a large lung hilar metastatic mass was noticed. The
patient died of progressive disease 7 months afier the start of GM-CSF gene therapy. Careful histo-
logical examination by autopsy revealed that the responding mass was infiltrated by CD8 positive
dominant T lymphocytes, and did not exhibit vasculitis or any other changes associated with active
autoimmune disease.

gene therapy, granulocyte-macrophage colony-stimulating factor, renal cell carcinoma, vaccine.

Introduction

Treatment options for metastatic renal cell carcinoma
(RCC) are limited due to the lack of effective systemic
therapy. According to preclinical animal studies, vacci-
nation using autologous granulocyte-macrophage
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colony-stimulating factor (GM-CSF) transduced tumor
cells is considered to be one of the challenging immu-
notherapies for RCC.! In April 1998, we submitted our
preclinical data on cell processing and gene transfer to
the Institute of Medical Science, University of Tokyo
{(IMSUT) Institutional Review Board. In August 1998,
the Japanese government granted permission to initiate
gene therapy. Within the same year, the phase I study of
a GM-CSF gene-transduced tumor vaccine for patients
with metastatic RCC began as the first cancer gene ther-
apy in Japan.? The study is currently being conducted as
a multi-institutional study organized by IMSUT. The
present report describes the clinical course of the first
patient who received the GM-CSF gene therapy.
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because CCR1 is the only receptor for CCL3 and CCLS in this
subset.

Uncoupling of GPCRs with G proteins is thought to prevent
their high-affinity ligand binding (24). We showed that pretreat-
ment of the cell membrane fractions obtained from memory and
naive CD4™ T cells with GTP-vS inhibited their ligand binding.
Therefore, the high-affinity ligand binding of CCR1 and/or CCRS
in both ¢ell types may involve their coupling with G proteins. In
contrast, CCL5 induced GTP-GDP exchange in memory CD4* T
cells, whereas this stimulation failed to induce this event in naive
CD4™ T cells. These phenomena imply that the ligation of CCR1
by CCLS5 may not induce GTP-GDP exchange in G, and Gy, in
naive CD4* T cells, although these G protein subunits may bind
the CCL5-CCR1 complex. In contrast, mutation of GPCRs and
certain stimulations led to the retention of a high ligand binding
affinity of GPCRs but abolished their downstream signaling
events, although the precise mechanism remains unclear (41-43),
Therefore, our findings involving GTP-GDP exchange in G, sub-
units and the ligand binding affinity of CCR1 in naive CD4* T
cells may be a novel regulatory mechanism for GPCR. Collec-
tively, our findings suggest that a failure of CCR1 to activate PTK-
dependent cascade may involve the deficiency in the ligand-in-
duced GTP-GDP exchange in G, and Gaa

The intracellular expressions of RGS3 and RGS4 were only de-
tected in naive CD4* T cells. It has been previously reported that
the expression of RGS1, RGS3, and RGS4, but not RGS2, sup-
pressed the chemotactic response of certain transfectants to FMLP,
C5a, CXCLS/IL-8, and CCL2/monocyte chemoattractant pro-
tein-1, while the expression of RGS3 and RGS4 inhibited the
CCL3-induced CCRI-mediated chemotaxis of these cell types
(37). In contrast, p60°* and Pyk2 link GPCR with various down-
stream PTK-dependent cascades (26, 27, 30, 31). In addition, Yan
et al (39) have previously reported that RGS4 inhibited Gy -me-
diated activation ¢f MAPKs in certain transfectants. However, the
role of RGS3 and RGS4 in the defective CCLS-induced CCR1-
mediated signaling events in naive CD4* T cells remains un-
known because RGS proteins are not thought to affect GTP-GDP
exchange (36-39); the failure of ligand-induced GTP-GDP ex-
change in G, subunits may play a crucial role in these events.
These phenomena imply that RGS3 and RGS4 would not contrib-
ute to the failure of CCR1 to activate G, subunit-dependent sig-
naling evehts in naive CD4* T cells.

Naive CD4* T cells showed greater surface expression level of
CXCR4 and response to CXCL12 than memory CD4* T cells. In
addition, CXCL12-induced GTP binding to G, in naive CD4* T
cells was higher than in memory CD4* T cells, Moratz et al. (38)
have previously reported that the impairment of CXCL12-induced
CXCR4-mediated migratory responsiveness in germinal center B
cells involved a constitutive expression of RGS1, whereas
CXCL12 attracted CXCR4-expressed naive and memory B cells
lacking the expression of RGS1. We showed that memory CD4™*
T cells as well as naive CD4* T cells did not exhibit the intracel-
lular expression of RGS1. Therefore, the difference in the response
to CXCL12 between memory and naive CD4* T cells may be
correlated with the cell surface expression level of CXCR4- and
CXCL12-induced GTP-GDP exchange in G,,. However, Reif et
al, (40) have recently reported that a short isoform of RGS3
(sRGS3) as well as RGS1 are effective inhibitors of G,,-dependent
response to CXCL12 in murine B cell transfectants. The discrep-
ancy in the role of RGS3 between human CD4* T cells and the
murine B cell line in the CXCL12-induced response via CXCR4
remains unclear; this might be due to the isoform variances or the
species differences.
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In summary, our findings suggest that the failure of ligand-in-
duced activation of CCR1-mediated downstream signaling events
as well as the deficiency of CCRS expression are associated with
the hyporesponsiveness of human naive CD4* T cells to CCL3
and CCL5. We (16) and others (9} have previously reported that
CCR2, CCR6, and CXCR3 were only expressed on memory
CD4™ T cells, and their expression patterns were associated with
the respective chemokine responsiveness. Thus, the different che-
motactic properties of memory and naive CD4* T cells may be
explained by chemokine receptor expression levels as well as their
abilities to activate downstream signaling events. Aberrant traf-
ficking properties of T cells are suggested to be involved in the
initiation and persistence of immunopathological diseases (1-3,
44). Furthermore, chemokines and their receptor system are
thought to be potential target molecules for therapeutic interven-
tion to prevent these diseases (1-3, 44). Thus, the molecular ma-
nipulation of chemokine receptor-mediated signaling events may
be a novel approach to the prevention and therapy of immuno-
pathological diseases.
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FIGURE 6. Expressions of G4, complex and RGS proteins in memory
and naive CD4* T cells. A, Memory and naive CD4* T cells were un-
stimulated or stimulated with CCL5. Immunoprecipitates obtained with Ab
to CCR1 were analyzed by Western blotting with anti-pTyr mAb (phos-
phoproteins) and CCR1 to ensure that similar amounts of protein were
present in each sample. B, Intracellular expression levels of G, Gg, G,
and RGS proteins in memory and naive CD4" T cells of two individuals
were analyzed by Western blotting with the stated Abs. The results of
Western blotting for actin demonstrate the loading of equal amounts of
samples. The results are representative of 10 experiments.

and ligand binding, indicates that CCR1 and CCRS5 play a role in
these events ~80 and 20% of the time, respectively. Indeed, CCL3
and CCL5 exhibit more potent binding affinities to CCR1 than
CCRS by ~20-fold (22). Collectively, the deficiency of CCRS
expression is not the main reason for the hyporesponsiveness of
naive CD4™ T cells to CCL3 and CCL35. Thus, our results suggest
that some other molecular mechanism involving CCRI-mediated

REGULATORY MECHANISM OF CHEMOTAXIS OF NAIVE T CELLS
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FIGURE 7. Effect of CCL5 binding on GTP-GDP exchange in memory
and naive CD4* T cells. A, Effect of GTP-¥S on the binding of '**I-labeled
CCLS5 to cell membrane fractions was determined by preincubating cell
membrane fractions with the indicated concentrations of GTP-vS (1077-
10~% nM) followed by incubation with '?*[-labeled CCL5 (~0.1 nM) in the
presence of an excess of unlabeled CCLS5 (10 nM). B, Cell membrane
fractions obtained from memory and naive CD4™* T cells were stimulated
with CCL5 or CXCL12 and assayed for their GTP-GDP exchange. *,
Value of p < 0.001 (compared with clgG-activated cell membrane by
Student’s paired ¢ test). The results are representative of 10 experiments.

signaling event accounts for the inability of naive CD4™ T cells to
respond to these inflammatory CCLs.

Stimulation with CCL35, CXCL12, or a combination of mAbs to
CD3 and CD28 induced distinct patterns of tyrosine phosphoryla-
tion of intracellular proteins in total T cells and memory CD4™ T
cells, suggesting that specific PTK-dependent cascades are acti-
vated via the respective receptors, although several components
may be shared. In contrast, the blocking experiments with mAbs to
CCR1 and CCRS show that CCR1 and CCRS caused the different
patterns and degree of tyrosine phosphorylation events in total T
cells following stimulation with CCLS, Therefore, the ligation of
CCR1 and CCR35 may activate the respective specific PTK-depen-
dent cascade, although the precise difference in their downstream
signaling event is stil] unclear because CCR1 and CCRJ share the
ligands in total T cells and memory CD4™ T cells (1-3).

We showed that the ligation by CCL5 activated CCRI1- and
CCR5-mediated PTK-dependent cascades in memory CD4™ T
cells, whereas this stimulation failed to induce these CCR1-medi-
ated signaling events in naive CD4™ T cells. In contrast, stimula-
tion with CXCL12 via CXCR4 or mAbs to CD3 and CD28 caused
marked tyrosine phosphorylation events in both cell types. These
results suggest that the early section of CCR1-mediated PTK-de-
pendent cascade is specifically repressed in naive CD4™ T cells
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FIGURE 5. CCLS activates PTKs and MAPKSs in memory but not naive CD4* T cells. Memory and naive CD4™* T cells were unstimulated or stimulated
with CCLS5. A-D, Immunoprecipitates obtained with Abs to ZAP-70 (A), p125F4K (B), Pyk2 (C), and paxillin (D} were analyzed by Western blotting with
anti-pTyr mAb (phosphoproteins) or the stated Abs to ensure that similar amounts of protein were present in each sample, A~C, In parallel experiments,
immunoprecipitates obtained with the indicated Abs were assayed for their kinase activity with enolase as a substrate. E-G, Total cell lysates were analyzed
by Western blotting with mAbs to ERK2 (E), SAPK/INK (F), p38™** (G) or their tyrosine phosphorylated. forms (E-G). In parallel experiments,
immunoprecipitates obtained with anti-tyrosine phospharylated ERK2 (E), c-jun fusion protein {F), or anti-tyrosine phosphorylated p38™%* (G) were
assayed for their kirase activities with Elk-1 (E), c-jun fusion protein (F), or ATF-2 (G) as a substrate. The results are representative of 10 experiments.

regulation of GPCR-mediated signaling events (36—39). Further-
more, accumulating results indicate that a family of RGS proteins
were jnvolved in tle impairment of ligand-induced chemotaxis in
certain cell types (37-40). Therefore, we examined the intracel-
lular expression levels of RGS1, RGS3, and RG54 in memory and
naive CD4* T cells. Fig. 6B shows that RGS3 and RGS4 were
only expressed in naive CD4™* T cells, whereas RGS1 was unde-
tected in either cell type.

Effect of CCLS binding on GTP-GDP exchange in memory and
naive CD4™ T cells

To address the involvement of G proteins in the binding of CCL5
to memory and naive CD4* T cells, we examined the effect of
GTP-¥S on the binding of **I-labeled CCLS5 to cell membrane
fractions (Fig. 7A4). Preincubation with GTP-yS suppressed the
binding of '?*[-labeled CCLS5 to the cell membrane fractions ob-
tained from memory and naive CD4* T cells in a dose-dependent
manner. These results indicate that CCR1- and/or CCR5-associ-
ated G proteins regulate the binding of CCLS to memory and naive
CD4* T cells.

We also examined the effect of CCL5 or CXCL12 on GTP-GDP
exchange in cell membrane fractions obtained from memory and

naive CD4* T cells (Fig. 78). CCL5 enhanced the GTP binding to
G, and G, in memory CD4" T cells, whereas this stimulation
failed to induce this event in naive CD4* T cells. In contrast,
CXCL12 enhanced the GTP binding to G,_, but not Gyqe in both
cell types.

Discussion
The findings reported in this work suggest that the hyporespon-
siveness of naive CD4* T cells to CCL3 and CCL3 involves a
failure of ligand-induced activation of CCR1-mediated down-
stream signaling event as well as a deficiency of CCRS expression.

There are conflicting reports about the expression of CCR1 in
PB naive CD4™ T cells (9, 10, 16}, although similar results for the
chemotaxis of these subsets to CCL3 and CCLS were obtained.
Consistent with previous reports (9, 16), a similar expression level
of CCRI1 was observed in PB memory and naive CD4™ T cells. In
contrast, unlike PB naive T cells, cord blood naive CD4* T cells
did not express CCR1 (16). This discrepancy might be due to the
cell preparation and the binding affinity of anti-CCR1 mAb used in
the experiments.

Analysis of the responsiveness of memory CD4™ T cells to
CCLS5, with respect to cell surface expression levels, chemotaxis,



6268

REGULATORY MECHANISM OF CHEMOTAXIS OF NAIVE T CELLS

A C D
: 8 % =
7 9% 3 3 & 3
3 -
fags Y 55
FIGURE 4. Chemokine-induced 188% E § D& > é
protein  tyrosine phosphorylation KDa E06% £ H
events in memory and naiv:, CD4t ﬂ’g - = o — Phosphopéts g i
T cells. A and €, Total CD4* T cells 1] : s 83
were unstimulated or stimulated 8- - 2 ale & ~ 8
- — phtse 2 a%3d ajy
with CCLS, CXCL12, or mAbs to o— anao - Eagzinga
CD3 and CD28. B, Total CD4* T 4 "' E HER480%
cells were unstimulated or stimu- H— . KDa
lated with CCLS5, cIgG, CCLS, and 19— il o 200 — g -
X - - g '
cIgG; anti-CCR1 mAb, CCL5, and 0= _g
anti-CCR1 mAb; anti-CCR3 mAb, 2= . ﬂ-E - i
CCLS, and anti-CCR3 mAb; anti- B w—- 3 ;' el .
CCRS mAb, CCLS, and anti-CCRS e = 3 = !
mAb; anti-CXCR4 mAb, CCLS5, and . & -
anti-CXCR4 mAb; CXCL12; or g B8 8 & % 29—~ - .
CXCL12 and anti-CXCR4 mAb. D 3 g § &;, 8 5 2;; w3 2 -
and E, Memory and naive CD4* T EEEEE 5@55
cells were unstimulated or stimulated g B %"g 93 § 2 g o658 E
with CCLS5, CXCL12, or mAbs to KDa
CD3 and CD28. Total cell lysates (A, m- z io- 1
B, and D) and immunoprecipitates ob- ! E : H i g 4
tained with Abs to p60*™ (C and E) 2= =3 - B3 BR- g 58-
were analyzed by Western blotting o= T e nooot é é
with anti-pTyr mAb (phosphopro- u 4 £ .
teins) (A-E) or the stated Abs to en- 34— § g
sure that similar amounts of protein . " - - - = "
were present in each sample (C and 20— T g E E
E). The results are representative of 10 7 % g 8 E g g
periments. : % g
expetnen EELRREL
» " W — Phosphopé0s

p605* in memory CD4* T cells but not in naive CD4* T cells
(Fig. 4E). On the other hand, the level of the activation of p60S™
was higher in naive CD4% T cells than in memory CD4™ T cells
following stimulation with CXCLI2 or a combination of mAbs to
CD3 and CD28 (Fig. 4E).

To address the CCL5-induced activation status of other PTKs
including ZAP-70, p125¥2%, and Pyk2, which play crucial roles in
ligand-induced chemotaxis of T cells (27-30), we examined their
activation in memory and naive CD4™ T cells following stimula-
tion with CCLS5 (Fig. 5, A-C). Engagement by CCLS5 induced sig-
nificant tyrosine phosphorylation and enzymatic activation of these
PTKs in memory CD4™ T cells but only a slight activation in naive
CD4™ T cells. We also observed that tyrosine phosphorylation of
paxillin, a major cytoskeletal component in focal adhesion, was
induced by CCLS5 in memory CD4* T cells but not in naive CD4™
T cells (Fig. 3D).

We further examined the level of tyrosine phosphorylation and
kinase activities of a family of mitogen-activated protein kinase
(MAPK), ERK2, INK/SAPK, and p38’""?"‘ in memory and najve
CD4* T cells following stimulation with CCL5 (Fig. 5,E-G).
Stimulation of memory CD4* T cells with CCL5 increased ty-
rosine phosphorylation and kinase activities of ERK2, SAPK/INK,
and p38™F* compared to unstimulated cells. In contrast, engage-
ment by CCL35 resulted in a weaker activation of these MAPKs in
naive CD4* T cells than in memory CD4™ T cells.

Bonannon o

Expressions of G,
naive CD4* T cells

To address the role of CCR1 in PTK-dependent cascades, we ex-
amined the tyrosine phosphorylation of CCR1 in memory and na-
ive CD. cells following stimulation with CCL35. Fig. 6A shows
that lig by CCL5 induced tyrosine phosphorylation of CCR1
in memory CD4™* T cells, whereas little tyrosine phosphorylation
was observed in naive CD4* T cells.

Chemokine receptors constitutively couple with various sets of
heterotrimeric G protein subunits, including G,, and G, complex,
and ligation by the appropriate chemokines induces a dissociation
of these subunits from GPCRs (29 -32). Subsequently, the G, sub-
unit acts as a GTPase to regulate various downstream signaling
cascades while the G5, complex mediates Ras and Racl-depen-
dent MAPK activation via a PTK-dependent pathway (26, 27, 31-
34). CCRI1 reportedly coupled with G;, or G, as well as various
sets of G, complex (34), while CXCR4 was associated with G, and
Gy, complex (35). To establish if there was any difference in the
expression of the G, subunit and G, complex between memeory and
naive CD4™ T cells, we examined the intracellular expression levels
of G, G, and Gy, complex. Fig. 6B shows that there was little or
no difference in the expression levels between the cell types.

Proteins of the RGS family act as GTPase-activating proteins to
accelerate GTP hydrolysis by the G, subunit, leading to a negative

complex and RGS proteins in memory and

Y e
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T cells with CCL3, but not CCL12, significantly impaired the
binding of our anti-CCR1 mAb to the cells (Fig. 24). These results
indicate that our anti-CCR1 mAb specifically recognized CCR1
expressed on the cell surface in memory and naive CD4™ T cells.

We further examined the effect of the mAbs blocking CCRs and
CXCR on the specific binding of memory and naive CD4* T cells
to '*I-labeled CCL5 (Fig. 2B). Anti-CCR1 mAb, but not mAb to
CCR3 and CXCR4, significantly inhibited specific binding of '*°[-
labeled CCLS5 to memory and naive CD4™ T cells as well as CD4*
T cells, while anti-CCR5 mAb partly suppressed this binding to
memory CD4* T cells and total CD4™ T eells, but not to naive
CD4* T cells. Furthermore, the extent of the binding of **-la-
beled CCLS to anti-CCRS5 mAb-treated memory CD4* T ceils was
similar to that of naive CD4™ T cells. These results indicate that
CCRI1 acts as a major functional receptor for CCL3 in memory and
naive CD4* T cells.

Chemokine responsiveness of memory and naive CD4™* T cells

To address the features of chemokine responsiveness in memory
and naive CD4™ T cells, we examined the chemotactic migratory
responses of these cells to CCL3, CCLS5, or CXCLI12. Fig. 34
shows that memory CD4* T cells vigorously responded to CCL3
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memory CD4*T cells
il nalive CD4*T cells

CcCLs 1 ng/ml
10 og/ml
0.1 ng/md
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FIGURE 3. Chemokine responsiveness of memory and naive CD4* T
cells. A, Total, memory, and naive CD4™ T cells were assayed for che-
motaxis to CCL3, CCLS, or CCL12. The data are expressed as the number
of migrated cells/HPF. *, Value of p < 0.00]1 (compared with cells mi-
grated to medium alone by Student’s paired £ test). B, Total, memory, and
naive CD4* T cells were pretreated without or with the cIgG or stated mAb
and then assayed for chemotaxis to CCL5 or CCL12. The data are ex-
pressed as the number of migrated cells/HPF. *, Value of p < 0.001 (com-
pared with cells migrated to chemokines by Student’s paired ¢ test). The
results are representative of 20 experiments,
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and CCLS, whereas these chemokines caused little response of
naive CD4* T cells. On the other hand, CXCL12 caused a greater
attraction of naive CD4™* T cells than memory CD4™ T cells.

To elucidate the role of CCRs in CCL5-induced chemotaxis of
memory and naive CD4* T cells, we examined the effect of mAbs
to block CCR1, CCR3, CCRS, and CXCR4 on the chemotaxis of
these subsets to CCL5 and CXCL12 (Fig. 3B). The chemotactic
migratory responses of memory CD4™ T cells as well as total
CD4™ T cells to CCLS were significantly inhibited by anti-CCR1
mAb, while anti-CCR5 mAb caused only a slight suppression of
these responses. In addition, a combination of mAbs to CCR1 and
CCRS5 completely inhibited their responses (data not shown). In
contrast, mAbs to CCR3 and CXCR#4 did not suppress CCLS5-
induced chemotaxis. Similar results were observed for the effect of
these mAbs on CCL3-induced chemotaxis of memory CD4* T
cells as well as total CD4™% T cells (data not shown). We also
observed that anti-CXCR4 mAb significantly inhibited CXCL12-
induced chemotaxis of memory and naive CD4™ T cells as well as
total CD4™ T cells. These results indicate that CCR1 plays a cru-
cial role in the chemotaxis of memory CD4™ T cells to CCL3
and CCL35.

Different chemokine-induced signaling events in memory and
naive CD4* T cells

The engagement of chemokine receptors by their respective che-
mokines increases the tyrosine phosphorylation of targeted intra-
cellular proteins in various cell types, and these intracellular events
appear to be crucial to the chemotactic migratory responses of
these cells (26~31). CCL5 induced tyrosine phosphorylation of
various intracellular proteins in total CD4™ T cells, and the pattern
of this event was distinct from that of cells stimulated with
CXCL12 or mAbs to CD3 and CD28 (Fig. 4A). Furthermore,
mAbs to CCR1 and CCRS, but not mAbs to CCR3 and CXCR4,
inhibited CCL5-induced tyrosine phosphorylatien, and anti-CCR1
mAb caused a greater suppression than anti-CCRS5 mAb in total
CD4* T cells (Fig. 4B). Similar results were observed for the
effect of these mAbs on the CCL3-induced tyrosine phosphoryla-
tion of total CD4* T cells (data not shown), We also observed that
anti-CXCR4 mAb completely inhibited CXCL12-induced tyrosine
phosphorylation in total CD4* T ecells (Fig. 4B).

The results suggest that a simple absence of CCRS may not be
the reason for the hyporesponsiveness of naive CD4™* T cells to
CCL3, because CCR1 played a crucial role in the ligand binding
and the ligand-induced chemotaxis (Figs. 1-3). To clarify the mo-
lecular mechanism responsible for the distinct difference in respon-
siveness to CCLS between memory and naive CD4™* T cells, we
examined the potential involvement of tyrosine phosphorylation
events in the chemokine responsiveness of these cell types (Fig.
4D). Stimulation with CCLS induced tyrosine phosphorylation of
various intracellular proteins in memory CD4™* T cells but not in
naive CD4" T cells. In contrast, stimulation with CXCL12 or a
combination of mAbs to CD3 and CD28 caused a more potent
tyrosine phosphorylation of several intracellular proteins in naive
CD4™ T cells than in memory CD4™ T cells.

To examine the difference in the activation of protein tyrosine
kinases (PTKs) between memory and naive CD4* T cells follow-
ing stimulation with various stimuli, we tested their tyrosine phos-
phorylation level and kinase activity of p605™. Stimulation with
CCLS or CXCL12 caused a tyrosine phosphorylation of p605™,
and levels of activation were slightly lower than those in cells
stimufated with mAb to CD3 and CD2$ in the total CD4™ T cell
population (Fig. 4C). Furthermore, CCL5 induced activation of
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memory CD4*T cells CCLs

FIGURE 2. Binding activity of memory and
naive CD4* T cells 1o CCLS. A, Memory and
naive CD4" T cells were pretreated with or with-
out CCL5 or CXCL12. Subsequently, cells were
stained with anti-CCRI mAb (clone 141-2) or
isotype-matched mAbs, and their cell surface ex-
pressions were analyzed by FACS. Data were ex-
pressed as MFI. *, Valae of p < 0.001 (com-
pared with the respective untreated cells by
Student’s paired ¢ test). The results are repre-
sentative of 20 experiments. B, Memory and
naive CD4™* T cells were pretreated without or
with the stated mAb, and then cells were incu-
bated with ¥5[-labeled CCLS (~0.1 nM) in the
presence of an excess of unlabeled CCL5 (10
nM). The results are representative of five ex-
periments performed in duplicate. *, Value of
p < 0.001 (compared with the respective un-
treated cells by Student’s paired ¢ test).

cells (Ref. 16 and Fig. 14). In addition, our anti-CCRl1 mAb
(MFI = 216) showed a higher staining of CCR1 in CCR1-express-
ing transfectants than the previously established anti-CCR1 mAb
(clone 53504.111; MFI = 134) (Fig. 14).

We tested the expression level of CCR1 (for CCL3 and CCL5)
in CD4* T cells (total CD4™* T cells) by flow cytometry with our
anti-CCR1 mAb using monocytes for comparison because the ex-
pression level of CCR1 in PB CD4* T cells was controversially
reported (9, 10, 16). Figure 1B shows that the expression level of
CCR1 in total CD4* T cells (MFI = 34) was lower than that in
monocytes (MFI = 58).

A series of studies have shown that CCL3 and CCLS5 selectively
attract a subset of memory T cells (5, 7, 9, 16). To elucidate the
molecular mechanism underlying the responsiveness of CD45RO™
CD4*T cells (memory phenotype) and CD45RA*CD4™ T cells (na-
ive phenotype) to CCL3 and CCLS3, these subsets were isolated from
PB CD4* T cells (total CD4™ T cells) (Fig. 1C), and the expressions
of CCR1, CCR3 (for CCL5 and CCL11/ectaxin), CCRS (for CCL3
and CCL5), and CXCR4 (for CXCL12/stromal cell-derived factor
(SDF)-1a) were examined (Fig. 1D). Flow cytometric analysis re-
vealed that memory and naive CD4* T cells highly expressed CCR1
at similar levels, whereas the expression level of CXCR4 was higher
in naive CD4™ T cells than in memory CD4* T cells. Furthermore,
CCRS was only expressed in memory CD4™* T cells at low levels. We

naive CD4*T cells CCL5
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R T
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also observed that there was little or no expression of CCR3 on the
cell surface of ¢ither cell type.

We also examined the transcriptional expressions of CCR1,
CCRS, and CXCR4 in memory and naive CD4* T cells by semi-
quantitative RT-PCR analysis (Fig. 1E). The transcriptional ex-
pression level of CCR1 in memory CD4™ T cells was similar to
that in naive CD4* T cells, and these expression levels were lower
than that in monocytes. Furthermore, the expression level of CCRS
transcript was significantly higher in memory CD4™ T cells than in
naive CD4™ T cells, and this expression level was similar to that
in monocytes. In addition, the transcriptional expression of
CXCR4 was higher in naive CD4* T cells than in monocytes and
memory CD4™ T cells, and monocytes showed a higher expression
of CXCR4 transcript than memory CD4* T cells. We also ob-
served that CD14 transcript, but not TCR transcript, was not de-
tected in the preparations of memory and naive CD4™ T cells,
whereas CD14 transcript was exclusively detected in the prepara-
tion of monocytes (Fig. 1E). These results exclude the possibility
that the CCR1 mRNA of monocytes is the source for the PCR
results with these T cells.

To address the specific binding of anti-CCR1 mAb with CCR1
expressed on the cell surface in memory and naive CD4™ T cells,
we examined the blocking effect of CCLS5 on the binding of anti-
CCR1 mAb to the cells. Pretreatment of memory and naive CD4™
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FIGURE 1. Chemokine receptor expression in memory and naive CD4% T cells. 4, Cells were stained with anti-CCR1 mAb (clone 141-2 or clone
53504.11) or isotype-matched mAbs, and their cell surface expressions were analyzed by FACS. Data are represented by histograms in which cells were
stained with the stated mAbs (thick lines) or isotype-matched mAbs (thin lines). B, Cells were stained with the mAbs to CD3 plus CD14, anti-CCR1 mAb
(clone 141-2), or isotype-matched mAbs, and their cell surface expressions were analyzed by FACS. Data are represented by dot plots (/eff) and histograms
(right) in which cells were stained with the stated mAbs (thick lines) or isotype-matched mAbs (thin lines). C and D, Cells were stained with the stated
mAbs or isotype-matched mAbs, and their cell surface expressions were analyzed by FACS. Data are represented by dot plots (€} and histograms (D} in
which cells were stained with the stated mAbs (thick lines) or isotype-matched mAbs (thin lines). E, RNA was extracted from monocytes, memory and
naive CD4* T cells obtained from same individual used in C and D, and the mRNA expressions of CCR1, CCRS, and CXCR4 were evaluated by
semiquantitative RT-PCR. PCR products for CCR1 (440 bp), CCR5 (1117 bp), CXCR4 (810 bp), TCR (386 bp), CD14 (535 bp), and B-actin (645 bp) are
shown. The results of RT-PCR for B-actin demonstrate the loading of equal amouats of DNA on the gel.
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anti-mouse IgG mAb-conjugated immunomagnetic beads (Dynal Biotech,
Oslo, Norway). The purity of monocytes was >98% by FACS analysis
with anti-CD14-FITC (BD Biosciences, Mountain View, CA). CCR1-ex-
pressing transfectants were established by the uansfection of ¢cDNA for
PCR-amplified CCR1 ¢DNA into mouse preB cell lymphoma B300-19
(paremtal cells) (17), and maintained in RPMI 1640 (Sigma-Aldrich) sup-
plemented with antibiotic-antimycotic (Life Technologies, Rockville, MD)
and 10% heat inactivated FCS (Life Technologies).

Flow cytometry

Cells were analyzed as described previously (16-18), using anti-CD3-
FITC, anti-CD4-FITC, anti-CD8-PE, anti-CD28-PE, anti-CD45RA-FITC,
anti-CD45RO-PE, anti-CCRS-FITC, anti-CXCR4-biotin, avidin-FITC (all
from BD PharMingen), anti-CCRI-biotin (clone 141-2), anti-CCR1-biotin
(clone 53504.111; R&D Systems, Minneapolis, MN), or anti-CCR3-biotin
{17). Signals were acquired on a FACSCalibur flow cytometer (BD Bio-
sciences) with CellQuest software (BD Biosciences). In some experiments,
the expression levels of cell surface products were expressed as mean flu-
orescence intensity (MFI).

Blocking staining of CCRI with CCL5 in T cell subsets

Cells were untreated (mediuvm alone) or treated with CCL5 or CXCL12
(500 ng/ml) at 4°C for 30 min, and washed twice with cold PBS. Subse-
quently, cells were stained with anti-CCR1 mAb (clone 141-2), and the cell
surface expression level of CCR1 was analyzed by flow cytometry as de-
scribed above.

Semiguantitative RT-PCR

Tatal RNA (5 ug) from each sample (5 X 10°) was isolated using TRIzol
LS reagent (Life Technologies). Single-stranded ¢DNA (20 ul) was syn-
thetized using 1 peg of total RNA and the first strand cDNA kit (SuperScript
Preamplication System; Life Technologies) containing 0.5 mM concentra-
tions of each dNTP, 0.5 pg of oligo(dT),, ;5 primers, 20 mM Tris-HCI (pH
8.4), 50 mM KCI, 5 mM MgCl,, 10 mM dithiothreitol, 40 U RNase in-
hibitor, 50 U of Superscript 1I reverse transcriptase, and 2 U RNase H
according to the manufacturer’s instructions. Subsequently, amplification
of each cDNA (1 pl) was performed with a SuperTaq Premix kit (Sawady
Technology, Tokyoe, Japan) using specific primers as follows: CCR1 (19),
5'-TCCTCACGAAAGCCTACGAGAGTGGAAGC-3' and 5'-CCACGG
AGAGGAAGGGGAGCCATTTAAC-3; CCRS (19), 5'-GGTGGAACA
AGATGGATTAT-3" and 5'-CATGTGCACAACTCTGACTG-3', CXCR4
(19), 5'-CTGAGAAGCATGACGGACAAGTACAGGCT-3' and 5'-CAGA
TGAATGTCCACCTCGCTTTCCTTTGG-3"; TCR (20), 5'-CCGAGGTC
GCTGTGTTTGAGCCAT-3' and 5'-GCTCTACCCCAGGCCTCGGC-3';
CD14 (21), 5'-GCTGGACGATGAAGATTTCC-3' and 5'-ATTGTCAGAC
AGGTCTAGGC-3’. Specific primers for B-actin (Toyobo, Osaka, Japan)
were also used for amplification. To activate DNA polymerase, preheating
(95°C for 5 min) was performed. The reaction mixture was subjected to 30
cycles of PCR with the following conditions: CCR1, CXCR4, TCR, TIIZ,
and B-actin, 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; CCRS5, 94°C
for 1 min, 55°C for 1 min, and 72°C for 1 min. Following these procedurss,
a final extension (72°C for 3 min) was performed. The expected sizes GEFER
products for CCR1, CCRS, CXCR4, TCR, CD14, or S-actin was 440, 1117,
810, 386, 535, or 645 bp, respectively. Contamination with genomic DNA=was
routinely checked by omitting the Superscript I during reverse transcription.
Amplification without cDNA was also carried out to assess later contarmima-
tions. The PCR products were analyzed by electrophoresis through 2% agarose
gels and visualized under UV light after ethidium bromide staining. - -

Assay for chemotaxis

The chemotaxis of CD4™ T cells and their subsets to CCL3, CCL3,and
CXCL12 (1-100 ng/ml; PeproTech, London, U.K.) was determined ase-
scribed previously (16). The data are expressed as the number of riigraled
cells per high-power field (HPF).

Western blotting and immune complex kinase assay

Cells (4 X 10% were untreated or stimulated with CCL5, CXCL12 (10
ng/ml}, or a combination of immobilized mAbs to CD3 and CD28 (all from
BD PharMingen) (18) for 3 min at 37°C, and total cell lysates were cal-
lected (18}. Total cell lysates or immunoprecipitates obtained with an Ab
to p605™, ZAP-70, p125F4%, Pyk2, paxillin, or CCR1 (all from Santa Cruz
Biotechnelogy, Santa Cruz, CA) were fractionated by 12% SDS-PAGE,
transferred onto polyvinylidene difluoride membranes (Millipore, Bedford,
MA) and probed with HRP-conjugated anti-phosphotyrosine (pTyr) mAb
(clone RC20; Transduction Laboratories, Lexington, KY), G, Ggar I68-
ulator of G protein signaling (RGS)1, RGS3, RGS4, actin (all from Santa
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Cruz Biotechnology), or Gf3y complex (CytoSignal, Irvine, CA). Blots
were visualized by ECL. (New England Biolabs, Beverly, MA). To ensure
that similar amounts of respective proteins were present in each sample, the
same membrane was stripped off, reprobed with the stated Abs, and de-
veloped with HRP-conjugated secondary Abs (Santa Cruz Biotechnology)
by ECL. In another experiment, immuneprecipitate obtained with Abs to
ZAP-70, pl25F4% or Pyk2 from total cell lysates (107 cells) was subjected
to in vitro kinase assay with enolase (Sigma-Aldrich) as a substrate as
described previously (18). Immunobiotting and the in vitro kinase assay of
extracellular signal-regulated kinase (ERK)2, stress-activated protein ki-
nase (SAPK)/c-Jun N-terminal kinase (JNK), or p38™F* were performed
with respective kits (New England Biolabs) according to the manufactur-
er's instructions (18).

Whole cell binding assay

The binding of ‘?*I-labeled CCLS5 to targeted cells was assayed as reported
previously (22, 23). In brief, cells (10%/sample) were resuspended in 200 ul
of binding medium (RPMI 1640/1% BSA) and incubated for 1 h at room
temperature with !**I-labeled CCLS (~0.1 nM; specific radioactivity =
2200 Cimmol; NEN Life Science Products, Boston, MA) in the presence
of an excess of competitive unlabeled (cold) CCL5 (10 nM). Cells were
then spun {12,000 rpm for 1 min) through an 800- .l cushion of 10% (w/v)
sucrose in PBS. The pellet was dried and then measured with an automatic
gamma counter (ARC-380; Aloka, Tokyo, Japan),

Membrane binding assay

Cell membranes were prepared by lysis of cells (4 X 10°) in a lysis buffer
(10 mM HEPES (pH 7.5}, 3 mM MgCl,, 2 mM EDTA, 40 pg/m]l PMSF,
10 pg/ml leupeptin, 2 pg/ml pepstain A, and 2 pg/ml aprotinin). After
homogenization and sonication, they were centrifuged at 1,000 X g for 10
min, and the supernatant was transferred into Beckman tubes and ultra-
centrifuged at 150,000 X g for 30 min at 4°C. Membrane binding assay
was performed as reported previously (24). In brief, cell membranes were
preincubated with various concentrations (10~7-107? nM) of GTP-yS
(Sigma-Aldrich) for 30 min at 37°C. Subsequently, cell membranes were
incubated in a 96-well plate with '**[-labeled CCL5 (~0.1 nM) in the
presence of an excess of competitive unlabeled (cold) CCLS (10 sM) ina

- total volume of 100 ul of binding buffer (50 mM HEPES (pH 7.2), 5 nM

MgCl,, 1 mM CaCl,, 0.5% BSA, 0.002% sodium azide, and protease in-
hibitors). Following an incubation for 90 min at 24°C, the membranes were
centrifuged at 2500 rpm for 10 min. The supernatant was decanted, 100 pl
of binding buffer (4°C) containing 0.5 M NaCl was added, and the mem-
branes were transferred to a microtube. Following two additional rinses,
they were transferred to scintillation vials, and then measured with an
automatic gamma counter,

Assay for GTP-GDP exchange

Assay for GTP-GDP exchange was performed as reported previously (25),
In brief, cell membranes were transferred into a buffer containing 10 mM
HEPES, 3 mM MgCl,, and 2 mM EDTA. For preparation of anti-G protein
Ab- or IgG-coated immunomagnetic beads, anti-rabbit IgG mAb-conju-
gated immunomagnetic beads (Dynal Biotec) were incubated for 2 h at 4°C
with rabbit anti-G protein or rabbit IgG in a PBS containing 1% BSA.
Subsequently, cell membranes incubated first with CCLS5 or CXCLI2 (10
ng/ml) were added to the GTP binding buffer (20 mM HEPES/NaOH (pH
7.4), 0.1 mM EDTA, 0.125 mM MgCl,) plus [y-**S)GTP (specific radio-
activity = 1250 Ci/mmol; NEN Life Science Products) and then mixed
with anti-G protein- or IgG-coated beads, washed with PBS buffer plus
0.05% Tween 20, and suspended in the scintillation mixture. They were
transferred to scintillation vials and counted in a liquid scintiltation counter
(LSC-5100; Aloka).

Statistical analysis

All analyses for statistically significant differences were performed with the
Student’s paired ¢ test. Values of p < 0.001 were considered significant.
Results were expressed as the mean values = SD.

Results
Chemokine receptor expression of memory and naive CD4% T
cells

We have previously generated an mAb to human CCR1 (clone
141-2), and this mAb showed the specificity and the reliability of
CCR! staining vsing CCR1-expressing transfectants and parental
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An Abortive Ligand-Induced Activation of CCR1-Mediated
Downstream Signaling Event and a Deficiency of CCRS
Expression Are Associated with the Hyporesponsiveness of
Human Naive CD4* T Cells to CCL3 and CCL5’

Katsuaki Sato,”* Hiroshi Kawasaki,’ Chikao Morimoto,’ Naohide Yamashima,* and
Takami Matsuyama*

Human memory CD4* T cells respond better to inflammatory CCLs/CC chemokines, CCL3 and CCLS5, than naive CD4* T cells.
We analyzed the regulatory mechanism underlying this difference. Memory and naive CD4™ T cells expressed similarly high levels
of CCR1; however, CCRS was only expressed in memory CD4™* T cells at low levels. Experiments using mAbs to block chemokine
receptors revealed that CCR1 functioned as a major receptor for the binding of CCLS in memory and naive CD4* T cells as well
as the ligand-induced chemotaxis in memory CD4* T cells. Stimulation of memory CD4* T cells with CCL5 activated protein
tyrosine kinase-dependent cascades, which were significantly blocked by anti-CCR1 mAh, whereas this stimulation failed to induce
these events in naive CD4™ T cells. Intracellular expressions of regulator of G protein signaling 3 and 4 were only detected in naive
CDP4™ T cells. Pretreatment of cell membrane fractions from memory and naive CD4* T cells with GTP-vS inhibited CCL5
binding, indicating the involvement of G proteins in the interaction of CCLS5 and its receptor(s). In contrast, CCL5 enhanced the
GTP binding to G,, and G, in memory CD4" T cells, but not in naive CD4* T cells. Thus, a failure of the ligand-induced
activation of CCR1-mediated downstream signaling event as well as a deficiency of CCRS5 expression may be involved in the

hyporesponsiveness of naive CD4" T cells to CCL3 and CCLS.

hemeokines are part of a family of small molecular mass

proteins (8-10 kDa) that regulate the migration and ac-

tivation of leukocytes (1-3). Chemokines have been im-
plicated in the regulation of normal immune response and inflam-
mation as well as certain physiological and pathogenic processes,
including hematopoiesis, angiogenesis, allergy, autoimmune dis-
orders, and infectious diseases (1-3). Responses to chemokines are
mediated by a family of single-chain, seven-helix membrane-span-
ning receptors coupled to heterotrimeric guanine nucleotide-bind-
ing protein (G protein-coupled receptor (GPCRY’) (1-3). There
are two major chemokine subfamilies (CCLs/CC chemokines and
CXCLs/CXC chemokines), distinguished based on the number of
cysteines and the spacing between the first two cysteines. Their
receptors also comprise two major groups: CCR1-10 bind CCLs,
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and CXCR1-5 bind CXCLs (1-3). In addition, certain chemokines
appear to act on more than one receptor type in vitro (1-3).

Evidence is accumulating that the interaction between chemo-
kines and their receptors is crucial for the selective migration of
circulating peripheral blood (PB) T cells to sites of inflammatory
reactions or secondary lymphoid tissues (2-5). Patterns of chemo-
kine receptor expression and the responsiveness of PB T cells are
thought to be correlated with the properties of their subsets, in-
cluding memory vs naive phenotype (4~11) and Th1 vs Th2 (12-
15). Previous studies have shown that certain inflammatory CCLs
and CXCLs selectively attract a subset of memory CD4™ T cells
{4-11). Closer analysis of this feature revealed that the distinct
chemotactic behavior of memory and naive CD4™* T cells to cer-
tain chemokines, including CCL3/macrophage-inflammatory pro-
tein-1oe and CCL5/RANTES, is not simply explained by the ex-
pression levels of their receptors (CCR1 and CCRS), although the
responsiveness of these subsets to other CCLs and CXCLs is cor-
related with the levels of appropriate chemokine receptors (9, 16).

In this study, we examined the role of CCRs and their down-
stream signaling events in the responsiveness of memory and naive
CD4* T cells to CCL3 and CCLS5.

Materials and Methods

Preparation and culture of T cells, their subsets, and monocytes

CD4*CD45RO™ T cells and CD4*CD45RA™ T cells were purified from
PBMCs as described previously (16). Purity (>97% CD3*CD4*
CD45RAO™ cells and >97% CD3*CD4 CD45RA™* cells) was tested by
FACS analysis. In some experiments, cells were untreated ot treated with
various concentrations (0.01-1 pg/ml) of blocking mAbs to CCR1 {clone
141-2; Ref. 17), CCR3 (17), CCR5 (BD PharMingen, San Diego, CA),
CXCR4 (BD PharMingen), or control IgG (clgG; Sigma-Aldrich, St
Louis, MO) for 30 min at 4°C, and then used for subsequent experiments.
For preparation of monocytes, cells were negatively selected with mAbs to
CD3, CD19, and CDS56 (all from BD PharMingen) in combination with
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