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Figure 2. Ritonavir Inhibits constitutive NF=«<B activation. (A) HUT-102 cells
treated with ritonavir (40 wM) for the indicated time were evaluated for NF-«B and
AP-1 activation. (B) HUT-102 cells treated with the indicated concentration of ritonavir
for 24 hours were evaluated for NF-«xB and AP-1 activation. (C) Cold compstition
using 100-fold molar excess of unlabeled NF-«B and AP-1 oligonucieotides (lanes 2
and 3) demonstrated the specificity of the proteir/DNA binding complexes. Specificity
of NF-xB binding was also determined by using antibodies to the NF-xB components
P50, p65, c-Rel, and p52, resulting in supershift (lanes 4-7). (D) HUT-102 cells were
treated with the indicated concentration of ritonavir for 24 hours, and cell lysates were
immunoblotted for l«Ba (top) and phospho-lkBa (middle). Actin immunoblots confirm
that similar amounts of cell extracts were analyzed (bottom). (E) Primary acute-type
ATl cells treated with concentrations of ritonavir as indicated for 24 hours were
evaluated for NF-xB and AP-1 activation. Where indicated, 100-fold excess amounts
of competitor otigonucleotides were added to the reaction mixture (lanes 4 and 5).
(F) The bands of phosphorylated IxBa were down-regulated by ritonavir treatment.
Detection of actin expression was used as an internal control.

type. However, AP-1 binding was not inhibited. Ritonavir abol-
ished proximal signaling events leading to IkBa phosphorylation
(Figure 2F). Twenty micromolar concentration of ritonavir caused
only a partial decrease of the slower-migrating form of phosphory-
lated IxBa, whereas significant decrease of the slower-migrating
form of phosphorylated IkBa and an accumulation of unphosphor-
ylated IxBo were observed at 30 pM (top). Thirty micromolar
concentration of ritonavir abolished the phosphorylated IxBa
content (middle). We obtained similar results using another acute-
type ATL cells (data not shown).

Ritonavir represses Tax-induced and constitutive
transcriptional activity of NF-«B

We examined whether ritonavir inhibits the transcriptional activity
of NF-«B. First, we tested the effect of ritonavir on Tax-induced
NF-«B transcriptional activity in Jurkat cells (HTLV-I-uninfected
cell line) transfected with Tax expression plasmid. Ritonavir
caused only a partial inhibition of proliferation in Jurkat cells
cultured for 24 hours even at the highest dose. Tax-induced NF-«B
transcriptional activation was suppressed by ritonavir in a dose-
dependent manner (Figure 3A). Next, we determined the effect of
ritonavir on constitutively activated NF-xB and AP-1 transcrip-
tional activity in an HTLV-I-infected cell line HUT-102. Ritonavir
inhibited the constitutively activated transcriptional activity of
NF-kB in a dose-dependent manner, but not that of AP-1 (Figure
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3B). Twenty micromolar concentration of ritonavir caused only a
partial inhibition of NF-«B/DNA binding (Figure 2B), whereas
strong inhibition of NF-kB transcriptional activity was observed at
the concentration less than 20 WM. This discrepancy might derive
from differences in sensitivity between these 2 assays. These
results indicate that ritonavir inhibits both Tax-induced and consti-
tutive NF-«B transcriptional activity.

Ritonavir down-regulates the expression of NF-«xB-regulated
gene products

The antiproliferative and proapoptotic effects of ritonavir were
explored by examining the level of intracellular regulators of cell
cycle and apoptosis after exposure to ritonavir (Figure 3C).
Ritonavir down-regulated levels of Bcl-X;, survivin, cIAP2, c-
Myc, cyclin D2, regulated by NF-xB,*-5! and the phosphorylated
form of pRb in HUT-102 cells cultured with 40 j1M ritonavir for 72
hours. Thirty micromolar-concentration of ritonavir caused only a
partial down-regulation of Bcl-X; and the phosphorylated form of
pRb, whereas significant down-regulation of survivin was observed
in HUT-102 cells cultured for 72 hours, suggesting that NF-kB~
regulated genes have the differential sensitivity to ritonavir,
However, ritonavir did not modulate levels of Bcl-2 and Tax
proteins in these cells (Figure 3C; data not shown). We also
explored the effect of ritonavir on NF-xB-regulated gene products
in ATL cells freshly isolated from an acute-type patient. As shown
in Figure 3D, Bcl-X|, survivin, cyclin D2, and ¢-Myc, but not
Bcl-2, showed a decline. Thus, expression of NF-xB regulated
genes, the induction of which are involved in antiapoptosis
(Bcl-Xy, survivin, and cIAP2) and cell cycle (cyclin D2 and
c-Myc), appatently had been down-regulated in the presence of
ritonavir. We obtained a similar result using other acute-type ATL
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Figure 3. Ritonavir inhibits NF-«B transcriptional activation and expression of
apoptosis- and cell-cycle-associated proteing. (A) Ritonavir inhibits Tax-induced
NF-xB transcriptional activation. xB-LUC was transfected into Jurkat cefls with
Tax-expressing plasmid (&) or empty vector ({J). After transfection, cells were treated
with increasing concentrations of ritonavir. Luciferase activity is expressed relative to
the basal level measured in cells transfected with the reporter plasmid and
Tax-expressing plasmid without further treatment, which was defined as 100. Data
represent the mean + 8D from 3 independent experiments. (B) Ritonavir inhibits
constitutive active NF-«B transcriptional activity in HUT-102 cells. «B-LUC and
AP-1-LUC were transfected into HUT-102 cells, After transfaction, cells were treated
as in panel A. Luciferase activity was normalized, based on the Renilla luciferase
activity from phRL-TK. Relative luciferase activity is expressed relative to the basal
level measured in cells transfected with the reporter plasmid without further
treatment, which was defined as 100. (C-D) Westem blot analyses. HUT-102 cells (C)
and primary acute-type ATL cells (D) were cultured with the indicated concentration of
ritonavir for 24 to 72 hours (HUT-102 cells) and 24 hours (ATL cells). Cells were
harvested and subjected to Western biot analysis. The polyvinylidene fluoride
membrane was sequentially probed with indicated antibodies.
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Figure 4. Successful engraftment and massive Infiltra- A §
tion of primary ATL cells into various organs of NOG
mice inoculated with PBMCs from patients with ATL.
(A) Photographs of whole organs of normal and ATL
cell-challenged mice with enlarged spleen, liver, and
lungs (left 2 panels). Right 2 panels show May-Grunwald
and Giemsa staining of PBMCs collected from normal
and ATL celi~challenged mice, 2 months after inoculation
of ATL cells, respectively. (B) HE (top) and immunohisto-
chemical staining of various organs of NOG mice inocu-
tated with ATL cells. Immunohistochemical staining using
anti-CD4 (middie) and anti-CD25 (bottom) was con-
ducted on various organs of mice tissues 2 months after
inoculation of ATL cells. Magnification X40.
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cells (data not shown). Taken together these data suggest that
constitutively high NF-kB activity in ATL cells is indispensable for
their survival, and that specific inhibition of this activity by a
clinically available drug results in the induction of apoptosis.

Establishment of a novel ATL model

PBMC:s from patients with ATL were inoculated either intraperito-
neally into the abdominal region or subcutaneously in the postau-
ricular region of unconditional NOD/SCID/yc™! (NOG) mice. All
mice developed clinical sign of near-death, such as piloerection,
weight loss, and cachexia 6 to 8 weeks after inoculation of ATL
cells in addition to the enlargement of lymph nodes, spleen, lungs,
and liver, whereas no tumors were found in the postauricular region
or abdominal cavity where primary ATL cells were inoculated
(Figure 4A). There was no difference in respect to the successful
engraftment of ATL cells inoculated either intraperitoneally or
subcutaneously in NOG mice. Histologic analysis of ATL-bearing
mice showed massive infiltration of leukemic cells in various
organs of NOG mice that were efficiently expressing human CD4
and CD25 molecules (Figure 4B). A higher level of IL-2Ra (CD25)
expression was observed on the surface of malignant cells associ-
ated with all stages of ATL12™ as well as ATL cells infilirated into
various organs of patients.’53 Thus, results from this model
indicated successful engraftment and massive infiltration of pri-
mary ATL cells in various organs of NOG mice, like leukemia but
without producing tumors at the sites of inoculation.

Ritonavir inhibits ATL cell growth and infiitration in NOG mice

To study the effect of ritonavir on ATL, we injected primary ATL
cells (2 X 107) from 10 patients subcutaneously into the postauricu-
lar region of NOG mice. One day after inoculation, mice were
treated with either RPMI-1640 (as control) or ritonavir (30
mg/kg/d) intraperitoneally daily for 30 days followed by observa-
tion for another 30 days without any treatment. ATL cell inocula-
tion promoted the development of piloerection, weight loss, and
cachexia, all of which are signs of near-death, in addition to the
enlargement of lymph nodes, spleen, lungs, and liver in all control
mice 2 months after inoculation (Figure 5A). In contrast, ritonavir-
treated mice appeared to be healthy and had almost no enlargement
of these.organs (Figure 5A). Clinical evaluation of organ invasion 2
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months after injection of primary ATL cells showed that ritonavir
treatment inhibited their infiltration into lymph nodes, spleen,
lungs, and liver (Figure 5B-D). Samples from 7 patients of 10
injected in mice treated with ritonavir presented substantial inhibi-
tion of organ invasion, and 2 (patients 5 and 7) showed partial
inhibition, whereas one sample (patient 6) failed to do so (Table 2).
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Figure 5. Effect of ritonavir on ATL cell growth and infiltration. (A) Mice were
injected with ATL cefls (2 X 107 cells) subcutaneously in the postauricular region.
One day after inoculation, the mice were administered either RPMI 1840 or ritonavir
(30 mg/kg/d) intraperitoneally every day for 30 days followed by observation for
another month without therapy. Photographs of whole organs of RPMI 1640-treated
ATL mice (left) and ritonavir-treated ATL mice (right) with enlarged spleen, liver, and
lungs. (B-D) HE staining (B) and immunohistochemical staining using anti-CD4 (C) or
anti-CD25 (D) in various organs of NOG mice 2 months after inoculation of ATL cells.
Upper panels show various organs of mice treated with RPM! 1640, and lower panels
represent various organs of mice treated with ritonavir. Magnification x40.
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Table 2. Effect of ritonavir on infiliration of ATL cells in various
organs of SCID mice

Patient no.
and Lymph
treatment Liver Spleen Lung node
1
Ritonavir e+ + NF
2
+ + - NF
3
| e
Ritonavir * * + NE
4
Comrol | ded e gy R
Ritonavir + + + NF
B
omrol . ke L ek bRE L e
Ritonavir ++ ++ ++ NF
6
Ritonavir o ++ ot 4+
7
Contol R T ahg g i g
Ritonavir 4 + ++ NF
8
Contiot. CEREE L ogad DR i ey
Ritonavir + * * NF
e
Gotol 0 an s g o e
Rionavlr +4+ + + NF
10
cosree "“*k*\ = s 200 : S
Ritonavir + + + NE

PBMCs from patients with ATL patients were inoculated subcutansously into
postauricular region of NOG mice, which were treated with ritonavir or RPMi-1640 as
a control 1 day after inoculation for 1 month. Various organ infiltration was evaluated 2
months after inoculation.

NF indicates no formation of new lymph node; +++, massive; + +, marked; -+,
slight; =, focally present or no infiltration; —, no infiltration.

In contrast, all control mice showed formation of new lymph nodes
and infiltration with ATL cells into various organs (Figure 5B-D;
Table 2). Organ infiltration of primary ATL cells was analyzed and
evaluated by HE staining and immunostaining of CD4 and CD25.
Together, these data indicate that ritonavir significantly inhibits
ATL cell growth and infiltration in various organs of NOG mice
(Figure 5).

Discussion

ATL is a malignancy of CD4* T-lymphocytes etiologically
linked to a retrovirus, HTLV-L.1-3 The malignant cells associated
with all phases of ATL express very high levels of IL-2Ra
(CD25).1%14 The median survival duration of all patients with
aggressive ATL was 13 months, and overall survival at 2 years
was estimated to be 31.3%.6 The various chemotherapies so far
developed have not increased significantly the survival of
patients with ATL. Given disappointing results using conven-
tional chemotherapy, new approaches for the treatment of ATL
are required. Previous reports have shown that primary ATL
cells proliferate and infiltrate into various organs of SCID
mice,3*% Qur ATL model was consistent with others, but it
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represented more aggressive features about cell growth and
infiltration in SCID mice. The tumor cells massively infiltrated
into various organs in a manner similar to a leukemia-expressing
T-cell marker CD4 and an activating marker CD25, especially
into the spleen, lymph nodes, liver, and lungs of NOG mice. Our
NOG ATL model presents many features 6 to 8 weeks after
inoculation of ATL cells such as the clinical signs observed in
patients with ATL. Two clinical types, acute and chronic, carry
very different prognosis. However, no difference of cell growth,
surface phenotype, and NF-«B activity is observed in primary
leukemic cells from patients with acute- and chronic-type ATL.
Therefore, the same characteristics of freshly isolated ATL cells
with acute- and chronic-type were observed in NOG mice.
Thus, it represents a novel model to evaluate tissue toxicity
and the efficacy of therapeutic agents directed toward the
treatment of ATL.

Constitutive NF-xB activation was demonstrated not only in
HTLV-I-infected cell lines but also on fresh ATL cells regard-
less of Tax expression,!” which could contribute to the drug-
resistance of ATL cells through overexpression of Bel-X;.5! We
and others have previously reported that suppression of high
NF-kB activity inhibited cell growth and induced apoptosis of
HTLV-I-infected cell lines and primary ATL cells both in vitro
and in vivo.?-2* Recently, ritonavir has been shown to inhibit
NF-«B activity induced by activators such as TNFa, Tat, and
ORF74.3* This led us to investigate whether this drug exhibits
anti-ATL effects in vitro and in our preclinical murine ATL
model. In the present study, we revealed that ritonavir treatment
of HTLV-I-infected cell lines and ATL cells inhibited phosphor-
ylation of IxBuw, allowing suppression of NF-kB activity. Our
results also suggest that inhibition of NF-«B activity by
ritonavir reduced cell growth and induced apoptosis of these
cells. This is consistent with down-modulation of NF-xB-
regulated genes such as antiapoptotic (Bcl-X,5%5 cIAP2,57 and
survivin®) and cell-cycle-related (cyclin D2* and c-Myc*?)
genes. We also examined the effect of ritonavir on the prolifera-
tion of an HTLV-I-negative T-cell line, Jurkat, in vitro. Expo-
sure of ritonavir for 72 hours reduced the rate of proliferation
(data not shown). Because ritonavir is suggested to affect
proteasomal proteolysis,? it may effect a stabilization of p21,
p27, and pS3 proteins. Like proteasome inhibitors, ritonavir may
also affect multiple pathways critical for survival of HTLV-I-
positive and -negative malignant T cells. Additional experi-
ments will be necessary to elucidate the mechanisms of
anti-ATL activity.

In the therapy of HIV infection, the blood plasma ritonavir
concentrations are between 5 and 15 pM,® but much higher
maximal concentrations (up to 46 M) have been determined in
individual patients.” In the present study, we used the concentra-
tion of ritonavir for doing in vitro experiments from 0 to 40 pM and
in vivo 30 mg/kg/d used for treatment of patients with AIDS. Our
murine ATL model clearly indicates that 30 mg/kg/d of ritonavir
significantly inhibits ATL cell growth and infiltration into various
organs of NOG mice. The plasma exposure produced by this dose
in mice is only approximately one half of the plasma exposure
observed with the licensed dose of ritonavir in humans (600 mg
twice daily). In our NOG ATL model, ritonavir at this treatment
dosage is well tolerated without severe adverse effects observed in
the mice during the treatment period. These data strongly suggest
that the HIV PI, ritonavir, is a promising antitumor agent against
ATL and could be used clinically for ATL regimens. Ritonavir
exhibited anti-ATL. activity against leukemic cells from patients
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with acute- and chronic-type ATL in vitro and in vivo. The
expression of CD25 and NF-«B activity do not differ between
acute and chronic ATL cells.!”!> These results suggest that
anti-ATL activity of ritonavir correlates with suppression of NF-kB
activity. It is also of interest to note that HTLV-I uses an aspartic
protease analogous to HIV protease in its replication. To our
knowledge, the activity of ritonavir against HTLV-I protease has
not been assessed. Although Tax expression is very low or
undetectable in ATL. malignancy, a direct antiviral effect of
ritonavir cannot be ruled out at this time.

In summary, using a large number of patient samples we have
established a novel NOG ATL model that presents features similar
to patients with ATL. These results also indicate that the HIV P,
ritonavir, showed antitumor and anti-NF-«B activity against
primary ATL cells. Finally, our results strongly suggest that NF-xB
serves as a potential molecular target to treat ATL, and that
ritonavir might be used clinically as a single compound or in
combination with the reducing dose of chemotherapeutic agents for
treatment of patients with ATL..
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Abstract BAFF-receptor (BAFF-R) is required for the
successful maturation and survival of B-cells. We devel-
oped an anti-human BAFF-R monoclonal antibody (mAb),
8A7. The reactivity of 8A7 in normal and neoplastic tissue
was examined by performing immunohistochemistry on
paraffin-embedded sections. 8A7 reacted with lymphocytes
in the mantle and marginal zones, but not with lymphocytes
in the interfollicular area. Lymphocytes in the germinal
centers were found to be negative or occasionally weakly
positive for 8A7. BAFF-R expression was found only in
B-cell lymphoma (44/80, positive cases/examined cases):
B-lymphoblastic lymphoma 0/3, B-chronic lymphocytic
leukemia/small lymphocytic lymphoma 4/4, mantle cell
lymphoma 9/11, follicular lymphoma 10/14, diffuse large
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B-cell lymphoma (DLBCL) 11/25, marginal zone B-cell
lymphoma 8/10, lymphoplasmacytic lymphoma 2/2, plas-
ma cell myeloma 0/2, and Burkitt lymphoma 0/9, but not
in T/NK cell lymphomas (0/19) or Hodgkin lymphoma
(0/10). BAFF-R was expressed in most low-grade B-cell
neoplasms and a small number of DLBCL, suggesting that
BAFF-R may play an important role in the proliferation of
neoplastic lymphoid cells. Thus, the mAb is very useful
for further understanding of both healthy B-cell biology
and its pathogenic neoplasms.

Keywords BAFF - BAFF-R - Monoclonal antibody -
Immunohistochemistry - B-cell lymphoma - Diffuse large
B-cell lymphoma

introduction

B-cell-activating factor of the tumor necrosis factor (TNF)
family (BAFF), also known as BLyS, THANK, TALL-1
and zINF4, is a fundamental survival factor for B-cells,
and BAFF functionality is indispensable for B-cell matu-
ration [13, 18, 27, 28]. BAFF is a trimeric membrane-
bound or soluble factor and is expressed by monocytes,
macrophages, neutrophils and dendritic cells. Whereas
BAFF-deficient mice lack mature B-cells, BAFF-transgen-
ic mice, characterized by overexpression of BAFF, have
increased the number of B-cells and develop autoimmunity
[3, 4, 9, 12]. In particular, transitional type 2 (T2) B-cells
and marginal zone B-cells are expanded in BAFF-trans-
genic mice. BAFF blockade does not inhibit germinal center
(GC) formation or somatic hypermutation of immunoglob-
ulin (Ig) genes, indicating that BAFF is required for the
normal maintenance of B-cells, but not for the initiation of
the GC reaction, although B-cell maturation and mature
functions are severely impaired [35]. Recently, it was
reported that BAFF is directly involved in B cell malig-
nancy [2, 7, 22, 23].

Three receptors for BAFF have been established: B-cell
maturation antigen (BCMA), transmembrane activator and
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calcium-modulator, and cyclophilin ligand interactor (TA
CI) and the BAFF-receptor (BAFF-R, also called BR3) [3,
14, 32, 33]. All three receptors are expressed on B-cells,
while TACI is also expressed on activated T-cells [13].
Whereas TACI and BCMA are found to bind to a pro-
liferation-inducing ligand (APRIL), BAFF-R binds only to
BAFF [13, 32]. TACI is known to negatively control B-cell
homeostasis and T-cell independent immune responses
from evidence obtained from TACI deficient mice [30, 34,
37]. Although BCMA was recently reported to be essential
for the survival of plasma cells [1, 24], mice lacking BC
MA possess normal-appearing B lymphocyte compart-
ments [27]. Thus, only BAFF-R is clearly a key receptor
involved in the successful survival and maturation of B-
cells [13]. However, the distribution of BAFF-R in normal
and malignant human lymphoid tissue has not been made
fully clear.

Only a few reports on BAFF-R in malignant B-cells have
appeared to date. Briones et al. examined the BAFF bind-
ing activity in 43 cases of non-Hodgkin’s lymphoma (NHL)
with flow cytometry [2]. Although all cases of NHL ex-
press receptors for BAFF, BAFF-R expression was not
specifically classified. Chronic lymphocytic leukemia/small
lymphocytic lymphoma (CLL/SLL), mantle cell lymphoma
(MCL), follicular center lymphoma, Burkitt lymphoma (BL)
and diffuse large cell lymphoma were reported to express
BAFF-R mRNA [7, 22], and multiple myeloma (MM) was
reported to express cell surface BAFF-R [23].

In this investigation, we established the mouse anti-hu-
man BAFF-R monoclonal antibody (mAb) and examined
its reactivity in normal and neoplastic lymphoid tissues
using immunohistochemistry. We found a high degree of
significance in its distribution in normal lymphoid tissue
and low-grade B-cell neoplasms as well as in a small part of
diffuse large B-cell lymphoma (DLBCL).

Materials and methods
Cell preparation and cell cultures

Human peripheral blood mononuclear cells were isolated
from pooled healthy donors by Ficoll-Hypaque density-
gradient centrifugation. After the depletion of monocytes
by adherence to the plastic surface of the culture dishes, E
rosette-negative populations were collected with 5% sheep
erythrocytes and Ficoll-Hypaque. Purified B-cells were iso-
lated by depleting the non B-cells using a B-cell isolation
kit and auto MACS (Miltenyi Biotec, Auburn, Calif,,
USA). The resultant B-cell population was <2% CD14",
<1% CD3", <2% CD57", and >95% CD20". All cultures
were conducted in RPMI 1640 medium supplemented with
25 mM HEPES (N-2-hydroxyethylpiperazine-N"-2-ethane-
sulfonic acid), 10% fetal calf serum, 2 mM L-glutamine, 1
mM sodium pyruvate, 5.5x1072 mM 2-mercaptoethanol,
100 IU/ml penicillin, and 100 IU/ml streptomycin (all from
Invitrogen, Carlsbad, Calif.,, USA).

Antibodies and reagents

Polyclonal anti-human BAFF-R antibody (C-20), control
mouse IgG2a, and FITC-labeled goat antibody to mouse
IgG were purchased from Santa Cruz Biotechnology (Santa
Cruz, Calif., USA), Sigma-Aldrich (St Louis, Mo., USA),
and CALTAG (Burlingame, Calif., USA), respectively.

Establishment of human BAFF-R transfectant

To construct a human BAFF-R expression vector, a cDNA
encoding full-length human BAFF-R protein (GenBank
No. AF373846) was custom-synthesized (Takara, Shiga,
Japan), inserted into pBluescript SK (+) (Stratagene, La
Jolla, Calif., USA) at the EcoR1 and BamH]I sites, and fi-
nally into the pBCMGSneo expression vector [8] at the
Xhol and Nodl sites (pBCMGS-BAFF-R). Murine pre-B-
cells (cell line 300-19) were electroporated with pBCMGS-
BAFF-R and stable transfectants were selected with G418
treatment. Cells with high-density BAFF-R were cloned
with a fluorescence-activated cell sorter (FACS). The vec-
tor alone-transfected cells (mock) have been described
previously [6].

Generation of anti-human BAFF-R mAb

A BALB/c mouse was immunized with human BAFF-
R-expressing transfectant cells 3 times at 10-day intervals.
Three days after the final immunization, the splenocytes
were fused with NS-1 cells (purchased from Human
Science Research Resources Bank), and HAT (hypoxan-
thine-aminopterin-thymidine) selection and cloning of
hybridomas were performed simultaneously using a hy-
bridoma cloning kit (ClonaCell-HY; StemCell Technolo-
gies, British Columbia, Canada). Anti-human BAFF-R
designated 8A7 (mouse IgG2a, k) was established.

. Immunoblot analysis

PBS-washed cell pellets were resuspended with 0.5% SDS
solution and boiled for 5 min. Proteins (5-8 ug) were
separated with SDS-PAGE, transferred to an Immobilon-
P membrane (Millipore, Billerica, Mass., USA), blocked
with 5% skim milk, and immunoblotted with arbitrary Ab
and HRP-labeled secondary Ab. The immunoblots were
developed by using the enhanced chemiluminescent sub-
strate (SuperSignal West Pico; Pierce Chemical Co., Rock-
ford, Ill., USA) and visualized with a LumiVision analyzer
(Taitec Co., Tokyo), as previously described [5].

Flow cytometric analysis
Flow cytometric analysis was performed using FACScali-

bur and the associated Cell Quest software (both from
Becton Dickinson, San Jose, Calif,, USA). FITC-labeled
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goat antibody to mouse IgG was used as a second Ab. An
isotype-matched mouse IgG2a control was used through-
out the studies and always reacted with <5% of the cells.

Tissues and immunohistochemistry

Formalin-fixed paraffin-embedded tissues were used in this
study. Tonsils resected due to chronic tonsillitis, lymph
nodes resected due to non-neoplastic lymphadenopathy,
spleens resected because of non-lymphoma and bone
marrow clots without malignancy were used for the non-
neoplastic lymphoid tissues. Neoplastic lymphoid tissues
from 109 cases were used in this study and comprised the
following: three cases of B-lymphoblastic lymphoma (B-
LBL), four cases of CLL/SLL, 11 cases of MCL, 14 cases
of follicular lymphoma (FL), 25 cases of DLBCL, ten cases
of marginal zone B-cell lymphoma (MZBCL), two cases of
Lymphoplasmacytic lymphoma (LPL), two cases of plas-
ma cell myeloma (PCM), nine cases of BL, three cases of
T-lymphoblastic lymphoma, four cases of angioimmuno-
blastic T-cell lymphoma, five cases of peripheral T-cell
lymphoma, unspecified, two cases of adult T-cell lympho-
ma, one case of systemic anaplastic large cell lymphoma,
four cases of NK/T cell lymphoma and ten cases of
Hodgkin lymphoma (HL). All cases of CLL/SLL and MCL

Fig. 1 8A7 mAb detects human

55

expressed CD5. Cyclin D1 was immunohistochemically
detected in all but one case of MCL. FL consisted of four
cases of grade 1, four cases of grade 2 and six cases of
grade 3. All cases of FL expressed CD10. DLBCL included
three cases with CD5 (+) CD10 {-), three cases with CD5
(-) CDI10 (+) and 19 cases with CD5 () CD10 (-). HL
consisted of three cases of nodular lymphocyte predomi-
nance Hodgkin lymphoma (NLP-HL), four cases of mixed
cellularity classical Hodgkin lymphoma (MC-CHL) and
three cases of nodular sclerosis classical Hodgkin lympho-
ma (NS-CHL).

The de-paraffinized tissue section was pre-treated in
citrate buffer with microwave oven heating. The section
was incubated with the primary antibody at 4°C overnight
and then the streptavidin-biotin complex method (Dako-
cytomation, Kyoto, Japan) was used. Neoplasms with >10%
positive cells were judged as positive.

Results
Establishment of the anti-human BAFF-R mAb, 8A7
To evaluate the role of the interactions between BAFF and

BAFF-R in human B cell responses, we developed an anti-
human BAFF-R mAb. For this purpose, we first estab-

polyclonal anti-BAFF-R Ab monoclonal anti-BAFF-R Ab, 8A7

BAFF-R. (a) Cell lysates pre-
pared from BAFF-R- and mock-
transfectants, and peripheral
blood B cells, were subjected to
immunoblot analysis using anti-
human BAFF-R polyclonal Ab
or 8A7 mAb. (b) Flow cyto-
metric analysis of BAFF-R
expression using 8A7 mAb.
BAFF-R- and mock-trans-
fectants and peripheral blood B

t mock-t BAFF-R-t PB B cell

€= 40KkDa

stained with 8A7

cells were stained with 8A7 mAb
or isotype-matched control Ab
(IgG2a) followed by FITC-con-
jugated Ab to mouse IgG. Data
shown are representative of three
different experiments

: Isotype ctr
— : mock-t
— : BAFF-R-t

: isotype ctr
— :PB Bcell
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lished a transfectant stably expressing human BAFF-R.
Stable expression of human BAFF-R on the cDNA trans-
fectant, but not on mock-transfected cells was verified
using immunoblot analysis (Fig. 1a). Immunoblot analysis
using commercially available polyclonal anti-human BA
FF-R Ab revealed that BAFF-R cDNA-transfected cells
expressed the BAFF-R molecule. We then immunized a
BALB/c mouse with the BAFF-R-transfectant and fused

Fig. 2 BAFF-R expression in normal lymphoid tissues according to
immunohistochemistry (IHC) on the paraffin-embedded section
(strept/ABC method). 8A7 reacts with lymphocytes in the mantle
zone of the secondary lymphoid follicles in the lymph node (a: IHC,
original magnification %50) and with lymphocytes in the mantle and
marginal zones of the splenic white pulp (b: IHC, x50). Marginal
B-cells with a clear cytoplasm are positive for 8A7 (¢: IHC, x200)

the splenocytes with NS-1 myeloma cells. The hybridomas
producing anti-human BAFF-R mAb were screened for
specific reactivity to the BAFF-R-transfectant. As shown in
Fig. la, one obtained mAb, designated 8A7, bound to
BAFF-R-transfectant and peripheral blood B cells but not
to mock-transfectant. Flow cytometric analysis revealed
that the 8A7 mADb reacted with almost all peripheral blood
B cells and BAFF-R-transfectant, but not with peripheral
blood T-cells, monocytes, or mock-transfectant (Fig. 1b,
data not shown).

Immunohistochemistry of non-neoplastic
lymphoid tissue

8A7 reacted with lymphocytes in the mantle zone of the
secondary lymphoid follicles in the tonsil (Fig. 2a) and the
non-neoplastic lymph nodes. In the spleen, 8A7 reacted
with lymphocytes in the mantle and marginal zones of the
white pulp, but not with the interfollicular area (Fig. 2b,c).
Lymphocytes in germinal centers (GCs) were found to be
negative or occasionally weakly positive for hyperplastic
GC. 8A7 failed to stain hematopoietic cells in the bone
marrow. Plasma cells were negative for 8A7.

Immunohistochemistry of the neoplastic lymphoid
tissue

Expression of BAFF-R in neoplastic lymphoid tissue
detected by 8A7 is shown in Table 1 and Fig. 3. BAFF-R
expression was only found in B-cell lymphoma (44/80,
positive cases/examined cases), but not in T/NK cell lym-
phoma (0/19) or in Hodgkin lymphoma (0/10).

Discussion

An anti-human BAFF-R mAb, named 8A7, was developed
using a transfectant stably expressing human BAFF-R to
evaluate the role of interactions between BAFF and BAFF-
R in human B-cell responses and malignancy. In this paper,
reactivity and distribution in normal and malignant lym-
phoid tissues was addressed by means of immunohisto-
chemistry with paraffin-embedded tissue.

The distribution of BAFF-R in human lymphoid tis-
sue has not been heretofore reported, except in a recent
report by Ng et al. [21]. They stated that the BAFF-R was
expressed at a high level on all B-cells and at very low
levels on T-cells in human peripheral blood. It is also ex-
pressed in tonsil B-cells, but B-cells with a GC phenotype
(CD38", CD27*, CD397, CD24 ™ and IgM") exhibited low-
er levels of BAFF-R according to flow cytometry [21].
Intense staining of B-cell follicles and weaker staining of
the GCs were observed in the immunohistochemistry using
frozen sections [21]. We demonstrated that BAFF-R was
strongly expressed on B-cells situated both in the mantle
zone and the marginal zones of the secondary lymphoid
follicles and weakly expressed on GC B-cells occasionally
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Table 1 Reactivity of 8A7 in 109 neoplastic lymphoid tissues
according to immunohistochemistry (Positive cases/examined cases).
NLP-HL nodular lymphocyte predominance Hodgkin lymphoma,
MC-CHL mixed cellularity classical Hodgkin lymphoma; NS-CHL
nodular sclerosis classical Hodgkin lymphoma

B-lymphoblastic lymphoma 0/3
Chronic lymphocytic leukemia/Small lymphocytic lymphoma 4/4
Mantle cell lymphoma 9/11

Follicular lymphoma 10/14
Grade 1 4/4
Grade 2 4/4
Grade 3 2/6
Diffuse large B-cell lymphoma 11/25
Marginal zone B-cell lymphoma 8/10
Lymphoplasmacytic lymphoma 2/2
Plasma cell myeloma 0/2
Burkitt lymphoma 0/9
T-lymphoblastic lymphoma 0/3
Angioimmunoblastic T-cell lymphoma 0/4
Peripheral T-cell lymphoma, unspecified 0/5
Adult T-cell lymphoma 0/2
Anaplastic large cell lymphoma 0/1
NK/T cell lymphoma 0/4
Hodgkin lymphoma 0/10
NLP-HL 0/3
MC-CHL 0/4
NS-CHL 0/3

in the GCs. The intensity of BAFF-R in GC B-cells may
vary between each GC. Marginal zone B-cells have so-
matically hypermutated immunoglobulin (Ig) genes and
express CD27 at a level equivalent to memory B-cells [10].
It is widely considered that marginal zone B-cell develop-
ment and survival are likely to directly or indirectly depend
on BAFF [13]. Since the present data indicate that marginal
B-cells express BAFF-R, it is likely that BAFF directly
contributes to the maturation of marginal zone B-cells.
BAFF-R was also expressed strongly on mantle zone B-
cells, which are naive B-cells that exhibit unmutated Ig
genes and mainly co-express IgM and IgD [11]. On the
other hand, GC B-cells that undergo affinity maturation of
their antigen receptors and express CD10 and CD38 [25]
were observed to be negative or weakly positive for BAFF-
R. Thus, BAFF-R is widely distributed on un-stimulated
B-cells and antigen-stimulated B-cells during B cell dif-
ferentiation, except for GC B-cells. This pattern of BAFF-R
expression during different stages of B-cell differentia-
tion seemed to be similar to that of Bcl-2 expression. GC
B-cells express low levels of BAFF-R and the anti-apo-
ptotic factor Bel-2, and high levels of the apoptotic factor
Fas [17, 39].

Novak et al. reported the cell surface expression of
BAFF-R on both CD5 (+) peripheral blood B-cells as well
as CD5 (-) peripheral blood B-cells [23]. Mice transgenic
for TACI-Ig, and BAFF-deficient mice display a develop-
mental block of B-cell maturation in the periphery, leading
to a severe depletion of marginal zone and follicular B2 B-
cells, but not of peritoneal CD5 (+) B1 B-cells [4, 13, 29].
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Interactions between BAFF and BAFF-R may be needed
for CD5 (+) B1 B-cell maturation as much as CD5 (—) B2
B-cell maturation in humans.

The reactivity of anti-BAFF-R mAb against neoplastic
lymphoid tissue is of considerable interest. It is likely that
BAFF-R expression was only found in B-cell lymphoma,
but not in T/NK-cell lymphomas, for reasons related to the
fact that BAFF-R expression is normally found only on
healthy B-cells [21]. Only a small number of studies re-
porting BAFF-R expression in malignant B-cells have
appeared to date. Seven of seven B-CLL samples, as well
as normal B-cells, expressed BAFF-R mRNA [22]. None
of the five MM cell-lines but two of the three mononuclear
cells of patients with MM expressed cell surface BAFF-R
[23]. Six of six NHLs, including CLL/SLL, MCL, FL, BL,
and DLBCL, expressed BAFF-R mRNA [7]. In the present
study, however, we demonstrated somewhat different re-
sults for BAFF-R expression.

Most of the low-grade B-cell neoplasms of B-CLL/
SLL, MCL, LPL and MZBCL strongly exhibited BAFF-
R. Among them, MCL and MZBCL are believed to be
neoplasms derived from mantle zone B-cells and marginal
zone B-cells, respectively. The normal counterpart cells of
B-CLL/SLL are a neoplasm of CDS (+) B-cells of the pe-
ripheral blood [15, 29]. These normal counterpart cells are
all BAFF-R (+) and these B-cell neoplasms seemed to
maintain BAFF-R expression. Low-grade B-cell lympho-
mas may require the interaction of BAFF and BAFF-R for
survival and proliferation of the neoplastic B-cells.

Although normal GC B-cells exhibited a negative re-
action or an occasionally weakly positive reaction for
8A7, both grade 1 and 2 FLs strongly expressed BAFF-R.
FL consists of small-cleaved lymphoma cells with inter-
mingled large sized centroblasts. Grade 1 and 2 FLs in-
clude less than 50 centroblasts and 50—150 centroblasts per
ten high-power fields, respectively. Both grades 1 and 2
FLs retain a follicular growth pattern supported by a net-
work of follicular dendritic cells (FDCs), and the lympho-
ma cells express CD20, CD10, Bel-2 and Bcl-6 [20]. It has
recently been shown that FDCs express BAFF [6]. On the
other hand, in grade 3 FL, 2/3 in grade 3a and 0/3 in grade
3b were positive for 8A7. This may indicate that lympho-
ma cells of grade 1 and 2 FLs require the interaction of
BAFF and BAFF-R for their survival and growth. Certain
lymphoma cells of some grade 3 FL act autonomically in
terms of proliferation.

BAFF-R was expressed in a lower number of cases of
aggressive B-cell lymphomas. LBL and BL were negative
for 8A7. Eleven out of 25 DLBCLs exhibited a positive
reaction with anti-BAFF-R mAb, which supports the recent
report by He et al. [7]. Among these, the expression of
BAFF-R was found in CD35 (+) DLBCL as well as CDS5 (+)
CLL/SLL and MCL. BAFF-R (+) in many cases of CD5
(+) B-cell neoplasms was independent of their aggressive-
ness and clinical behavior. These findings may prove to be
useful for the continual improvement of understanding of
the biology of CD5 (+) B-cells and B-cell neoplasms, es-
pecially for CD5 (+) DLBCL, which is reported to have a
poorer clinical outcome than CDS (—) DLBCL [19, 36].
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< Fig. 3 BAFF-R expression in neoplastic lymphoid tissues according
to immunohistochemistry (THC) on the paraffin-embedded sections
(strept/ABC method). 8A7 is strongly expressed in CD20 (+) CD5
(+) cyclin D1 (+) mantle cell lymphoma (a: HE, b: THC, original
magnification x200). 8A7 reacts with the lymphoma cells of gastric
MALT tymphoma, but not with the glandular epithelium (e: IHC,
x50; d: [HC, x200). 8A7 expressed on some of the lymphoma cells of
CD20 (+) CDS5 (+) diffuse large B-cell lymphoma (e: HE, f: IHC,
x200) (g: IHC, x200). Expression of 8A7 is not found in Hodgkin/
Reed-Sternberg cells of Hodgkin lymphoma, but in a small number of
small lymphocytes (h: IHC, x200) Burkitt lymphoma is negative for
8A7

We analyzed the clinical profiling between BAFF-R
(+) and BAFF-R (-) subgroups in all DLBCL examined.
When analyzing these between the BAFF-R (+) and BA
FF-R (=) subgroups in CD5 (-) CD10 (—) DLBCL, we
found a significant difference in LDH. The number of
patients with LDH >2-fold of the normal limit in the
BAFF-R (+) subgroups was greater than that in the BAFF-
R (—) subgroup (detailed data not shown). This may mean
that the volume of lymphoma cells in patients with BAFF-
R (+) DLBCL is high and may affect the treatment strategy
for patients with BAFF-R (+) DLBCL. We found no sig-
nificant differences in the overall survival curves between
the two subgroups due to the small number of patients in
this study, and more cases are needed for an accurate es-
timation. BAFF-R is a possible marker for sub-grouping of
DLBCL. On the other hand, two out of three CD5 (+)
DLBCL exhibited more than 2-fold the normal limit of
LDH, but both cases of CD10 (+) DLBCL exhibited LDH
within the normal limit.

The HRS cells of all cases of HL including NLP-HL,
MC-CHL and NS-CHL were negative for BAFF-R. This is
a marked difference from the finding that more than half of
HL cases express the bel-2 protein, an anti-apoptotic factor
[26]. HL is a neoplasm derived from GC B-cells with a
hypermutated Ig gene, as disclosed by single cell PCR
analysis, and lacks Ig mRNA, which is different from the
cases of DLBCL {16, 38]. Since the expression of BAFF-R
is regulated by immunoglobulin, it is possible that HL is
not able to express BAFF-R [31]. It is, however, odd that
the NLP-HL that expresses Ig was also negative for 8A7.

In conclusion, we developed an anti-human BAFF-R
mADb and addressed its reactivity and distribution in normal
and malignant lymphoid tissues by performing immuno-
histochemistry with paraffin-embedded tissues. BAFF-R
was found to be expressed on B-cells situated in the mantle
and marginal zones, but not on B-cells in GC. We dem-
onstrated that BAFF-R was expressed on most low-grade
B-cell neoplasms and in some DLBCL.
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The integration of reverse transcribed proviral
DNA into a host genome is an essential event in
the human immunodeficiency virus type 1 (HIV-1)
replication life cycle. Therefore, the viral enzyme
integrase (IN), which plays a crucial role in the inte-
gration event, has been an attractive target of
anti-retroviral drugs. Several IN inhibitory
compounds have been reported previously, yet
none has been successful in clinical use. To find a
new, more successful IN inhibitor, we screened a
diverse library of 12 000 small molecular weight
compounds randomly by in vitro strand-transfer
assay. We identified a series of substituted
carbazoles that exhibit strand-transfer inhibitory
activity at low micromolar concentrations. Of
these, the most potent compound exhibited an IC,;
of 5.00 £3.31 uM (CA-0). To analyse the structural
determinants of strand-transfer inhibitory activity

of the carbazole derivatives, we selected 23 such
derivatives from our compound library and
performed further analyses. Of these 23
compounds, six showed strong strand-transfer
inhibition. The inhibition kinetics analyses and
ethidium bromide displacement assays indicated
that the carbazole derivatives are competitive
inhibitors and not intercalators. An Hela4.5/LTR-
nEGFP cell line was employed to evaluate in vitro
virus replication inhibition of the carbazole deriva-
tives, and IC,; levels ranged from 0.48-1.52 yM.
Thus, it is possible that carbazole derivatives,
which possess structures different from previously-
reported IN inhibitors, may become novel lead
compounds in the development of IN inhibitors.

Keywords: integrase inhibitor, carbazole, HiV-1,
antiretroviral drug

Introduction

Human immunodeficiency virus type 1 (HIV-1), causative
agent of acquired immunodeficiency syndrome (AIDS),
possesses three critical enzymes for replication. These are
protease (PR), reverse transcriptase (RT), and integrase
(IN) (Ruscetti, 1985; Kohl ef @/, 1988; LaFemina e a/,,
1992). As inactivating any of these enzymes may negate the
infectivity of HIV-1, the enzymes have been targets of
anti-retroviral drug development. Indeed, great progress in
anti-retroviral drug discovery has been achieved in recent
decades, and today 10 RT inhibitors and eight PR
inhibitors (De Clereq, 1992; Tronchet & Seman, 2003;
Balzarini, 2004; Imamichi, 2004) are available for anti-
retroviral treatments. The third enzyme, IN, has also been
a major target of inhibitor development. 1.-708,906 and
[.-731,988, which possess diketo acid moieties within their

©2005 international Medical Press

structures, were the first IN-specific inhibitors discovered
(Pommier ef al., 2000; Dayam & Neamati, 2003; Pluymers
et al., 2002; Hazuda ef a/., 2000). S-1360 and L-870,810,
which also have diketo acid moieties, are IN inhibitors that
have reached clinical Phase I/11 trials for the first time
(Johnson et al., 2004; Hazuda er al, 2004). However,
although there have been large advances in the develop-
ment of IN inhibitors, further research and analysis is
required to develop clinically usable compounds.

Integrase (IN), the leading target of novel anti-retroviral
inhibitor development, is the enzyme responsible for inte-
gration, wherein reverse transcribed HIV-DNA is inserted
into a host genome, and is critical for viral replication,
which in turn establishes latency and chronic infection
(Chun ef al, 1995). IN is composed of three distinct
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domains — the N-terminal domain (amino acids 1-50) with
a zinc-binding motif (Schauer & Billich, 1992; Burke ez al.,
1992), the catalytic core domain (amino acids 50-212) with
polynucleotidyl transfer activity and sequence-specific
endonuclease activity (Engelman & Craigie, 1992;
Engelman ¢f al., 1994) and the C-terminal domain (amino
acids 212-288), which has been thought to relate to
nonspecific DNA binding (Khan e 4/, 1991; Woerner &
Marcus-Sekura, 1993).

At present, the function and structure of each domain
has not been fully understood. The most well-analysed
domain is the catalytic core domain, and its active site has
highly conserved amino acidic residues Asp64, Asp116
and Glu152, which are critical for polynucleotidyl transfer
activity (LaFemina ef af., 1992; Engelman e# al., 1995).
Previously reported potent IN inhibitors L-708,906,
1.-731,988, 1.-801,810, S-1360 and 5-CITEP are all
targeted to this domain. These inhibitors bind to the
active site, displace divalent metal ion Mg” from the
active site and inactivate the catalytic activity of IN
(Grobler ef al., 2002; Dayam & Neamati, 2003; Goldgur
et al., 1999; Johnson ez a/., 2004). No specific inhibitors
have been reported for the N-terminal and C-terminal
domains.

In the present study we attempted to identify novel IN
inhibitory compounds, and therefore we conducted a
random screening of a library of small molecular weight
compounds. As a result, we discovered a series of novel IN
inhibitory compounds with carbazole structures, that are
quite different from previously reported inhibitory
compounds.

Materials and methods

Preparation of integrase

The sequence coding the NL4-3 integrase (IN) was cloned
into pET28b(+) (Novagen, Madison, WI, USA), gener-
ating pET-IN that codes NL4-3 IN with a hexa-histidine
tag at the N-terminus. Escherichia coli strain Rosetta (DE3)
(Novagen) transformed with pET-IN was grown in 11 of
Super Broth (Biofluids, Camarillo, CA, USA) containing
100 pg/ml kanamycin at 30°C until the optical density of
the culture had reached between 0.5 and 0.7 at 600 nm.
The recombinant protein expression was induced by
isopropyl-1-thio-D-galactopyranoside. After incubation
for 3 h, the cells were harvested and resuspended in 100 ml
of preparation buffer (20 mM Tris-HCI, pH 8.0, 0.5 M
NaCl) and disrupted by sonication. Following high-speed
centrifugation at 40 000xg for 45 min at 4°C, the pellet
was homogenized in GBB buffer (50 mM Tris-HCl, pH
8.0, 6 M Guanidine HCI and 2 mM 2-ME). The residual
pellet was again sonicated and centrifuged at 40 000xg for
30 min at 4°C.
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The supernatant was filtered through a 0.22 pm filter
and mixed with 1 ml of nickel-affinity resin (Sigma, St.
Louis, MO, USA), and incubated overnight at 4°C. The
resin was washed twice by mixing with 20 ml of GBB
containing 5 mM imidazole (Sigma). The protein was
eluted with GBB containing 1 M imidazole. The fractions
containing integrase were pooled and 0.5 M EDTA was
added to a final concentration of 5 mM. This eluted
protein was then sequentially dialysed against (1) 6 M
guanidine HCI, 50 mM Tris-HCI (pH 8.0), 2 mM 2-ME,
1 mM EDTA for 2 h at room temperature, (ii) 6 M guani-
dine HCl, 50 mM Tris-HCI (pH 8.0), 10 mM DTT]
1 mM EDTA for 16 h at room temperature, (iii) 4 M urea,
50 mM Tris-HCI (pH 8.0), 0.5 M NaCl, 1 mM DTT,
0.1 mM EDTA for 16 h at 4°C, (iv) 2 M urea, 50 mM
Tris-HC1 (pH 8.0), 0.5 M NaCl, 1 mM DTT, 0.1 mM
EDTA, 20% (w/v) glycerol for 16 h at 4°C, (v) 1 M urea,
50 mM Tris-HCl (pH 8.0), 1M NaCl, 1 mM DTT,
0.1 mM EDTA, 15 mM 3-[(3-cholamidopropyl) dimethy-
lammonio]-1-propanesulfonate (CHAPS), 20% (w/v)
glycerol for 16 h at 4°C, and (vi) 50 mM Tris-HCI
(pH 8.0), 1M NaCl, 1mM DTT, 0.1 mM EDTA,
15 mM CHAPS, 20% (w/v) glycerol for 16 h at 4°C. The
final preparation was stored at ~80°C.

The purified enzyme activity was confirmed and evalu-
ated by strand-transfer assay using M8 apparatus (IGEN,
Gaithersburg, MD, USA).

Preparation of test compounds

A diverse library of 12 000 small-molecule compounds was
supplied by Toyama Chemicals Co. Ltd. (Toyama, Japan).
All test compounds were dissolved in DMSO and adjusted
to 2 mM concentration. S-1360 was synthesized as positive
control for strand transfer assay.

Construction of strand-transfer assay

Two different strand-transfer assay systems were employed
in the IN inhibitor screening trial. For the first screening
step, an M8 apparatus and strand-transfer assay kit,
ORIGEN HIV integrase assay (IGEN), was used. In brief,
magnetic beads coated with 29 mer donor double-stranded
DNA (dsDNA) were mixed with purified IN (15 pmol),
followed by adding the test compound and 20 mer target
dsDNA tagged with ruthenium, conducting electronically
inducible fluorescence chemistry, and incubating for 1 h at
37°C. Subsequently, the entire reaction solution was
applied to the M8 apparatus, and then strand-transfer
products were captured by a magnet in the flow-circuit of
the equipment. The amount of the strand-transfer product
was measured by ruthenium fluorescence activity. For the
second and later screening steps, in-house strand-transfer
assay was employed. The in-house assay was designed in
96-~well plate format to achieve high-throughput screening.

©2005 International Medical Press

—150—



The following donor and target DNA oligonucleotides
were designed and used:
Donor-1  (D1):  5-ACTGCTAGAGATTTTCCA-
CACTGACTAAAAG-3
Donor-2 (D2): Biotin-5'-CTTTTAGTCAGTGTGGA-
AAATCTCTAGCA-3'
Target-1 (T1): 5-CTAGAGATTTTCCACACTGACT-
AAAAG-3"-Digoxigenin (DIG),
Target-2 (12): 5'-CTTTTAGTCAGTGTGGAAAA-
TCTCTAG-3'-DIG

To form dsDNA, the D1-D2 pair and the T1-T2 pair
were mixed in the presence of 0.1 M NaCl and denatured
for 10 min at 95°C, followed by an annealing process,
gradual cooling down to room temperature. One pmol
biotinulated donor dsDNA (D1-D2), 15 pmol IN protein
and 5 pl test compounds (100 M in DMSO) were mixed

together in assay buffer (25 mM 3-(N-morpholino)--

propanesulfonic acid, pH 7.2, 25 mM NaCl, 10 mM
MgCl,, 10 mM DTT, 5% PEG, 10% DMSO), followed by
the addition of 0.75 pmol target dsDNA (T1-T2), and
adjusted to a final volume of 100 pl and incubated for 1 h
at 37°C. After the incubation, the mixture was adjusted to
a final volume of 200 pl with ELISA. buffer (20 mM Tris
[pH 8.0], 0.4 M NaCl, 10 mM EDTA, 0.1 mg/ml soni-
cated DNA). To harvest the strand-transfer product, the
mixture was transferred into a 96-well micro titre plate
coated with streptavidin (PIERCE, Rockford, 1L, USA),
followed by adding an alkaline phosphatase conjugated
anti-DIG antibody (Roche Diagnostics, Mannheim,
Germany) and a disodium 3-(4-methoxyspiro{1,2-dioxe-
tane-3,2'-(5'~chloro)tricyclo[3.3.1.1*"]decan}-4-yl) phenyl
phosphate (CSPD) substrate (Roche). The lumino-inten-
sity was quantified with a Luminous CT-9000D lumi-
nometer (DIA-IATRON, Tokyo, Japan).

In addition to the above two different strand-transfer
assays, a strand-transfer assay with radioisotope labelled
target DNA and SDS-PAGE was employed in order to
visually confirm the strand-transfer inhibition (Craigie ez
al., 1995). By use of T4 polynucleotide kinase (TAKARA
BIO, Osaka, Japan), the 5" end of 20 mer target oligonu-
cleotide-A (5'-TGTGGAAAATCTCTAGCAGT-3)
was labelled with [y-*P] ATP (370 MBqg/ul, Amersham
Bioscience, Tokyo, Japan). After the labelling reaction was
terminated by adding EDTA, complementary oligonu-
cleotide-B  (5'-ACTGCTAGAGATTTTCCACA-3")
was added, and dsDNA was formed by heat denaturation
and gradual cooling to room temperature. Unincorp-
orated [y-*P]JATP was removed by G-25 Column
(Amersham Bioscience, Piscataway, NJ). The reaction
products were applied to 20% denatured polyacrylamide
gel electrophoresis (300V/25A). The result of the
electrophoresis was analysed by BAS-2500 (Fuji film,

Tokyo, Japan).
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Inhibition kinetics of IN

To analyse the strand-transfer inhibition mechanism of the
test compounds, whether the action is competitive inhibi-
tion or non-competitive inhibition, Michaelis-Menten
constant (X ) and maximum velocity (¥, ) were evaluated.
Strand-transfer inhibition was evaluated on eight different
time points (0, 1, 3, 5, 7.5, 10, 15, and 20 min) with four
different compound concentrations (0, 1, 5, 10 uyM) and
target DNA concentrations (0.167, 0.25, 0.5, and 1 pmol).
The initial reaction rate constants of IN were determined
by linear regression using linear data points of product
concentration—time plots. K_ and ¥ were calculated from
the Y-axis intercept in a plot of the slopes of Lineweaver-
Burk analysis.

Intercalative activity evaluation

To clarify the possibility, of intercalative activity of test
compounds, ethidium bromide (EtBr) displacement assay
was carried out following the protocol reported previously
(Cain ef al, 1978). In brief, 1 uM calf thymus DNA
(Invitrogen, Carlsbad, CA, USA) was mixed with EtBr
(final concentration at 1.26 pM) and reaction buffer
(2 mM HEPES, 10 uM EDTA, 9.4 mM NaCl, pH 7.0),
and incubated for 10 min at room temperature. After the
incubation, test compounds were added into the calf
thymus DNA-EtBr mixture at different concentrations
(final concentrations of 0.01-1000 pM). Fluorescence
intensity of each mixture was determined by Fluoroskan
Ascent FL (Helsinki, Finland. Excited at 544 nm, emitted
at 590 nm). Actinomycin D (ICN Biomedical, Aurora,
OH, USA), which is known as an intercalator, was
employed as the positive control of the assay.

Molecular modelling studies

Molecular modelling studies were carried out using
SYBYL software Version 6.9.1 (Tripos, St. Louis, MO,
USA) running on an SGI Fuel workstation equipped with
600-MHz R14000 processor (SGI, Mountain View, CA,
USA).

Evaluation of in vitro antiviral activity.
To evaluate HIV-1 replication inhibition by selected test
compounds, i vitro antiviral assays were performed using
a HeLa4.5/nEGFP reporter cell line. The Hel.a4.5/
nEGFP reporter cell line was established by transfection of
CD4 and LTR driven EGFP reporter protein into the
HeLa cell line. HelLad.5/nEGFP reporter cells were main-
tained with D-MEM (Sigma) containing 5% FCS
(Hyclone, Logan, UT, USA), 500 pg/ml G418, 1 pg/ml
blasticidin and 2 pg/ml puromycin.

One day before conducting the assay, 1x10*
Hel.a4.5/nEGFP cells were seeded into clear bottom black
96-well plates (NUNC, Rochester, NY, USA) with
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200 pl/well medium and incubated at 37°C, 5% CO,,. The
next day, 1250 TCID,, HXB2 were added in each well,
followed by addition of the test compounds in final concen-
trations of 5, 1, 0.2, 0.04, 0.008, 0.0016, 0.00032, and
0.000064 pM. Forty-eight hours after infection, the cells
were fixed by 3.2% formaldehyde and the nuclei of cells
were stained by 10 pg/ml Hoechst33342 (Molecular
Probes, Engene, OR, USA). EGFP positive cell number
(EGFP*) and Hoechst33342 positive cell number
(hoechst33342*) were determined by Cellomics Array
Scan, HSC Systems (Beckman Coulter, Tokyo, Japan).
Inhibitory activity of each compound was determined by
the following formula:
% inhibition = 1 - {(EGFP* cell number with drug/
hoechst33342* cell number with drug) — (EGFP* cell
number without infection/hoechst33342* cell number
without infection)}/{(EGFP* cell number without
drug/hoechst33342" cell number without drug) — (EGFP*
cell number without infection/hoechst33342* cell number
without infection)}.

Results

A small molecule bearing a carbazole moiety
demonstrated strand-transfer inhibitory activity
A diverse library of 12 000 small-molecule compounds was
screened for strand-transfer inhibitory activity at 100 pM
concentration by M8 apparatus. Seventy-two compounds
that demonstrated more than 80% strand-transfer-inhibi-
tion were selected and applied to the second screening
using in-house strand-transfer assay. In the second
screening, to confirm dose-dependent inhibition of the test
compounds, each compound was tested at four different
concentrations. Of the 72 compounds, a compound bearing
a carbazole moiety, 8-chloro-2-[2-(dimethylamino)ethyl}-
9-hydroxy-5-methylpyrrolo[3,4-c]carbazole-1,3(2H,6H)-
dione (coded as CA-0), was found to demonstrate potent
strand-transfer inhibitory activity (Figure 1A). As shown
in Figure 1B, CA-0 demonstrated clear dose-dependent
inhibition of the strand-transfer reaction with an IC;, of
5.00 £3.31 uM. The dose-dependent inhibition was also
confirmed by SDS-PAGE with [y-*P] labelled target
DNA. As demonstrated in Figure 1C, strand-transferred
product bands diminished along with increased concentra-
tion of the inhibitor. IC,; value determined from intensities
of the bands was 1.24 £0.09 uM, which was consistent
with that evaluated via the plate assay.

Strand-transfer inhibition of 23 carbazole
derivatives, and the relationship between

their structures and inhibitory activity

To understand the relationship between structure and
strand-transfer inhibition activity, we selected 23 carbazole
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Figure 1. Structure and strand transfer inhibitory
activity of 8-chloro-2-{2-(dimethylamino) ethyl]-9-
hydroxy-5-methylpyrrolo[3,4-cjcarbazole-1,3(2H,6H)-
dione (CA-0)

A

CH3

% inhibition

T T * T
0.1 1 10 100

Drug concentration (mv)

(A) The structure of CA-0, a strand transfer inhibitory compound
identified from among a library of 12 000 small molecular weight
compounds. it has a carbazole structure as a scaffold. The small
numbers written beside the structure indicate the residue number
of the compound. (B) A dose—response curve of CA-0. The dotted
line indicates the IC,, point of the chemical, which was

5.00 £3.31 pM. (C) A strand transfer assay by radioisotope-labellied
oligonuceotide. Lane 1 “N” stands for the negative control, with
only a radioisotope-labelled nucleotide. Lane 2 “P” stands for posi-
tive control, with radioisotope-labelled nucleotide and recombinant
integrase. Lanes 3 to 6 were with inhibitor. The open triangle and
solid triangle indicate labelled oligonucelotide and strand transfer
products, respectively.
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derivatives with different substituents. As demonstrated in
Figure 2, all compounds had pyrrolo[3,4-c]carbazole struc-
tures as scaffolds, and all except CA-5, CA-10 and CA-19
had 2-dimethylaminoethyl group at position R2. Six of the
23 compounds demonstrated potent strand-transfer inhibi-
tion comparable to that of CA-0. These compounds were
CA-1, CA-4, CA-8, CA-9, CA-12 and CA-13. IC

Carbazole derivatives as novel integrase inhibitors

values of these test compounds were similar with positive
control $-1360. Moderate inhibitory activities were
observed in twelve compounds, CA-2, CA-3, CA-7, CA-
11, CA-14, CA-15, CA-16, CA-17, CA-18, CA-21, CA-
22 and CA-23. Five compounds, CA-5,
CA-6, CA-10, CA-19 and CA-20, did not show signifi-

cant inhibition, even at the highest concentration tested

Figure 2. Structures of CA-0 and 23 carbazole derivatives evaluated for strand transfer inhibitory activity

CA-0 and 23 related compounds with carbazole scaffold tested for strand-transfer inhibitory activities are depicted. 5-1360 and L-870,810,
which have previously been reported as potent IN inhibitors, are also shown.
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(100 uM). The compounds that demonstrated potent
strand-transfer inhibitory activity were also confirmed by
gel-based assay, and IC, values determined from the gel-
based assay were consistent with the values determined via
in-house plate assay (Table 1).

Carbazole derivatives are competitive inhibitors
of integrase

To investigate the strand-transfer inhibitory mechanisms
and kinetics of the compounds, we determined ¥ and K
of the inhibition by Lineweaver—Burke plot analyses. We
selected two compounds, CA-0 and CA-13, for the
analyses. As summarized in Table 2, larger X_ values (nM)

Table 1. Strand transfer and in vitro viral replication
inhibitory activities of carbazole derivatives

IC,, in strand transfer assay Anti-HIV activity

Plate assay Gel assay ICy,

(uM) (M) (V)
(A) High-inhibitory group
CA-0 5.00 £3.31 1.24 +0.09 0.48 +0.06
CA-13 4,38 +2.78 1.13 £0.21 0.51 £0.12
CA-1 7.94 412 2.97 £0.21 0.92 £0.15
CA-4 8.99 +3.39 6.34 +0.89 1.52 £0.46
CA-8 6.61 +4.17 6.38 £0.32 0.79 +£0.07
CA-9 442 +1.87 4.10 £0.46 0.80 +0.11
CA-12 5.93 £3.53 3.14 £0.04 0.69 £0.15

(B) Intermediate-inhibitory group

CA-2 22.50 £2.27 ND ND
CA-3 72.69 £5.44 ND ND
CA-7 11.88 +7.66 ND ND
CA-11 57.00 +3.13 ND ND
CA-14 17.37 £1.79 ND ND
CA-15 27.28 £9.10 ND ND
CA-16 20.51 £15.11 ND ND
CA-17 50.64 £19.02 nND ND
CA-18 10.68 +8.88 ND ND
CA-21 25.01 £10.60 nD ND
CA-22 16.92 £7.32 ND ND
CA-23 16.94 £7.82 ND ND

(C) Intermediate-inhibitory group

CA-5 >100 ND ND
CA-6 >100 ND ND
CA-10 >100 ND ND
CA-19 >100 ND ND
CA-20 >100 ND ND

(D) Previously reported inhibitor
$-1360 4.67 =1.89 ND ND

Underline, indicates original compound; I1C,;, 50% inhibition
concentration; No, not done.
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were observed with higher inhibitory concentration,
whereas V__ values (RU/min) did not change and
remained consistent at any inhibitory concentration
(Figure 3). As shown in Figure 3A and 3B, data-fitted lines
of different time points converged on the Y axis, indicating
that CA-0 and CA-13 inhibited strand-transfer in a

competitive manner.

Carbazole derivates have not shown
intercalative activity

Due to their planar structure and their manner of compet-
itive inhibition, we were concerned that the compounds
might have the intercalative activity to destroy substrate
dsDNA, rather than binding to the IN to block its enzyme
activity. To clear the possibility of the intercalation, E¢Br
displacement assay was carried out. Since EtBr intercalates
into dsDNA and makes visualization possible by growing
fluorescence under UV light, intercalative activity of the
test compounds can be evaluated by whether the test
compounds displace incorporated EtBr out from dsDNA.
As shown in Figure 4, fluorescence intensity diminished in
a dose-dependent manner by actinomycin D, a compound
known as a potent intercalator. In contrast, our two test
compounds CA-0 and CA-13 did not affect fluorescence
intensity, even at the highest concentration of 1 mM,
suggesting that CA-0 and CA-13 were not intercalators.

Antiviral activity

We employed a single replication infectivity assay using
HeLa4.5/EGFP cells to investigate the potency of antiviral
activity. IC,; values of CA-0 and the six compounds were
0.48,0.92, 1.52,0.79,0.8, 0.69, 0.51 pM, respectively. The
IC,, values of all seven compounds were 5.5 to 10.4-fold
lower than that of the strand transfer assay (Table 1A). The
discrepancy in IC,, between the two assays can be
explained by stoichiometry of the inhibitor and the target
enzyme in the two assays, and the estimated amount of IN
in-strand transfer assay was higher than in the

Table 2. Inhibition kinetics of representative
carbazole compounds CA-0 and CA-13

Chemical Concentration V_, (RU/min) K,, (nM)

CA-0 10 pM 463.16 £63.16 30.40 +£7.80
5uM 402.58 £32.21 26.21 +7.40
1M 370.14 £84.42 12.71 £2.02
0 pM 454.55 £0.02 9.18 +1.18

CA-13 10 M 409.70 +35.47 19.31 +4.68
5uM 439.07 £164.74  14.83 £0.24
1uM 438.08 £53.85 11.09 £2.42
0uM 429.83 £136.46 7.08 +0.64
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Figure 3. Inhibition kinetics assays of two represen-
tative carbazole derivatives, CA-0 and CA-13

-~ 10 uM
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Lineweaver-Burke plot analyses of (A) CA-0 and (B) CA-13 are
depicted.

Hel24.5/EGFP assay. Seven compounds exhibited
considerable toxicity, suggesting that efforts toward
decreasing toxicity are necessary for the further develop-
ment of carbazole-based inhibitors.

Discussion

Carbazole, a fused phenyl-ring structure with hydropho-
bicity, has provided an interesting scaffold for the develop-
ment of novel drugs. Staurosporine, discovered among
microbial alkaloids, was the first carbazole derivative
reported to demonstrate biological activity (Omura ez al,
1977; Furusaki ez al., 1978; Furusaki e a/., 1982), which
was protein kinase C inhibition (Tamaoki ez al, 1986).

Antiviral Chemistry & Chemotherapy 16.6
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Figure 4. Ethidium bromide displacement assays of
two representative carbazole derivatives, CA-0 and
CA-13

-0— actinomycin D
& CA-0
-+ CA-13

Fluorescence intensity

0 T T T T 1

0.01 0.1 1 10 100 1000

Drug concentration (mM)
To evaluate intercalative activities of carbazole derivatives,

ethidium bromide displacement assays were carried out for
two representative compounds, CA-0 and CA-13.

Other carbazole derivatives have demonstrated various
other activities, such as topoisomerase inhibition (Marotto
et al., 2002; Facompre ef al., 2002; Carrasco et al., 2001),
hypotensive activity (Furusaki ez 4/, 1982), platelet aggre-
gation inhibition (Oka et a/., 1986), and anti-fungal activity
(Sunthitikawinsakul ef a/., 2003). In this report we present
another possible activity of carbazole derivatives, that of
HIV-1 integrase inhibitor.

As compounds with three or four fused aromatic ring
structures have been reported to demonstrate intercala-
tive activity (Fukui & Tanaka, 1996; Dziegielewski ez aZ.,
2002), we initially suspected that our carbazole deriva-
tives also have intercalative activities, penetrating and
disturbing target dsDNA, resulting in pseudo strand-
transfer inhibition. Indeed, several carbazole derivatives
have been recognized to demonstrate intercalative
activity (Facompre ef al., 2002; Long ef al., 2002). We
confirmed that actinomycin D, which is a well-known
intercalator (Ross ez al., 1979; Wilson & Jones, 1982),
demonstrated strand-transfer inhibition in our assay
(data not shown). However, taking into consideration the
data that our carbazole derivatives inhibited strand-
transfer in a competitive manner, and also that the
compounds could not displace EtBr out from dsDNA,
we assume that our derivatives bind to part of the IN
molecule, to the region responsible for DNA target
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