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Cell lines and cell culture

All the cell lines, unless otherwise specifically menuoned,
were cultured in Dulbeccos modified Eagle's medium
(DMEM, Invitrogen) containing 10% fetal calf serum.
Human glioma NP-2-CD4" cells transfected with a
variety of chemokine receptors as indicated [27] were
maintained in medium containing 500 pg/ml of G-418
(Promega, Wisconsin, USA) and 1 pg/ml of puromycin
(Sigma). Human CD4-negative osteosarcoma (HOS)
cells expressing either CXCR4 or CCRS5 [28] were
cultured in medium containing 1 pg/ml of puromycin.
Human hepatoma cells Huh-7 and Hep-G2 [29] were
obtained through the Cell Resource Center for
Biomedical Research, Tohoku University, Japan. Human
primary cultured hepatocytes (p-hepatocytes, BD
Bioscience, Califorma, USA) were maintained on BD
Matrnigel with Hepato-STIM hepatocyte culture medium
(BD Bioscience).

Reagents and antibodies

The CXCR4 antagonist AMD3100 [30], and the CCR5
antagonist TAK-779 [31] were provided by the NIH AIDS
Reesearch and Reeference Reagent Programme and Takeda
Chemical Industries, Ltd., Osaka, Japan, respectively.
Recombinant human soluble CD4 (sCD4) was from
ImmunoDiagnostics, Inc. (Woburn, Massachusetts, USA).
Anualbumin-fluorescein isothiocyanate (FITC) anubody
was from Cedarlane Laboratories Led. (Hornby, Ontario,
Canada). Antcytokeratn-18—phycoerythrin and andal-
pha fetoprotein (AFP)—FITC antibodies were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, California, USA).
Anti-HIV-1-p24 (clone KC57)-FITC antibody was from
Beckman Coulter. All other antibodies were from BD
Pharmingen (San Diego, California, USA).

Pseudotyped virus infection assay

The HIV-1 Env-pseudotypes were generated as pre-
viously described [32]. Briefly, 293T cells (5 x 10° cells/
10 cm-dish) were transfected with 5 pg of luciferase-
expressing pNNL4-3-Luc-R"E™ [33] or green fluorescent
protein (GFP)-expressing pNL4-3-GFP [34] plasmid in
combinanon with 10 pug of one of the emv-expressing
plasmids, pSM-SDA-1, pSM-HXB2 (X4), pSM-ADA
(R5), or pSM-89.6 (R5X4). The vesicular stomatitis
virus-G pseudotypes were also prepared [35].

For infection assays of luciferase-pseudotypes (luc-p),
10 ng p24 of luc-p were added into each well of 24-well
plates (5 x 10* cells/well). After 12h infection, the cells
were washed and incubated for an additional 36 h at
37 °C. The cells were then lysed using a Luciferase Assay
kit (Promega) and the luciferase activity was examined by
a luminometer (Lumat 9507, Germany). To determine
the effects of various reagents related to the wviral
receptors, target cells were preexposed for 1h with the
indicated concentration of the antagonists, or the
antibodies. For GFP-pseudotypes (GFP-p) infection,
target cells were infected with 10 ng p24 of GFP-p virus

for 48 h and fixed by 5% paraformaldehyde. Infectivities
were visualized under a Zeiss LSM510 confocal
microscopy and DIC images with a 512 x 512 resolution
were acquired.

Chimeric viruses

All env recombinant chimenic viruses in this study were
generated in the background of pNL43, an X4-tropic
HIV-1 infectious clone [36]. Briefly, the fragment of
pNL43 containing EwRI (nt 5743~5748) and Kpnl (nt
6343-6348) was amplified by PCR with a F5671-R 6472
primer pair (F5671, 5'-GGCTCCATAACTTAGGA
CAAC, pNL43 nucleotide position 5671-5691; R6472,
5'-TACTTCTTGTGGGTTGGGGTC, pNL43 position
6452-6472), followed by insertion into the pSM-SDA-1
using EcoRI and Kpnl. The new EwRI-Xhol fragment
(3155bp) covering the entire SDA-1 env gene was then
replaced with the equivalent region of pNL43 to construct
the Env-chimeric virus NL43_SDA-1. Sumilarly, Env-
chimeras of ADA (NL43_ADA), 89.6 (NL43_89.6) or
truncated env (NL43_env (<)) were created, respectively.
All Env-chimeric viruses were prepared by transfecting
293T cells as described above. For infection assays, 100 ng
p24 of the chimeric viruses or virus stock supernatants
were added in each well of 24-well plates (5 x 10* cells/
well). After 2h adsorption, the cells were washed and
incubated for 48 h. Viral replication was monitored by p24
antigen production.

Flow cytometry and apoptosis assay

We performed cell-surface staining for CD4, CXCR4
and CCR5 by flow cytometry. To determine the
purification and differendaton of p-hepatocytes, we
tested the specific markers using antalbumin-FITC,
ant-AFP—FITC and andcytokeratin-18~phycoerythrin
antibodies. Appropriate class matched andbodies were
used in each experiment. To detect the proliferadon and
intracellular p24, p-hepatocytes were fixed and permea-
bilized using a Cytofix-Cytoperm kit (BD Bioscience).
Subsequently, the cells were stained with ant-Ki-67-
phycoerythrin and antip24—-FITC antibodies. Apoptosis
of the p-hepatocytes was determined using the Apoptosis
Detection kit I (BD Pharmingen). Flow cytometry
analysis was performed using FACSCalibur (Becton
Dickinson, New Jersey, USA). All Data were acquired
and analyzed using Cell Quest software (BD Bioscience).

Nucleotide sequence accession number

The GenBank accession number for the sequence
determined in this study is AY902478 (SDA-1).

Results

Evaluation of SDA-1 viral quasispecies
In an attempt to solate CD4-independent clinical
HIV-1 strain(s), we performed virus isolation from a
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Fig. 1. Evolution of SDA-1 env quasispecies in plasma and
PBMC. Phylogenetic analysis of newly characterized, SDA-1
gp120 env nucleotide sequences obtained from plasma
{n=10) and PBMC (n=15) with representative sequences
of HIV-1 subtype B. Numbers at branch nodes refer to the
percentage of bootstrap values and symbols indicate individ-
ual clones.

therapy-naive HIV-1 and PJP patient with extremely low
CD4 cell number, and successfully isolated the virus (peak
of p24, 500 ng) from this patient and designated it SDA-1.
To assess the quasispecies diversity present in vivo, we
analyzed the SDA-1 env clones derived from plasma RNA
and PBMC. As shown in Fig. 1, SDA-1 is grouped within
the HIV-1 subtype B reference sequences. Within
SDA-1's sequence cluster, three phylogenetic forms were
identified. Supported by a significant bootstrap value
(96%), form I was the predominant quasispecies,
representing 70% of all sequences. Two minor quasis-
pecies (forms Il and I1I) had similar structures but differed
in the position of the first breakpoint. The mean distances
berween major and minor quasispecies did not differ
significantly from the sequence heterogeneity. Further-
more, the quasispecies diversities between plasma and
PBMC were similar within each form, and were all below
5.0%.

Multicoreceptor usage and CD4-independent
entry of SDA-1

To determine the receptor usage of SDA-1, we randomly
selected five clones from the predominant quasispecies
and generated Env-pseudotypes and Env-chimeric

viruses as representatives. As a control, the Envs from a
variety of HIV-1 subtypes with X4 (HXB2), R5 (ADA),
and R5X4 (89.6) tropism were used. Udlizing luciferase-
pseudotypes (luc-p), we first examined the coreceptor
usage of SDA-1. We found that in the presence of CD4,
all representative SDA-1 Env-pseudotypes were able to
use efficiently both CXCR4 and CCRS5, with additional
moderate usage of CCR3 and CCRS (Fig. 2a).

We next investigated whether SDA-1 Envs are capable of
inducing CD4-independent infection. We found that
SDA-1 Envs mediated entry into both HOS-CXCR4
and HOS-CCRS5. However, the infectivities of SDA-1
for HOS-CXCR4 were approximately 2.5-fold higher
than that for HOS~CCRS5 (Fig. 2b). In stark contrast,
none of the other types of luc-p viruses entered either of
those cells. Furthermore, we evaluated the ability of SDA-
1 Envs in mediatung cell=cell fusion, a dye-transfer cell-
cell fusion assay [37] was used with HOS-CXCR4 and
HOS-CCRS5 cells. Only in the cells expressing SDA-1
Envs (effector cells) did cell-cell fusion with CD4-
negative, CXCR4- or CCR5-posiave HOS cells (target

cells) occur (data not shown).

In addition to the results with HOS-CXCR4 and
CCR35, preexposure of HOS cells to Leu-3A, a CD4
monoclonal antibody (mAb) that recognizes the gp120
binding site on CD4 [38], failed to block SDA-1
infecdon. In contrast, pretreatment with antagonists
for CXCR4 or CCRS5 effectively inhibited infection
(Table 1). Furthermore, the infectivities of SDA-1 on
HOS-CXCR4 and HOS-CCRS5 were enhanced by
preexposure of the virus to sCD4 indicating that the
binding of SDA-1 Env to CD4 induces further
conformational changes in gp120 to fully expose the
chemokine receptor binding domain. Collectively, SDA-
1 Envs mediated the CD4-independent infection via both
CXCR4 and CCRS.

Having clarified that SDA-1 is a CD4-independent
isolate, we next investigated what types of CD4™ cells are
able to support SDA-1s entry. We focused first on human
liver-derived cell lines, as the mechanisms of the liver
damage in HIV-1-infected individuals are still unclear,

Two hepatoma cell lines, Huh-7 and Hep-G2, were used
as targets. We first examined the expression of the
receptors on the cell surface by flow cytometry and found
that both CXCR4 and CCR5 were expressed on Huh-7
and Hep-G2 cells. In contrast, CD4 was not detected on
either, which was confirmed by RT-PCR. (data not
shown). We then evaluated whether SDA-1 can enter
into hepatoma cells with luc-p viruses. We found that
only SDA-1 luc-p viruses efficiently infected Huh-7;
however, its infectivity was marginal in Hep-G2 (Fig. 2c).
Previous studies have shown that few HIV-1 variants can
infect CD8" cells using CD8 as receptor [10,39).
Therefore, we further explored receptors used by
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Fig. 2. Mullicoreceptor usage and CD4-independent entry of SDA-1. (a) SDA-1 Envs mediate entry of CD4™ cells using multiple
coreceptors, NP-2-CD4™ cells coexpressing one of the indicated chemokine receptors were exposed to SDA-1 luc-p viruses for
48 h and the luciferase activities were measured. (b) SDA-1 Envs mediate entry of CD4 ™ cell lines through either CXCR4 or CCRS.
The HOS cells (CD4 ™) expressing either CXCR4 or CCR5 were exposed to the indicated HIV-1 luc-p viruses or VSV-G for 48 h,
after which the infectivities were determined. (c) Entry of SDA-1 into CD4~ human hepatoma cells. Huh-7 and Hep-G2 were
exposed to the indicated HIV-1 luc-p viruses or VSV-G. Infectivities were determined at 48 h. (d) Effects of receptor-related
antagonists or antibodies on the entry of SDA-1 entry into Huh-7 cells. Interaction of SDA-1 luc-p viruses with Huh-7 cells was
tested in the absence or presence of AMD3100 (1.0 uM), TAK-779 (100nM), anti-CD8 Leu-2A antibody (30 pg/ml) or class-
matched control antibody (30 pg/ml). Results shown {a—d) are means of triplicate experiments. Bars, standard deviation. IgG,
immunoglobulin G; VSV, vesicular stomatitis virus.

particularly in hepatoma cells. For this purpose, we
constructed NL43-based Env-chimeric viruses described
above., We then examined whether the chimenic viruses
were able to replicate in CD4 ™ cells. As shown in Fig. 3a,
the SDA-1 Env-chimeric viruses replicated efficiently in
HOS-CXCR4 and HOS-CCRS5 cells to similar levels
In contrast, none of the other Env-chimeric viruses
infected either of those cells lines. Furthermore, we
examined whether SDA-1 Env-chimeric viruses could

SDA-1 for entry into hepatoma cells. As shown in Fig. 2d,
preexposure of Huh-7 to anti-CD8 Leu-2A mAb, as well
as the CCR5 antagonist, TAK-779, failed to block
SDA-1 infecnon of Huh-7, whereas anu-CXCR4 with
AMD3100 effectively suppressed the infectivity. These
results suggested that SDA-1 enters Huh-7 cells
principally via CXCRA4.

Replication of SDA-1 in human hepatoma cells

Although SDA-1 luc-p viruses infected some cells
independently of CD4 cells, it was necessary to determine
whether SDA-1 can replicate in those CD4™ cells,

replicate in hepatoma cells. As shown in Fig. 3b, high
levels of NL43-SDA-1 replication were observed in
Huh-7 cells. However, marginal replication was detected
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Table 1. Inhibition of SDA-1 by blocking reagents in CD4™ cells.

% Inhibition
Reagent HOS-CXCR4 HOS5-CCRS
Medium 0 (4]
Control mAb (30 pg/mi) 0 0
Leu-3A (30 pg/mli 10 12
Soluble CD4 (10 pg/ml) 225° 120*
AMD3100 (1.0 pM) 99 0
TAK-779 (100 nM) 0 97

CCRS, chemokine (C-C motif) receptor 5; CXCR4, chemokine (C-X-C
maotif) receptor 4; HOS, Human CD4-negative osteosarcoma; mAb,
monoclonal antibody,

*Enhancement of entry,

in Hep-G2 cells. Although both Huh-7 and Hep-G2 cells
are derived from human hepatoma, many potential host
factors [40] could influence HIV replication, which for
the most part remain unknown. Similarly, only Huh-7
cells, but not Hep-G2 cells, were susceptible to HCV
[41,42]. These reasons may be related to the difference
between Huh-7 and Hep-G2 regarding the level of
replicaton by SDA-1.

SDA-1 replicates in both proliferating and static
hepatocytes

To invesugate further whether normal human hepato-
cytes could sustain entry and replicavon of SDA-I1,
p-hepatocytes were used for the following experiments,
Among the three specific markers of human hepatocytes,
both albumin and cytokeraun-18, but not alpha-
fetoprotein were detected in the p-hepatocytes suggesting
that the hepatocytes we used were well differennared
(data not shown). We also found that CXCR4 was
expressed on the surface of p-hepatocytes. In contrast,
neither CD4 nor CCRS5 was detected on the
p-hepatocyte surface or by real-nme PCR (RT-PCR)
(data not shown).

1200 4 M HOS-CXCR4 (CD4-)
[JHOS-CCRS (CD4-)

800

600 -

p24 (pg/mi)

We next explored whether SDA-1 can enter p-hepatocytes
by using GFP-p. As shown in Fig. 4a, only SDA-1 GFP-p
viruses gave GFP-positive cells in p-hepatocytes, whereas
other HIV-1 GFP-p viruses did not. The GFP-positive
cells showed spindle-like shapes suggesung that the
infection occurred in the p-hepatocytes but not in the
contaminating lymphocytes. Furthermore, we studied
whether SDA-1 can replicate in the p-hepatocytes. As
shown in Fig. 4b, the p-hepatocytes were productvely
infected by the SDA-1 Env-chimeric viruses and SDA-1
virus stock itself bur not by the other HIV-1 Env-
chimeric viruses. Moreover, we found that AMD3100
inhibited the replication of SDA-1 in p-hepatocytes in a
dose-dependent manner (Fig. 4c) indicating that the
infection of p-hepatocytes by SDA-1 was mediated
through CXCR4.

A previous study [19] reported that the HIV-1 gp120 env
directly caused hepatocyte death by signaling through
CXCR4 in vitro; however, most studies were performed
using the hepatoma Huh-7 cells not hepatocytes,
therefore, it may not really reflect the nature of liver
damage. To explore the pathological effects of HIV-1
CD4-independent infection on hepatocytes, we exposed
p-hepatocytes to the SDA-1 and analyzed cell viability.
We found that the viability of the p-hepatocytes in cells
cultured with or withour SDA-1 Env-chimeric viruses
was comparable (96%, P was not significant) indicating
that HIV-1 CD4-independent infection rarely induces
hepatocyte death via an apoptotic process (data not
shown). To further examine whether the infection or
replication of SDA-1 1s limited only to a certain number
of p-hepatocytes or whether the infectivity or replication
is influenced by the cell cycle, we studied the intracellular
expression by flow cytomerry of p24 and Ki-67 [43], a
marker strictly associated with cell proliferation, in the
HIV-1-infected p-hepatocytes. As shown in Fig. 4d, we
found that 32.49% of p-hepatocytes were infected by
SDA-1. However, there was no significant difference in
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Fig. 3. CD4-independent infection of SDA-1 Env-chimeric viruses. The HOS cells (CD47) expressing either CXCR4 or CCRS (a)
and two CD4~ human hepatoma cells (b) were incubated with the indicated HIV-1 Env-chimeric viruses. Virus replication was
then monitored by p24 antigen production on day 3. Results shown (a, b) are means of triplicate experiments. Bars, standard

deviation.
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Fig. 4. SDA-1 enters and replicates in CD4~ human
p-hepatocytes. (a) Entry of SDA-1 into p-hepatocytes. The
p-hepatocytes were exposed to the indicated HIV-1 GFP-p
viruses for 48 h. Infectivity was determined as GFP™ cells by
confocal microscopy. (b) Replication of SDA-1 Env-chimeric
viruses and SDA-1 virus stock in human p-hepatocytes. (c)
SDA-1 infects p-hepatocytes through CXCR4. The inhibitory
effects of AMD 3100 (0.1, 0.3 and 1.0 pM) on SDA-1 Env-
chimeric viruses infection of p-hepatocytes were studied.
Results shown are means of triplicate experiments. Bars,
SD. (d) SDA-1 replicates in both proliferating and static

percentage of p24 expression berween Ki-67" (31%) and
Ki-67~ p-hepatocyres (33.1%), suggesting that SDA-1
efficiently enters and replicates in both proliferaning and
static hepatocytes.

Considering that SDA-1 can infect hepatocytes i vitro, it
would have been interesting to deternune whether the
patient’s liver was infected in vive. However, consent fora
liver biopsy was denied by the patent’s family. There was
no evidence of liver dysfunction. When virus was isolated
from this patent; however, liver damage [an aspartate
aminotransferase (AST)/alanine aminotransferase (ALT)
ratio >1] was observed at the end of the clinical stage.
Although the cause of liver injury was unclear, our
present data suggest that CD4-independent HIV-1
infection may lead to hepatocellular damage.

Discussion

In this study, we characterized a quasispecies of a CD4-
independent HIV-1 isolate, termed SDA-1, which was

able to utlize either CXCR 4 or CCRS5 in the absence of

CD4. Moreover, we demonstrated that SDA-1 efficiently
entered and replicated in Huh-7 hepatoma cells and
normal human hepatocytes, through CXCR4, withour
inducing apoptotic cell death.

Many SIVand HIV-2 isolates can infect cells withour CD4,
at least to some extent. However, CD4-independent HIV-
1 viruses have been rarely 1solated and, so far, only a few
laboratory-adapted CD4-independent HIV-1 variants
have been reported. It must be noted that CD4-
independent HIV-1 vartants, isolated in vitro by passage
through cells lacking CD4, have been shown to be more
sensitive to neutralizing antibodies than CD4-dependent
viruses [44,45]. Therefore, we might hypothesize that the
emergence of a quasispecies of HIV-1 with a reduced
requirement for CD4 is likely to be at a low abundance
relative to the more common CD4" strains. However,
with disease progression, HIV-1 variants with reduced
affinity for CD4 and with increased affinity for chemokine
receptor could evolve and become more robust in the viral
quasispecies, disseminate in a variety of CD4 ™ tissues in vivo
under conditions of both reduced immunological pressure
and a dramatically reduced pool of targer CD4™ cells
concomitant with high levels of virus replication. It will be
important to search the viral quasispecies in other patients,
especially in the later stages of HIV-1 disease for the
existence of similar CD4-independent HIV-1 variants and
expanded cellular tropism.

Fig. 4. (Continued)

human p-hepatocytes. Intracellular stainings of HIV-1-
infected p-hepatocytes for p24 and Ki-67 were analyzed by
flow cytometry, CXCR4, chemokine (C-X-C motif) receptor 4;
GFP-p, GFP-pseudotypes.

—768—

1755




AIDS 2008, Vol 22 No 14

Although the extent to which CD4™ cells are infected in
vivo is unclear, it has been widely thought to be low.
Nonetheless, recent studies [11,12] udlizing the novel
approach of laser capture microscopy have revealed HIV-
1 sequences in isolated CD4 " cells of kidney epithelium
and neuronal cells, indicating that latent infection might
occur in such cells or dssues in vive. The mechanism of
viral enery into CD4~ cells remains unclear, bur as we
show here the evidence of emergence of CD4-
independent strains in vivo must be kept in mind.

End-stage liver disease is now becoming a frequent cause
of death in HIV-1-infected hospitalized patients. HCV
and HBV coinfection with HIV-1 has been shown to
enhance the progression of liver damage [16]. However,
little attention has been given to the direct virological
interaction between HIV and HCV/HBV in the liver, as
HIV has been thought not to infect hepatocytes directly.
Nonetheless, a number of reports have documented that
histological liver abnormalities occurred solely as a result
of HIV-1 infection. In our study, we clearly demonstrated
that SDA-1 efficiently enters and replicates in both
proliferating and staric hepatocytes through CXCR4. To
our knowledge, this is the first report that HIV-1 can
efficiently replicate in normal hepatocytes. Furthermore,
we have shown that HIV-1 infection did not induce
significant cytocidal effects in the hepatocytes. It is
noteworthy that the liver is a continuously regenerating
organ. Therefore, if HIV-1 enters and integrates its DNA
into the host genome, liver cells containing HIV-1 DNA
will be continuously generated by the division of the
infected cells. Thus, the expression of HIV-1 proteins on
the infected cell surface might result in chronic damage of
the liver cells by inducing host immune responses. Direct
virological interaction between HIV, HCV and HBV in
the liver or enhanced producton of HIV-1 by
inflammatory cyrokines produced by the HCV and
HBV-activated immune cells might also exacerbate the
liver injury. At present, however, we have no definite
information concerning the extent to which patents’
hepatocytes harbor HIV-1 and CD4-independent
HIV-1 variants,

Finally, a particularly important area of vaccine research is
to take advantage of gp120 structural information to
guide the design of novel envelope immunogens. As has
been reported, CD4-dependent viruses hide neutralizing
epitopes and only CD4 binding to gpl120 induces
conformational changes in gp120 to fully expose epitopes
for broadly neutralizing antibodies. The CD4-indepen-
dent strain we 1solated here seems particularly important,
as it can efficiendy replicate in CD4~ hepatocytes.
Therefore, the gp120 structural alterations, which might
expose the corecepror binding site without binding to
CD4, may also open up other sites that could yield
neutralizing andbodies. Nevertheless, evidence of a
clinical CD4-independent R5X4 HIV-1 virus should
have important implications concerning the range of

mutability and tropism of HIV-1 and the pathogenesis
of AIDS.

Acknowledgements

We would like to thank Dr Shinji Okada for the clinical
data of this patient. We also thank to Dr Y. Koyanagi, Dr
T. Hara, Dr R.. Furuta and H. Sakai for technical supports
for isolation of the virus, sequences analysis, cell-cell
fusion assay and chimeric viruses of SDA-1, respectively.
We are indebted to Dr D.R.. Littman for the gift of HIV-1
luciferase and GFP reporter plasmids, Dr C.D. Weiss for
Env expression plasmuds, and Dr N. Laudau for
HOS.CXCR4 and HOS.CCRS cells. We thank Division
of AIDS, NIAID, NIH for providing AMD3100 through
the NIH AIDS Research and Reference Reagent
Programme. We also thank Takeda Pharmaceutcal
Company Ltd. (Osaka, Japan) for providing TAK-779.
We are grateful for Dr M. Robert-Guroff for critical
reading of the manuscript.

The present work was supported by Grant-in-Aid for
Scientific Research B from JSPS and the Scientfic
Research Expenses for Health and Welfare Programme
from the Ministry of Health and Welfare, Japan.

PX., H.L., Y.S. and TH. designed the study. PX., O.U,,
YS, MZ, YA and H.G. performed the experiments.
PX., O.U, YS.,H.L. and T.H. analyzed the dara. N.S. and
H.H. contributed to the coreceptor expressing cell lines.
PX., H.L, YS., OU, N.S., HH. and TH. contributed
to writing the paper. T.H. contributed to grant
application and financial support.

References

1. Dalgleish AG, Beverley PC, Clapham PR, Crawford DH,
Greaves MF, Weiss RA. The CD4 (T4) antigen is an essential
component of the receptor for the AIDS retrovirus. Nature
1984; 312:763-767.

2, Feng Y, Broder CC, Kennedy PE, Berger EA, HIV-1 entry
cofactor: functional cDNA cloning of a seven-transmembrane,
G protein-coupled receptor. Science 1996; 272:872-877.

3. Berger EA, Doms RW, Fenyo EM, Korber BT, Littman DR,
Moare |P, et al. A new cation for HIV-1. Nature 1998;
391:240.

4. Berger EA, Murphy PM, Farber M. Chemokine receptors as
HIV-1 coreceptlors: roles in viral entry, tropism, and disease,
Annu Rev Immunol 1999; 17:657-700.

5. Edinger AL, Mankowski JL, Doranz B), Margulies BJ, Lee B,
Rucker |, et al. CD4-independent, CCR5-dependent infection of
brain n:‘m’:ihry endothelial cells by a neurovirulent simian
immu ciency virus strain. Proc Natl Acad Sci USA
1997; 94:14742-14747.

6. Reeves |D, Hibbitts S, Simmons G, McKnight A, Azevedo-
Pereira JM, Moniz-Pereira |, Clapham PR. Primary human
immunodeficiency virus type 2 (HIV-2) isolates infect CD4-

tive cells via CCR5 and CXCR4: comnrison with HIV-1
and simian immunodeficiency virus and relevance to cell

tropism in vivo. | Virol 1999; 73:7795-7804.




CD4-independent HIV-1 infects hepatocytes Xiao et al.

10,

23.

24,

Dumaonceaux |, Nisole S, Chanel C, Quivet L, Amara A, Baleux
F, et a.‘_ozpunlaneous mutations in the env gene of the human
immunodeficiency virus type 1 NDK isolate are associated with
a CD4-independent entry phenotype. / Viral 1998; 72:512-519.
Hoffman TL, LaBranche CC, Zhang W, Canziani G, Robinson ],
Chaiken |, et al. Stable exposure of the coreceptor-binding site
in a CD4-independent HIV-1 envel tein. Proc Natl Acad
Sci USA 1999; 96:6359-6364.
Kolchinsky P, Mirzabekov T, Farzan M, Kiprilov E, Cayabyab M,
Mooney L, et al. Adaptation of a CCR5-using, primary human
immunodeficiency virus 1 isolate for CD4-independent
replication, | Virol 1999; 73:8120-8126.
Zerhouni B, Nelson JA, Saha K. Isolation of CD4-independent
primary by i deficiency virus 1 isolates that are
syncytium inducing and acutely cytopathic for CD8+ lympho-
cytes. | Virol 2004; 78;1243-1255.
Torres-Munoz |, Stockton P, Tacoronte N, Roberts B, Maronpot
RR, Petito CK. Detection of HIV-1 gene sequences in hi
campal neurons isolated from postmortem A1DS brains by laser
capture microdissection. | Neuropathol Exp Neurol 2001;
60:885-892.
Marras D, Bruggeman LA, Gao F, Tanji N, Mansukhani MM,
Cara A, et al. Replication and compartmentalization of HIV-1
in kidney epithelium of patients with HIV-associated nephro-
pathy. Nat Med 2002; B:522-526.
Cao YZ, Dieterich D, Thomas PA, Huang YX, Mirabile M, Ho
DO. Identification and titation of HIV-1 in the liver of
patients with AIDS, AIDS 1992; 6:65-70.
Housset C, Lamas E, Brechot C. Detection of HIV1 RNA and
p24 antigen in HIV1-infected human liver. Res Virol 1990;
141:153-159.
Bica I, McGovern B, Dhar R, Stone D, McGowan K, Scheib R,
Snydman DR. Increasing mortality due to end-stage liver dis-
ease in patients with h i leficiency virus infection.
Clin Infect Dis 2001; 32:492-497,
Martin-Carbonero L, Soriana V, Valencia E, Garcia-5amaniego
), Loper M, Gonzalez-Lahoz ). Increasing impact of chronic
viral hepatitis on hospital admissions and mortality among
HiV-infected patients. A/DS Res Hum Retroviruses 2001;
17:1467-1471.
Sabin CA. The changing clinical epidemiology of AIDS in the
highly active antirelrcﬁnl therapy era. AIDS 2002; 16 Suppl
4:561-568.
Lefkowitch JH. Pathology of AIDS-related liver disease. Dig Dis
1994; 12:321-330.
Viahakis SR, Villasis-Keever A, Gomez TS, Bren GD, Paya CV.
Human immunodeficiency virus-induced apoplosis of human
hepatocytes via CXCR4. / Infect Dis 2003; 188:1455-1460.
Centers for Disease Control and Prevention: 1993 revised
classification system for HIV infection and expanded surveil-
lance case definition for AIDS a adolescents and adults.
|No. RR-17] MMWR Morb Mortal fy Rep 1992; 41:1-19.
Wei X, Decker JM, Wang S, Hui H, Kappes JC, Wu X, et al.
Antibody neutralization and escape by HIV-1. Nature 2003;
422:307-312.
Derdeyn CA, Decker |M, Bibollet-Ruche F, Mokili JL, Muldeon
M, Denham SA, et al. Envelope-constrained neutralization-
sensitive HIV-1 after heterosexual transmission. Science
2004; 303:2019-2022.
Liu SL, Rodrigo AG, Shankarappa R, Learn GH, Hsu L, Davidov
O, et al. HIV quasispecies and resampling, Science 1996;
273:415-416.
Shankarappa R, Margolick |B, Gange 5), Rodrigo AG, Upchurch
D, Farzadegan H, ef al. Consistent viral evolutionary changes
associated with the ion of h i ficiency
virus type 1 infection. / Virol 1999; 73:10489-10502.
Thompson |D, Higgins DG, Gibson T). CLUSTAL W: improving
the sensitivity of progressive multiple secr:ence alignment
e weighti ition-specific gap

hl gl

throu 1 ghting, posi Ities
and weight matrix choice. Nucl Acids Res 1994; 22:4673-
4680.

26.

27.

30,

3.

32,

33.

34,

35

36.

37

38.

39.

41.

42,

43,

44,

45.

Gerhardt M, Miloka D, Tovanabutra S, Sanders-Buell E,
Haffmann O, Maboko L, et al. In-depth, longitudinal analysis
of viral quasispecies from an individual triply infected with
late-stage | i jeficiency virus type 1, using a
multiple PCR primer approach. / Viro/ 2005; 79:8249-8261.
Liu HY, Soda ¥, Shimizu N, Haraguchi Y, Jinno A, Takeuchi Y,
Hoshino H. CD4-Dependent and CD4-independent utilization
of coreceptors by human immunodeficiency viruses type 2 and
simian imm iciency viruses. Virology 2000; 278:276-288.
Landau NR, Littman DR. Packaging system for rapid production
of murine leukemia virus vectors with variable tropism. | Virol
1992; 66:5110-5113.
Nakabayashi H, Taketa K, Miyano K, Yamane T, Sato |. Growth
of human hepatoma cells lines with differentiated functions in
chemically defined medium. Cancer Res 1982; 42:3858-3863.
Hendrix CW, Flexner C, MacFarland RT, Giandomenico C,
Fuchs E), Redpath E, et al. Pharmacokinetics and sa[elz of
AMD-3100, a novel antagonist of the CXCR-4 chemokine
receplor, in h lunt Antimicrob Agents Chemother
2000; 44:1667-1673.
Baba M, Nishimura O, Kanzaki N, Okamoto M, Sawada H,
lizawa Y, et al. A small-molecule, nonpeptide CCRS5 antagonist
with highly potent and selective anti-HIV-1 activity. Proc Nat/
Acad Sci USA 1999; 96:5698-5703.
He ], Chen Y, Farzan M, Choe H, Ohagen A, Gartner 5, et al.
CCR3 and CCR5 are co-receplors for HIV-1 infection of micro-
glia. Nature 1997; 385:645-649.
Connor RI, Chen BK, Choe 5, Landau NR. Vpr is required for
efficient replication of human immunodeficiency virus type-1
in mononuclear phagocyles. Virology 1995; 206:935-944.
Reiser |. Production and concentration of pseudo HIV-1-
based gene transfer vectors. Gene Ther 2000; 7:910-913.
Li 5L, Zhang XY, Ling H, lkeda |, Shirato K, Hattori T. A VSV-G
ﬂseudotyped HIV vector mediates efficient transduction of
uman pulmonary artery smooth muscle cells, Miciobiol Im-
munol 2000; 44:1019-1025,
Adachi A, Gendelman HE, Koenig S, Folks T, Willey R, Rabson
A, Martin MA, Production of acquired immunodeficiency syn-
drome-associated retrovirus in human and nonhuman cells
transfected with an infectious molecular clone. | Virol 1986;
59:284-291,
Furuta RA, Wild CT, Weng Y, Weiss CD. Capture of an early
fusion-active conformation of HIV-1 gp41. Nat Struct Biol

1998; 5:276-279.

Sattentau QJ, Dalgleish AG, Weiss RA, Beverley PC. Epitopes of
the CD4 antigen and HIV infection. Science 1986; 234:1120-
1123.

Saha K, Zhang ), Gupta A, Dave R, Yimen M, Zerhouni B.
1solation of primary HIV-1 that target CD8+ T lymphocytes
using CDB8 as a receptor. Nat Med 2001; 7:65-72.

Brass AL, Dykxhoorn DM, Benita Y, Yan N, Engelman A, Xavier
RJ, et al. Identification of host proteins required for HIV
infection a functional genomic screen. Science
2008; 319:921-926.

Cormier EG, Tsamis F, Kajumo F, Durso R|, Gardner |P, Dragic
T. CDB1 is an entry coreceptor for hepatitis C virus. Proc Nat/
Acad Sci USA 2004; 101:7270-7274.

Jopling CL, Yi M, Lancaster AM, Lemon SM, Sarnow P. Mod-
ulation of hepatitis C virus RNA abundance by a liver-specific
MicroRNA. Science 2005; 309:1577-1581.

Harrison RF, Rowlands DC. Proliferating cell nuclear antigen as
a marker of hepatocyte proliferation. Lancet 1994; 343:1290~
1291,

tdwards TG, Hoffman TL, Baribaud F, Wyss 5, LaBranche CC,
Romano |, et al. Relationships bet CD4 independence,
neutralization sensitivity, and exposure of a CD4-induced
epitope in a human immunodeficiency virus type 1 envelope
protein. | Virol 2001; 75:5230-5239,

Kolchinsky P, Kiprilov E, Sodroski |. Increased neutralization
sensitivity of CD4-independent human immunodeficiency
virus varianls. | Virol 2001; 75:2041-2050.

—770—

1757




CLNicAL AND VACTINE IMMUNOLOGY, Mar, 2008, p, 544-548
1556-6811/08/508.00+0 doi:10.1128/CVL00355-07

Vol. 15, No. 3

Copynght © 2008, Amencan Society for Microbiology. All Rights Reserved.

Increased Synthesis of Anti-Tuberculous Glycolipid Immunoglobulin G

(IgG) and IgA with Cavity Formation in Patients with
Pulmonary Tuberculosis’

Masako Mizusawa,'! Mizuoho Kawamura,” Mikio Takamori,® Tetsuya Kashiyama,® Akira Fujita,’

Motoki Usuzawa,' Hiroki Saitoh,” Yugo Ashino, Ikuya Yano,* and Toshio Hattori'*

Division of Emerging Infectious Diseases, Graduate School of Medicine, Tohoku University, Sendai, Miyagi 980-8574,"
Fuji Research Laboratories, Kyowa Medex, Co., Ltd, Shizuoka 411-0932* Department of Respiratory Diseases,
Tokyo Metropolitan Fuchu Hospital, Fuchu, Tokyo 183-8524,* and Japan BCG Central Laboratory,
Kiyose, Tokyo 204-0022,* Japan

Received 23 August 2007/Retumned for modification 24 September 2007/Accepted 19 December 2007

Tuberculous glycolipid (TBGL) antigen is a cell wall component of Mycobacterium tuberculosis and has been
used for the serodiagnosis of tuberculosis. We investigated correlations between the levels of anti-TBGL
antibodies and a variety of laboratory markers that are potentially influenced by tuberculous infection.
Comparisons between patients with cavitary lesions and those without cavitary lesions were also made in order
to determine the mechanism underlying the immune response to TBGL. Blood samples were obtained from 91
patients with both clinically and microbiologically confirmed active pulmonary tuberculosis (60 male and 31
female; mean age, 59 = 22 years old). Fifty-nine patients had cavitary lesions on chest X-rays. Positive
correlations were found between anti-TBGL immunoglobulin G (IgG) and C-reactive protein (CRP) (r = 0.361;
P < 0.001), between anti-TBGL IgA and soluble CD40 ligand (sCD40L) (r = 0.404; P < 0.005), between
anti-TBGL IgG and anti-TBGL IgA (r = 0.551; P < 0.0000005), and between anti-TBGL IgM and serum IgM
(r = 0.603; P < 0.00000005). The patients with cavitary lesions showed significantly higher levels of anti-TBGL
IgG (P < 0.005), anti-TBGL IgA (P < 0.05), white blood cells (P < 0,01), neutrophils (P < 0.005), basophils
(P < 0.0005), natural killer cells (P < 0.05), CRP (P < 0.0005), KL-6 (sialylated carbohydrate antigen KL-6)
(P < 0.0005), 1gA (P < 0.05), and sCD40L (P < 0,01). The observed positive correlations between the
anti-TBGL antibody levels and inflammatory markers indicate the involvement of inflammatory cytokines and

NKT cells in the immunopathogenesis of pulmonary tuberculosis.

There were an estimated 8.8 million new tuberculosis (TB)
cases in 2005. TB incidence reached a peak worldwide, but the
total number of new TB cases is still nising. The numbers of
human immunodeficiency virus (HIV)-positive and multidrug-
resistant TB patients diagnosed and treated are increasing
(22). To develop new drugs and vaccines against TB, it is
essential to study its immunopathogenesis. Lipoarabino-
mannnan (LAM), a complex glycolipid, is a major cell wall
component of Mycobacterium tuberculosis. It has been re-
searched extensively as an immunomodulator (4, 7, 9, 24, 26).
LAM has also been used as a glycolipid antigen in the sero-
diagnostic method for TB. In addition to LAM, there are many
glycolipids constituting the mycobacterial cell wall, such as
trehalose 6,6-dimycolate (TDM). We used TDM, a glycolipid
antigen purified from Mycobacterium tuberculosis H37Rv, in an
enzyme-linked immunosorbent assay (ELISA) and reported
that its sensitivity was 81% and its specificity was 969 (14),
Subsequently, by combining TDM with more hydrophobic gly-
colipids, a new tuberculous glycolipid (TBGL) antigen was
designed and a more sensitive serodiagnostic kit for TB, an
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anti-TBGL immunoglobulin G (IgG) test, was developed (11).
Although TBGL has been used as a serodiagnostic antigen for
TB and its clinical evaluations have been reported in several
studies, how TBGL is involved in tuberculous pathogenesis has
not been studied. Since TBGL is one of the cell wall compo-
nents of Mycobacterium tuberculosis, like LAM, it may have
some important roles in the immunopathogenesis of TB, as
does LAM. In order to determine the mechanism underlying
the immune response to TBGL, we measured plasma IgA,
IgM, and IgG titers specific for TBGL and investigated corre-
lations between those antibody titers and laboratory markers
potentially influenced by TB infection in patients with active
pulmonary TB. The measured markers were the numbers of
white blood cells with differential counts, CD3-positive lym-
phocytes (T cells), CD20-positive lymphocytes (B cells), and
CD56-positive lymphocytes (natural killer cells) and levels of
serum IgG, serum IgA, serum IgM, serum albumin, serum
creatinine, serum C-reactive protein (CRP), plasma soluble
CD40 ligand (sCD40L), and plasma KL-6 (sialylated carbohy-
drate antigen KL-6). KL-6 is a mucinous high-molecular-
weight glycoprotein expressed on type II pneumocytes, and it
was reported to be elevated in the sera of patients with inter-
stitial pneumonia (13). We used plasma samples, but the level
of KL-6 is known to show no significant difference between
serum and plasma. We measured KL-6 because TB patients
with extensive radiographic changes were also reported to have
higher KL-6 values (8).
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CD40L is expressed on the surfaces of activated CD4™ T
cells, basophils, and mast cells. The binding of CD40L to its
receptor, CD40, on the surfaces of B cells stimulates B-cell
proliferation, adhesion, and differentiation. A soluble isoform
of CD40L has been shown to exist in the circulation, exhibiting
full activity in B-cell proliferation and differentiation assays
(16). It was reported that the treatment of wild-type CD40
mice with sCD40L fusion protein elicited a pulmonary inflam-
matory response that was not observed in identically treated
CD40 knockout mice (21). Based on these reports, we mea-
sured sCD40L as a possible marker of pulmonary inflamma-
tion.

Furthermore, it was reported that the positive rate and the
titers of anti-TBGL IgG were higher in pulmonary TB patients
with cavitary lesions than in those without cavitary lesions (15).
Considering this result, we subdivided the patients into two
groups, those with cavitary lesions (cavity” group) and those
without cavitary lesions (cavity ~ group), and compared multi-
ple laboratory markers to determine associations.

In addition, we categorized the patients into three groups
based on chest X-ray findings, namely, minimal, moderately
advanced, and far advanced, according to the classification of
the National Tuberculosis and Respiratory Disease Associa-
tion of the USA (NTA) (6), and compared all the measured
laboratory markers, including anti-TBGL antibodies, among
the three groups to determine if there were any parameters
related to disease progression and severity.

MATERIALS AND METHODS

Subj We designed a cross I study using 121 patients at Tokyo
Metropolitan Fuchu Hospital between May 2004 and August 2005, These pa-
tients were clinically diagnosed as having active TB and admitted 1o the hospital
for treatment. Medical histories were taken from the enrolled patients, and all of
themn underwent physical examination, chest X-rays, blood test and culture test
for acid-fast bacilli, and/or TB-PCR test of sp Ninety-one subj
were sclected (60 males and 31 le.rnal:s; mean age [ standard deviation], 59 =
22 years old) for anal g 1o the foll g criteria: (i) diagnosed as
having pulmonary TB by positive mllur: or pomrve PCR for Mycobacterium

tuberculosis in s (i) d or g less than 2 weeks of TB
treatment, (iii) nc-smue for A terium avium lex infection, (iv) nega-
tive for HIV i (¥) no malignancy, and (vi) no , other active pulrmmry
diseases, The remaining 30 pati wcu luded for the foll

for both negative culture md a negative PCR test for M}tobamnwn rubnudam
In sputum, 5 for more than 2 weeks of TB 2 for Mycob, avium
complex infection, 4 for HIV infection, 3 for malignancy, 2 for interstitial pneu-
monia, and 10 for insufficient data collection. We enrolled patients with less than
2 weeks of treatment based on a report that anti-TBGL IgG did not decrease
until 1 month after the ement of ci apy (15). The study was
approved by the Ethics Committee of Tokyo Metropolitan Fuchu Hospital. We
oblained written informed consent from all the enrolled patients.

TBGL amtibody, Anti-TBGL antibodies were measured using a Determiner
TBGL antibody ELISA kit (Kyowa Medex, Tokyo, Japan), an in vitro ELISA for
the quantitative measurement of anti-TBGL 1gG antibody in serum or plasma.
This assay employs glycolipid antigens purified from Mycobactertum tuberculosis
HITRv (TBGL antigen) coated on a 96-well plate. The details of the assay were
described in our previous studies (2, 11), but briefly, plasma was diluted 41-fold
and :dded to well; that bound TBGL antigen. The wells were washed, and
hor d rabbit anti-human IgG, IgA, and IgM, all of
which are spu'lﬁr to each hu\qr chain (Dako Japan, Kyoto, Japan), were added,
followed by 60 min of incubation at room temperature. The plates were washed
three times with washing buffer, 100 ul! of TMBZ (3,3' 5.5'-tetramethylbenzi-
dine) solution was added to each well, and the plates were incubated for 15 min
at room temperature. To stop the enzyme reaction, 100 ul of 1 M H,S0, was
added, and the absorbance at 450 nm was measured with an MTP-120 plate
reader (Corona Electric Co., Tokyo, Japan). The antibody titer was exp d
according to a cutoff index. We scored the sample as positive when the titer was
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TABLE 1. Health status of patients in the study

Value for group

Parameter
Total Cavity* Cavity®
No. of patients 91 59 32
Age (yrs [mean = SD]) 9=22 56=21 64=22
Gender (no. of males/no. of females)  60/31 42117 1814

No. of patients with history of:

20 14 6
Gastrectomy 3 3 3
Diabetes mellitus 14 T 7
Chronic renal failure 5 2 3
Diabetes mellitus and chrome 1 0 1

renal failure

sbove the cutoff index for anti-TBGL 1gG of 2.0 Ufml, the cutoff point proposed
by Kishimoto et al. for the screening of patients with TB based on the diagnostic
efficiency by receiver operating characteristic curve analysis (12). The cutoff
valuu for anti-TBGL IgA and IgM are not available.
Y We investigated the correl between anti-
TBGL antibodies and laboratory markers of TB infection, including mmmuno-
I cells. We i the ber of white blood cells with differential
counts and the numbers of lymphocytes positive for CD3, CD20, and CD56 by
FACSCalibur flow cytometry (Becton Dickinson and Company, NJ), using phy-
coerythrin-conjugated Leu-4 monoclonal antibody (MAb), fluorescein isothio-
cyanate-conjugated Leu-16 MADb, and phycoerythrin-conjugated Leu-19 MAD,
rqpeuwely (Becton Dickinson and Company, NI). Serum albumin and serum
were d because ition and chronic renal failure are
maijor risk factors for TB infection. We also measured 1gA, 1gG, 1gM, and CRP
by using seram and sCD40L and KL-6 by wsing plasma. The rationales for
measuring sCD40L and K1L-6 were stated in the introduction. sCD40L and KL-6
ELISA kits were purchased from Medsystems Diagnostics (Vienna, Austria) and
from Sanko-Junyaku (Tokyo, lean) m‘pcc:mly The titers were measured
ac fing to the
It:dingnyhk classification. We subdivided the patients into two groups, the
cavity* group and the cavity~ group. We also categorized the patients into three
groups based on :hen X-ray findings, namely, minimal, moderately advanced,
and far ad ding 1o the classification of the NTA. Minimal lesions
include those that are of slx;h: to moderate density but do not contain demon-
strable cavitation, They may involve a small part of one or both lungs, but the
total extent, regardless of distribution, should not exceed the volume of lung on
one side which is present above the second chondrosternal junction and the spine
of the fourth or the body of the fifth thoracic vertebra. Moderately advanced
lesions may be present in one or both lungs, but the total extent should not
exceed the foll g limits: di inated lesions of slight to moderate density
may extend throughout the total volume of one lung or the equivalent in both
lungs; dense and confluent lesions must be limited in extent to one-third the
volume of one lung; and the 1otal di of cavitation, if p , must be less
than 4 cm. Far advanced lesions are more extensive than moderately advanced
iuiolu {6)_

1 analysis. Lab

facturers’

y data were analyzed using Stat Flex, version 5
(Arec, Osaka, Japan), and Statcel 2 (OMS Publishing Inc., Saitama, Japan).
Correlations between levels of each parameter were evaluated by Spearman's
rank correlation coefficient. The significances of differences were evaluated by
the Mann-Whitney test. P values of <0.05 were considered significant. Bonfer-
roni adjustment was used for multiple comparisons

RESULTS

Health status of patients and positive rate. The health status
of the included patients is shown in Table 1. Among the 91
patients in this study, there were 20 patients with histories of
TB, 3 patients with histories of gastrectomy, 14 patients with
diabetes mellitus, 5 patients with chronic renal failure, and 1
patient with both diabetes mellitus and chronic renal failure.
Fifty-nine patients had cavitary lesions on chest X-rays. The
positive rate for the anti-TBGL 1gG test, a commercialized
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log TBGL IgA

= SR A g

log TBGL IgG

FIG. 1. Correlation between anti-TGBL 1gG (TBGL 1gG) and
anti-TBGL IgA (TBGL IgA) (r = 0.551; P < 0.0000005).

diagnostic test for TB, was 79.7% (47/59 patients) for the
cavity " group, 50% (16/32 patients) for the cavity ™ group, and
69.2% (63/91 patients) overall. No patient was on steroid ther-
apy.

Correlations between anti-TBGL antibodies. We sought cor-
relations between each of the anti-TBGL antibodies. Anti-
TBGL IgG had a positive correlation with anti-TBGL IgA (r =
0.551; P < 0.0000005) (Fig. 1). No other correlations were
shown between the anti-TBGL antibodies.

Correlations between anti-TBGL antibodies and influential
laboratory markers. Anti-TBGL IgG had positive correlations
with IgA (r = 0.228; P < 0.05), CRP (r = 0.361; P < 0.001),
and KL-6 (r = 0.275; P < 0.01) and negative correlations with
creatinine (r = —0,249; P < 0.05) and albumin (r = —0.240;
P < 0.05). Anti-TBGL IgA had positive correlations with IgG
(r = 0.285; P < 0.01), IgA (r = 0.300; P < 0.005), KL-6 (r =
0.225; P < 0.05), and sCD40L (r = 0.404; P < 0.005). Anti-
TBGL IgM had positive correlations with IgM (r = 0.603; P <
0.00000005) and albumin (r = 0.251; P < 0.05).

TABLE 2. Measured parameters (mean = SD) and comparison
between cavity* group and cavity ™ group

Value for group

P P value”
Total Cavity* Cavity~

TBGL-1gG (U/ml) 132 =235 17.1 =276 60 =99 <(.005*
TBGL-IgA (U/ml) 2262954 320=1172 53+157 <005
TBGL-IgM (U/ml) 60=56 59=58 62253 NS
I1gG (mg/dl) 1518 =471 1523 =510 1,509 = 395 NS
IgA (mg/dl) 416 =113 451 =236 M3 140 <0.05*
1gM (mg/dl) 106 = 57 103 = 58 111 = 55 NS
White bl cellsful 7236 = 2706 7830 +3020 6141 = 1513 <001*
Neutrophils/u! 5,567 =2,532 6,192 =2798 44152 1362 <0.005"
M es/ul Wi=m3 424 = 243 MI=172 NS
Eosinophils/ul 115 =119 126 = 135 94 = 80 NS
Basophilyjl U =45 22=46 =43 <0,0005*
Lymphocytes/ul 1,128 = 740 1061 =766 1253 = 685 NS
CD3" celig/ul 751 = 509 715 =517 B15 = 496 NS
CD20" cells/l 131 = 115 1149 161 = 143 NS
CD56" cells/ul 208 = 197 197 £ 223 23 =140 <005*
CRP (mg/dl) 45+52 57+58 22=29  <0.0005
KL-6 (Uiml) 564 = 459 662 = 518 =241 <00005*
sCD40L (ng/mi) 18=25 21=30 1210 <001*
Creatinine (mg/ml) 10=15 08206 15224 NS
Albumin (g/dl) Je+08 33=07 36=08 NS

* Asterisks show significant differences between the cavity* group and the
cavity~ group. NS, no significant difference. The significances of difierences were
evaluated by the Mann-Whitney lest. P values of <0.05 were considered signif-
icant.

Cun, VacoiNe IMMuNoL
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FIG. 2 Anti-TBGL IgG (TBGL IgG), anti-TBGL IgA (TBGL
IgA), IgA, and sCD40L levels in cavity* and cavity™ groups.

Comparison between patients with and without cavitary le-
sions. We compared all the measured laboratory markers
between the patients with cavitary lesions (cavity* group) and
those without cavitary lesions (cavity™ group) in order to de-
termine new differences apart from that of the anti-TBGL IgG
level (15). As shown in Table 2, both anti-TBGL IgG and
anti-TBGL IgA levels were significantly higher in the cavity™
group (P < 0.005 and P < 0.05, respectively), but the anti-
TBGL IgM titers showed no difference between the two
groups. The numbers of white blood cells (P < 0.001), neutro-
phils (P < 0.005), basophils (P < 0.0005), and natural killer
cells (CD56™) (P < 0.05) were significantly higher in the cav-
ity group. The levels of CRP (P < 0.0005), KL-6 (P <
0.0005), IgA (P < 0.05), and sCD40L (P < 0.01) were also
significantly higher in the cavity™ group (Table 2; Fig. 2 and 3).

Radiographic changes and inflammatory markers. We com-
pared the levels of the inflammatory markers CRP and KL-6

s0 CRP KL-6
P<0.001 3000 "P<0.001
%” : =2000 :
i T ERaE ¥
..I . 0 "
cavity+ cavity. cavity+ cavity-
& ‘m : 2y 'M.u:
a‘-ze ;—4‘" - —
E 1 gnu :
10 . S E '
1hial| = Ba.
FA MA MN FA MA MN

FIG. 3. CRP and KL-6 levels in cavity” and cavity™ groups and
NTA classification groups. FA, far advanced; MA, moderately ad-
vanced; MN, minimal.
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among the three groups and found that the far advanced group
had significantly higher levels of CRP and KL-6 than did the
moderately advanced group (P < 0.0001 and P < 0.0005,
respectively) or the minimal group (P < 00001 and P <
0.00005, respectively). Although no statistical significance ap-
peared, CRP and KL-6 had a tendency to be higher in the
moderately advanced group than in the minimal group (Fig. 3).
However, there was no correlation between the levels of CRP
and those of KL-6. No other parameters, including anti-TBGL
antibodies, showed significant differences between the groups.

DISCUSSION

We report for the first time that the anti-TBGL IgG level
correlates with the CRP level. This may not be surprising
because CRP is a well-known inflammatory marker and in-
flammation is generally involved in antibody synthesis. How-
ever, the mechanism underlying the association between the
anti-TBGL IgG level and CRP was not readily understandable.
Trehalose 6,6'-dimycolate (“cord factor”) is one of the princi-
pal antigens in TBGL, and cord factor has mycolic acid side
chains. Mycolic acids are long-chain fatty acids that constitute
the lipid-rich cell wall framework of mycobacteria, and their
recognition is known to be mediated by CD1. Enomoto et al.
discovered a CD1-restricted human T-cell line specific for glu-
cose monomycolate, a glycosylated species of mycolic acids (5),
and most CD1-restricted T cells are known to be natural killer
T cells (NKT cells). Historical studies showed granuloma for-
mation in the lungs of mice after intravenous administration of
emulsified trehalose-6,6'-dimycolate (“cord factor”) (23). The
role of NKT cells in granuloma formation was also confirmed
by the fact that granulomas were actually formed in wild-type
mice injected with cell walls from Mycobacterium tuberculosis
but not in Ja281 ™ mice, which lack NKT cells (1). On the other
hand, Mempel et al. demonstrated that NKT cells migrate to
and accumulate at inflammatory sites and behave like inflam-
matory cells independently of the CD1 molecules (17), which
could lead to the production of inflammatory markers such as
CRP. The possibility of NKT-cell involvement in anti-TB im-
munity was also suggested in a recent study describing that
NKT cells are selectively lower in the peripheral blood mono-
nuclear cells of individuals with pulmonary TB (19). More
extensive studies are necessary to clarify the relationship be-
tween TBGL and NKT cells in tuberculous granuloma forma-
tion.

The ant-TBGL IgA level was correlated with sCD40L.
Wiley et al. reported that the treatment of wild-type CD40
mice with sCD40L fusion protein elicited a pulmonary inflam-
matory response that was not observed in identically treated
CD40 knockout mice and that CD40 ligation could play an
important role in the establishment of the inflammatory re-
sponse (21). On the other hand, the expression of CD40L was
reported to have a direct correlation with Mycobacterium tu-
berculosis-stimulated gamma interferon production by periph-
eral blood mononuclear cells (18). Since sCD40L is involved in
both pulmonary inflammation and TB infection, it could play a
role as an inflammatory marker in pulmonary TB. The corre-
lation between the anti-TBGL IgA level and sCD40L may also
reflect the following immunopathogenesis of Mycobacterium
tuberculosis infection. In the cavity™ group, sCD40L and IgA

ANTI-TBGL ANTIBODY AND INFLAMMATORY RESPONSES IN TB 547

were significantly elevated. It is known that CD40 engagement
by CD40L induces the production of endogenous transforming
growth factor beta (TGF-B) and IgA secretion (25) and that
TGF-B may be involved in the development and/or conse-
quences of tuberculous granuloma formation (3). Therefore,
the higher levels of sCD40L and IgA in the cavity™ group may
reflect the intense granuloma formation in cavitary lesions, and
these immune responses may have led to the correlation of
anti-TBGL IgA level and the sCD40L level.

The level of anti-TBGL IgG had a correlation with that of
anti-TBGL IgA. This correlation was not due to cross-reaction
of the secondary antibodies because unwanted antibodies had
been removed by solid-phase absorption. Julidn et al. con-
ducted a comparative study of IgG, IgM, and IgA antibody
responses to four trehalose-containing glycolipids, including
cord factor, purified from Mycobacterium tuberculosts in the
sera from 92 TB patients. They concluded that IgG antibody
was more sensitive, IgA antibody was more specific, and IgM
reactivity was negligible for all the glycolipid antigens used
(10). Since TBGL is a glycolipid antigen containing cord factor,
anti-TBGL IgA may yield a higher specificity than does anti-
TBGL IgG, and the detection of both anti-TBGL IgG and
anti-TBGL IgA may improve the diagnostic value. A prospec-
tive controlled study on anti-TBGL IgA will be necessary to
confirm this possibility.

There was a strong correlation between the levels of anti-
TBGL IgM and serum IgM. However, we concluded that this
did not reflect specific immunity in TB infection because IgM
has a low affinity and cross-reactivity in addition to its penta-
meric structure (20).

Inoue et al. reported that the serum levels of KL-6 in 57
patients with active pulmonary TB rose significantly according
to the increase in the extent of radiographic findings based on
the classification of the NTA, but there was no significant
difference between those with cavities and those without cav-
ities (8). In our study, the far advanced group had significantly
higher levels of KL-6 than did the moderately advanced group
and the minimal group, and although the difference was not
statistically significant, the moderately advanced group had
higher levels of KL-6 than did the minimal group. In contrast
1o Inoue’s data, KL-6 was significantly higher in the cavity™
group. The same results were shown for the level of CRP (Fig.
3), but no correlation was seen between KL-6 and CRP. Based
on these findings, the level of KL-6 or CRP may reflect a
different component of disease progression and could be used
to evaluate the severity of pulmonary TB.

Although we found interesting correlations between anti-
TBGL antibody levels and inflammatory markers, suggesting
the involvement of inflammatory cytokines and NKT cells,
confirmatory experiments have not been done, which is a major
limitation of this study. Demonstrating specific immune re-
sponses to glycolipid antigens by using T cells from TB patients
and their characterization would help to elucidate the immu-
nopathogenesis of pulmonary TB.
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Abstract: The potential of using small RNA molecules as therapeutic agents has been
extensively explored, antisense RNA, ribozyme, aptarner, decoy and more recently siRNA
have been demaonstrated to be highly efficient in inhibiting a munber of pathogenic vinises
including human immunodeficiency virus, hepatitis B and C virus, poliovirus and influenza
virus. The specificity and potency of the sequence-specific agents such es antisense,
ribozyme and siRNA in particular, imply that these strategies will prove to be promising
therapeutics for treating viral infections, although the antiviral efficacy may be hmited by
emergence of escape variants. Distinot from the reagents targeting viral RNA, decoy and
aptamer inhibit viral replication by hinding and thus inactivating the viral component such
as regulatory gene product and viral enzyme, This review provides an up-to-date overview
of the progress snd problems in small RNA-based antiviral approaches, with a focus on their
therapeutic utility, delivery and unwanted side effects.

Key words: Antisense RNA, antiviral approaches, ribozyme, aptamer, decoy, siRNA,
therapeutics utility

INTRODUCTION

Despite much effort towards preventing viral infectious disease, chronic infection with viruses
such as Human Immunodeficiency Virus (HIV), hepatitis B and C viruses (HBV and HCV) have been
increasing, remaining serious worldwide health problems. Additionally, the emerging of avianinfluenza
virus that can infect humans and the outhreak of the Severe Acute Respimtory Syndrome (SARS)
caused by SARS coronavirus imply the threat of a global virus pandernic, The approaches to combat
viral infections include vaccine and drugs that are targeted to specific viral enzymes or other proteins.
One unavoidable problem is selection of resistant mutants during long-tenm treatment and multiple
targets are generally required to prevent the emergence of mutant variants.

The concept of using RNA molecules as therapeutic agents for viral infection has aroused
increasing inferest in the recent decade. Antisense strategies, which encompass antisense
oligenucleotides, ibozymes and small interfering RNA (siRNA), involve small nucleic-scid-based
molecules that inhibit viral replication in a sequence-specific manner, The antisense reagents can be
designed to target any viral RNA provided its sequence is known, making them theoretically ideal
antiviral therapeutics. However, because of the strict sequence-specific property intrinsic in these
approaches, the possibility of emergence of escape mutants upon persistent treatment is concemed.
Other RNA-based strategies for combating viral disease include apatmer and decoy, which inhibit viral
replication by binding and consequently insctivating the viral component such as regulatory gene
product and viral enzyme.
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Antisense RNAs

Antisense oligonuclectides are single-strand DNA or RNA oligomer of 18-25 nucleotides in
length, designed to bind to its target RNA via Watson-Crick base pairing. Depending on the type of
antisense oligomuclectides used, there are two different action modes involved in gene knockdown.
Conventional oligonucleotides such as phosphodiesters and phosphorothioates, recruit cellular RNase
H to the duplex to cleave the target RNA; later-generated cligomucleotides including the modified
oligomucleotides denivatives such as morpholinos, locked nucleic acids and peptide nucleic acids, do
not active RNase H but inhibit trenslation by steric hindrance instead. In addition to their application
in amalysis of gene function, intensive studies have besn conducted to explore the potential of antisense
oligomucleotides as therapeutic modalities for discases caused by the expression of deleterious genes,
especially in the field of cancer and viral infections.

Viruses with the RNA genomes are particularly well suited to be targeted by antisense
oligomucleotides, because both the mRNA and genomic RNA can be targeted, destruction of viral RNA
could ehrminate not only viral protem synthesis but also viral replication. On the other hand, in the case
of DNA viruses or retroviruses, only mRNA can be targeted by antisense nucleotide, making virus
clearance thearetically impossible and persistent treatment y. The first attempt employing
antisense mucleotides as the viral therapeutic was published in 1978, which reported an inhibitory
effect of oligodeoxynucleotides on replication of Rous-Sarcoma virus (Zameenik and Stephenson,
1978). Since then, a lot of studies have demonstrated that antisense oliganucleotides are effective in
fighting many pathogenic viruses. Theoretically, antisense oligomicleotides can be designed to target
any region of viral RNAs, however, in view of the genetic diversity among viral isolates, itis necessary
to target viral RNA sequences that are conserved and normally invariant among different strains.
Actually, the 5*-untransalted region (UTR) is one of the most highly conserved regions in the HCV
genome and has most frequently been targeted with antisense oligonucleotide. The 5™-UTR region,
however, constitutes the internal ribosome entry site (IRES) capable of initiating cap-independent
translation of the viral protein. Highly ordered RNA structures and mmltiple sites participating RNA-
protein interaction within 5-UTR have been documented to be crucial for translation and/or
replication, both of which make the RNA inaccessible by oligomucleotides, extensive efforts were made
to identify effective target sites.

In addiion to mediating degradation of the target RNA, antisense aligonuclectides have
been designed to inhibit essential processes of viral life cycle by steric blockade. For example,
chimerie 2-O-methyl/LNA oligoribormcleotides against trans-activation response element (TAR) of
HIV, which interacts with Tat trans-activator protein and cellular factors to stimulate transcriptional
elongation, were reparted to block HIV transcription by steric hindrance of the tat-TAR interaction
(Arzurnanov et al., 2001), Additionally, it was reported that antisense RNA targeting the splice donor-
packaging signal of HIV inhibited viral replication via inhibition of both viral protein synthesis and
virion RNA packaging (Chadwick and Lever, 2000).

Antisznse oligomucleotides are usually delivered with cationic lipid reagents that are positively
charged and capable of neutralizing the negative charge of the cligomleotides. One of the major
Mmofmmdmdmsmmhumﬂmhmmofmmw

acid mol are unstable and are degraded in blood stream with a few hours, A mumber of
chemically modified muclectides have been employed to enhance nuclease resistance,
Phospharothicates are the major representatives of first generation of modified oligormcleofide.
Phospharothioates are advantageous over unmodified oligorucleotides in resistant to micleolytic
degradation, but they also have undesirable feature such as decreased binding affinity to target RNA
and propensity to bind to various protein, which may result in toxde side effects (Levin, 1999). Second
generation oligormcleotides represented by 2'-O-methyl and 2'-O-methyoxy-ethl RNA were
developad to solve these problems, they are less toxic and have enhanced affinity with target RNA,
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but the unsatisfied feature is that they cannot activate RNase H to cleave ths target RNA. More
recently, novel chemically modified nueleotides, so-called third generation oligomucleotides, have been
developed Most of them exhibit improved properties such as enhanced stability, higher target affinity
and lower toxicity, Further, gapmers with a stretch of unmodified or phosphorothicate DNA
manomers in the center of the oligomucleotide are widely used to overcome the shorteoming of inability
to activate RNase H.

Although nearly 20 antisense oliganucleotides have progressed to the stage of climeal tnals, only
one drug was spproved by the Food and Drug Administration, which is used to treat cytomegalovirus-
induced eye infection in AIDS patients. Most clinical trials were inferrupted because of the
unsatisfactory effectiveness.

Ribozymes

Ribozymes, catalytic RNAs that are capable of cleaving target RNA, are another important
category of sequence-specific gene-silencing molecules. Since the discovery of the first group | natron
ribozymes in the early 1980s, a variety of ribozymes, including hammerhead and hairpin ribozymes,
have been developed. Ribozymes have & catalytic domain that is flanked by sequences complementary
to the target RNA. The hammerhead ribozyme was first isclated from viroid RNAs, it can be
transformed from a eis-cleaving molecule into a target-specific trans-cleaving enzyme by dissecting the
catalytic and substrate strands of the ribozyme. Hammerhead and hairpin nibozymes arc the most
intensively studied ribozymes. Similar to those for antisense mucleotides, the problems that should be
cleared in developing therapeutic ribozymes are: 1) accessible target sites have to be selected, 2) the
oligaribormcleotides have to be stabilized against nucleolytic degradation and 3) the ribozymes have
to be delivered to target cells.

Hammerhead ribozyme consists of two substrate binding arm and a catalytic core cleaving any
NUH triplets (where N can be any ribonucleotide and H can be any ribonucleotide except guancsine)
with AUC and GUC triplets being processed most efficiently. Hairpin ribozymes usually cleave after
BNGUC (where B can be any mucleotide except adenosine). Because of secondary and tertiary
structures of the target RNAs, not all sequences that are theoretically cleavable by ribozymes can be
served as the target sites for efficient cleavage. Computer predictions of the secondary structure of the
target RNA and systemic experiments with a number of antisense oligonueleotides or ribozymes have
been made to identify accessible target sites. Another approach to facilitate the access and subsequent
cleavage of the ribozyme was reported by Taira and coworkers, who developed novel ribozymes with
the ability to access any target site regardless of the secondary structure by combimng with the
unwinding activity of the endogenous RNA helicase eIF4AI (Kawasaki and Taira, 2002). In addition
to the secondary structure, cellular compartmentalization of targst RNAs 15 also thought to influence
their susceptibility to ribozyme cleavage. Enhinced cleavage efficacy was reported by co-localization
of the viral RNA and ribozyme tethered with the retroviral packaging signal (Sullenger and Cech, 1993).

As the delivery of ribozymes, chemically synthesized ribozymes can be exogenously introduced
into the target cells using the reagent as described for anfisense cligonucleotides. However, stahilization
of ribozymes is mare difficult than that of antisense oligonucleotides, since introduction of modified
nucleatides most likely causes conformational changes that attenuate its catalytic activity. Indeed, a
number of attempts exploiting uniform structural modifications to enhance nuclease resistance of
ribozymes were demonstrated to be infeasible due to the reduced catalytic activity (Paolella er al.,
1992 Pieken of al, 1991; Shimayama er al,1993). A systemic study of a variety of modified
hammerhead ribozymes led to the identification of a consensus ribozyme motif with enhanced nuclease
resistance while maintaining the catalytic activity by keeping the 5 purine ribomclectides in the
catalytic core unmodified (Beigelman ef al., 1995), In addition to directly introducing the synthesized
one, ribozyme can also be endogenously expressed from plasmids inside the target cells, which can
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elicit constant and long-lived ribozyme expression. Because RNA polymerase I1I (pol [IT) promoter
is highly productive and capeble of genemting complex RNA structures with high integnity, pal 111
pramoters such as the (RNA promoters are widely used to direct the expression of both hammerhead
and hairpin ribozymes (Medina and Joshi, 1999; Yamada «f af., 1994).

Ribozymes have widely been used to inhitit virus replication. Combined with retrovirus system,
hammethead and hairpin ribozymes direct target various HIV-1 regions were demonstrated to be
effective m mhibiting viral replication (Zhou er al., 1994; Oywang ef ai, 1992). Another nbozyme-
based anti-HIV spproach was accomplished by dleavage of the chemokine receptor CCRS or CXCR-4
and thus perturbing therr careceptor fimetion (Goila and Banerjea, 1998). Further, the protective effect
of ibozymes against HIV-1 infection has also been demonstrated in vive. Using the SCID-hu mouse
in vivo human thymopoiesis model, CD34' hematopoietic progenitor cells transduced by retrovirus
expressing anti-tat-rev and -env ribozymes and Rev aptamers were showed signmficantly resistant to
HIV-1 infection upon challenge (Bai er al , 2002).

In addition to HIV-1, the potential to use nbozymes as tools to control HCV infection has also
been studied. Extensive knowledge of IRES structure and high conservation ameng HCV genotypes
have rendered the IRES el ive as the target for ribozymes Chemically synthesized
harmmerhead ribozymes targeting the conserved sites of HCV IRES sigmficantly inhibited (>90%) the
replication of HCV/poliovirus chimera (Macejak ef al., 2000). Adenoviral vectors have been considered
1o be an attractive candidate to deliver anti-HCV ribozymes because of the hepatotropie property, it
was reported that adenovinus-delivered anti-HCV ribozymes were effective at eliminating HCV RNA
in infected primary human hepatocytes (Lieber er al., 1996). Simultansous expression of multiple
nibozymes targeting different conserved HCV RNA region from a single vector was attempled to
circumvent the emergence of resistant viral mutants (Welch e al., 1998).

Encouraged by successful inhibition of viral replication in cell culture and in vive, several
ribozymes have subsequently been tested in clinical trials. The first clinical trials was conducted with
retroviral-delivered hammerhead and hairpin nibozymes against HIV-1 RNA and another one used
chemically synthesized hammerhead ribozyme targeting HCV (Hepatazyme), but unfortunately, both
of which had to be quitted because of the poor therapeutic efficacy (Michienz er al., 2003;
Perncchi, 2004).

ENA Interference
In the past few years, ressarch in the antisense field was revolutiomzed by discovery of RNA
interference (RNAi). RNAI is an evolutionarily conserved phenc of posttranscriphonal gene

silencing that has been described in plants, invertebrates and vertebrates. When double-stranded RNAs
(dsRNAs) are introduced mto these orgamsims, they are cleaved into small mterfenng RNAs (ssRNAs)
of 21-23 nt by the endonuclease Dicer, followed by incorporation of siRNA into a RNA-Induced
Silencing Complex (RISC), which unwinds the duplex and uses the antisense strand as a guide to seek
and degrade homologous RNA. In mammals, however, introduction of long dsRNA (>30 bp) induces
systemic, nomspecific inhibition of translation due to activation of the interferon response. A
breakthrough was achieved by the finding that specific gene silencing in mammalian cells can be
mediated by siRNAs of 21 nt, which can bypass dsRNA-induced nonspecific interferon response
(Elbashir eral.. 2001). This finding tnggered numerous studies using sRNA inmammalian cells. RNAI
is the most potent antisense reagent discovered thus far, it was reparted that siRNA-mediated gene
silencing is about 100-1000 fold more efficient than that by antisense oligonucleotides
(Bertrand e1 al., 2002).

Simular to nbozymes, sRNA can be either introduced as synthetic short dsRNA molecules or
intracellularly transcribed from plasmids. siRNA is of relatively high stability and efficient siRNA
delivery and silencing can be achieved by use of the cationic lipid reagent, but the silencing effect
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medisted by exogenously introduced siRNA is short-lived. When longer lasting gene silencing is
desired, plasmids or viral vectors are employed to deliver iRNA expression cassette. The pol 111
promoters of small miclear RNA U6 and the H1 RNA compenent of RNase P have been widely used
to direct the siRNA expression. Double-stranded RNA molecules can be expressed separately as sense
and antisense RNA using two promoters or transeribed as short hairpin RMAs (shRNAs) which are
then processed to give siRNAs. Inducible knockdown of gene expression was schieved by incorporated
the daxycycline-responsive element into pol [11 promoter (Van de Wetering er o/, 2003) or by coupled
with Cre-loxP recombination system (Kasim é7 al., 2004), Additionally, it was reported that transport
of shRNAs from the nucleus to the cytoplasm is likely to be an event involving Exportin-5, a
karyopherin participating in the nuclear export of pre-microRNA, thus efficient nuclear export could
be obtained by artificial modification to render the loop sequences of shRNA analogous to that of pre-
microRNA (Yi é7 al., 2003).

The first study using siRNA as a antiviral reagent was reported by Bitko and Barik (2001), who
demonstrated an inhibitory effect of synthetic SRNAs direct target viral polymerase and fusion
protein F on respiratary syncytial virus. Afterwards, many studies have described RNAi-mediated
inhibition of a large variety of viruses. One common approach in sRNA-based antivial strategy is to
directly target key RNA sequences within viral genome. Inhibition of HIV-1 has been achieved by
siRNAs directed against tat and rev (Cobum and Cullen, 2002; Lee ef al., 2002), reverse transcriptase
(Surabhi and Gaynor, 2002), trans-acting response region (TAR), 3'-UTR and vif (Jacque et al., 2002).
Similarly, replication of HCV replicon RNA was suppressed by siRNAs targeting the capsid
and nonstructaral protein (NS) 4B (Randall ef al., 2003), NS3 and NSSB (Wilson et al,, 2003;
Kapadia ef al,, 2003), 5’-UTR (Y ckota ef al., 2003). Besides these two viruses, siRNA-based antiviral
strategy has also been successfilly applied to other pathogenic viruses, including poliovirus, dengue
virus, influenza virus, SARS coronavirus and many others. In addition to direct targeting viral sequence,
another approach is to target host proteins considered to be crucial for the life cycle of viruses. It was
reported that siRNA targeted to HIV-1 receptor CD4 (Novina ef af., 2002), or co-receptor CCRS
(Qin et al., 2003) block the entry and replication of HIV-1. Also, evidence obtained from our group
and those from others showed that knock down of cellular co-factors polypyrimidine tract binding
protein, La antigen and hurman VAMP-associated protein of 33 kDa inhibits HCV RNA replication
(Zhang et al., 2004, Domitrovich er al., 2005; Gao er al,, 2004). Cellular genes are less prone fo
mutation and antiviral approach by knock down host factors is therefore less likely to allow viral
escape of silencing. However, the unintended side effects of knocking down cellular gene are concernad
and must be addressed thoroughly prior to therapeutic application.

By demonstrating that a great variety of virses can be successfully targeted by siRNAs, itis
conceivable that these powerful antisense malecules can be used to target any preexisted or newly
emerging human pathogenie virus. H , stRNA-mediated antiviral technology faces several
important challenges that must be circurnvented. Like other sequence-specific antisense reagents, one
outstanding drawback of the approach using siIRNA direct against viral genome is that emergence of
siRNA-resistant variants. In fict, it was shown that a single point mutation in the siRNA target region
conferred escape in poliovirus (Gitlin ef al., 2002) and more recently HIV-1 was shown to elude
siRNA targeting by the evolution of an alternative structure in RNA genome (Westerhout et al., 2005).
Additionally, increasing evidence showed that viruses counteract RNAi effect by encoding viral
proteins that act as the suppressor of RNAi pathway (Bennasser ef al., 2005; Li ef af,, 2002), Several
strategies may be useful to prevent the escape of mutant vanants, for example, 1) simultaneous
expression of multiple anti-viral siRNAs targeting different conserved viral sequences, 2) combination
with siRNA against cellular co-factors indispensable for viral replication. Indeed, Schubert er al. (2005)
reported that the silencing effect of the vector doubly expressing two different siRNAs was maintained
even after artificially introducing a point mutation that disabled the respective mano-expression vectar,
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Although siRNAs are considered to be of high specificity for their targets, unwanted ofF-target
effects may occur by siRNA recognition of other mRNAs with partially complementary sequence.
Moreover, siRNAs can act like rmicroRNASs to inhitst translation if there is & consecutive base pairing
between siRNA and mRNA. Therefors, to minimize potential off-target effects, it is impartant to
carefully companng the candidate SRNA sequences with mRNAs in the human genome to avoid long
stretches of homology.

Another potential toxicity of siRNA is that endogenous RNAi pathway, which is important in
regulating the expression of developmentally essential genes, may be competitively inhibited by
exogenously introduced siRNA, because the RNAi machinery such as Dicer and RISC may be limnit
in amount (Bitko ez al., 2005), This is especially in the cases that high ssRNA dose 1s administrated
or multiple aRNAs are simultaneously expressed to avoid escape viral mutants.

As mentioned above, outstanding progress has been made since RNAi was shown to werk in
manunalian cells three years ago. The first phase [ clinical trials targeting the VEGF angiogenic
pathway in age-related macular degeneration have begun. Although the issues such as delivery and
unwanted side effects are still the problems to be further deared to tum RNAi from an effective
fimctional genarmics tool into a potent antiviral therapy, the prospects for overcoming these are good
as we improve our understanding of the RNAi mechanism.

RNA Aptamers and RNA Decoys

RNA aptamers are short RNA ligands with binding and inhibitory activity to small molecule or
protein fargets. The screening and identification of such molecules with unique binding properties from
very large random RNA libraries are generally accomplished by a technology termed systemic
evelution of ligands by exponential enrichment (SELEX) (Tuerk and Gold, 1990), The SELEX process
starts with a Jarge library of randomized RNA sequences containing 10*-10" different RNA species.
The library is incubated with the target protein of interest and the RNAs that bind the protein are
separated, amplified, cloned and sequenced. The high affinity and specificity of aptamers make them
attractive therapeutic agents and increasing evidence indicated that the use of SELEX technique could
generate aptamers to many disease relevant targets. The therapeutic utility of aptamers has been
studied in a variety of human maladies including cancer, cardiovascular disease and infecticus diseasss.

Inthe case of using aptamers for antiviral purposs, the proteins essential fior viral replication such
as regulatory protein and viral enzyme are good target. Indeed, it was reported that RNA aptamers
selected by SELEX against HIV-1 Tat (Yamamoto ef al., 2000) ar reverse transcriptase (Joshi and
Prusad, 2002) inhibited HIV-1 replication by up to 99%. Similarly, RNA aptamers specific for HCV
NS3 (Hwang ef af, 2004; Nishikawa es al, 2003) or RNA-dependent RNA polymerase
(Biroccio er al., 2002; Vo er al.,, 2003) were shown to block the replication of HCV replican by
inhititing the viral enzymatic activities. In addition to vial proteins, antiviral sptamers were also
selected to target key viral RNA sequences. Nishikawa and cowarkers reported an inhibitory effact
on IRES-dirested translation by RNA eptamers binding to HCV IRES sequences (Kikuchi ef al, 2005).

Another approach using small RNAs to target pathogenic protein is RNA dzcoys. RNA decoys
are small RNA molecules analogous to efs-acting element, which can cornpete with the comesponding
endogenous sequences for prans-factors binding, thereby attenuating the authentic eis-transinteraction.
Smee the concept of using decoys as therapeutic agents emerged 15 years ago, increasing evidence has
shown that the decoy approach may be usefiil in the treatment of a variety of human disease. The first
study performed to determine if an RNA decoy could be used to inhibit the activity of a pathogen
protein was published by Sullenger ef al. (1990) who demonstrated cells over expressing TAR decoy
are highly resistant to viral replication. Later, same group reported that over expression of RRE-derived
decoys inhibited HIV-1 replication by preventing the binding of Rev protein to the vial RNA
(Lee et al., 1992). Also, it was demonstrated that RNA decoys mimicking the Stem-Loop (SL)
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structures of HCV 5'-UTR inhibited IRES-dependent translation (Ray and Das, 2004). Additionally,
considering that the SL structures in the NS5B coding region were demonstrated to function as cis-
replicating elements (CREs) and replication of HCV is likely initiated by inferaction between replicase
complex and SL structures containing CREs, we explored the possibility of using RNA species
corresponding such SL structures as antiviral decoys and provided the evidence showing that pol I1l-
direoted over expression of SL RNA inhibited HCV replication by sequestering the replication complex
and preventing its binding to the physiological target in the viral RNA (Zhang et al., 2005).
Distinct from sequence-specific antisense reagents, the efficacy of entivirel approach by aptamers
and decoys may be less affected by the extensive variability encountered among viral isolates. Aptamer
resistance may be less of a problem because RNA-protein inferactions are not easily disrupted by
mutations in the protein. Indeed, the effective cross-clade inhibition of HIV-1 by gpl 20 splamers
(Khati et al., 2003) and to a lesser extent by reverse transcriptase (Joshi and Prasad, 2002) was
documented Additionally, because the interaction between efs-acting element and srans-acting factor
is usually essential for viral replication and mutation in the trans-acting factor that blocks its binding
to RNA deooy also blocks its binding to the authentic target in viral RNA. To ciroumvent RNA decoy-
mediated inhibition, double mwutation, one in rans-acting protein and another cormpensatory one in the
eis dement is simultaneously required, thus making the chance of emergence of escape mutants lower.
To provide the resistance to nuclease degradation in biological fluids, aptamers are routinely
selected with amino-or fluoro-modifications at the 2' position of pyrimidines which are prone to
nuclease attack. Further stabilization of selected RNA aptamers includes O-methyl-substitutions in
purine nucleotides, which requires chemically synthesis of modified RNA molecules. An altemative
to chemical modification is the application of L-nucleic acids during and afier in vitro selection.
Modified aptamers can be delivered with the same reagents used for antisense oligomucleotides, the
half-life of aptarners in the plasma is increased by coupling with high molecular linkers such as PEG.
Similar to ribozymes and siRNAs, both aptamers and decoys can also be intracellularly expressed from
plasmid-or vector-delivered expression cassette. Infracellularly expressed aptamers (intramers) and
decoys could elicit long-term and stable effect, which is particularly essential for antiviral purpose.
Despite of the high binding specificity and affinity, the efficiency of aptamer-or decoy-mediated
inhibition may be not efficient enough in some cases. This can be improved by combination with other
entisense modalities. Because aptamers and decoys aim at inhibition of protein function, whereas
ribozyme and siRNA destroy target protein-encoding mRNA or viral RNA; so the additive or
synergistic antiviral effect can be expected by combining these two conceptually different reagents.
Another issue that lirmits the therapeutic use of aptamers is relatively high cost for aptamer
manufacturing and delivery of aptamers and decoys faces the same problems as with other antisense
reagents. Further progress in aptamer and decoy therapeutic field will depend on the breakthrough of
such problems.

CONCLUSION

Small RNA-based antiviral approach represents a useful altemative to small molecular compounds
for combating viral infection. Antisense oligonuclentides and ribozymes have been used for many years
to inhibit viral replication. The therapeutic efficiency of antisense oligonucleotides and ribozymes was
far from satisfied. The more recently developed RNAI strategy, however, is obviously advantageous
over the older generation antisense reagents due to the high efficiency in knockdown gene expression.
RNAi field is moving at an unprecedented speed and the first clinical trials using RNAi have already
commenced. The problem for emergence of siRNA resistant veriants can be dissalved either by
simultaneously targeting different conserved region or combination with other small RNA-based
modalities such as aptamer and decoy, which bind and subsequently inactivate target protein. With the
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advances in developing efficient delivery systems, one could expect that RNAI and other small RNA-
based approaches can become realized as effective therapies to treat viral infections in the near future.
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