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Figure 3. (continued). A. Structures of CCR5 antagonists. B. Structures of CXCR4 antagonists. C. Development of non-peptidic CXCR4 antagonists. D. Structures of
bivalent CXCR4 ligands. A maximum increase in binding affinity for CXCR4 was observed in (25), n = 20 and (26), m = 12.
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Figure 3. (continued). A. Structures of CCR5 antagonists. B. Structures of CXCR4 antagonists. C. Development of non-peptidic CXCR4 antagonists. D. Structures of
bivalent CXCR4 ligands. A maximum increase in binding affinity for CXCR4 was observed in (25), n = 20 and (26), m = 12.
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analogs bearing one cyclam ring and one 2-pyridyl ring such
as AMD3465 (14) (Genzyme Corp., Cambridge, MA, USA)
had CXCR4-binding activity at nanomolar levels [ss]. Second,
they have fixed the 2-pyridyl ring moiety and replaced the
cyclam ring by various azamacrocyclic rings. Compound 15,
which contains a pyr-{14JaneNy ring instead of the cyclam
ring, showed potent nanomolar anti-HIV activity (5. Com-
pound 16, which contains a tetrahydroquinoline and benzoi-
midazole moiety, showed relatively ‘high ant-HIV activity,
although it does not have a cyclam ring 57. A tetrahydroquino-
line compound AMDO70 (17) (Genzyme Corp., Cambridge,
MA, USA) has been found to be a CXCR4 antagonist by
recent antiviral evaluation and pharmacokinetic analysis [59.60).
This compound has a protein-adjusted ECsy value of
125 nM against HIV-1 in MT-4 cells and bioavailability of
over 20% in rats and approximately 80% in dog and is
now in Phase I/II clinical trials. Recently, compounds 18
and 19, which were designed based on the swucture of
AMDO070 (17), have been reported by GlaxoSmithKline Co.
Ltd. (GSK) i61.621. Compound 19 has anti-HIV activity compa-
rable with that of AMIDO70, relatively low bioavailability in rat
(16%) and dog (30%) but a suitable cytochrome P450 profile.
Screening against a panel of enzymes and receptors, suggests
that compound 19 has little risk of unexpected enzyme and
receptor inhibition and it has progressed into toxicology stud-
ies. Development of the cyclic pentapeptide FC131 has led to
non-peptidic CXCR4 antagonists. In one case, the pepride
backbone of FC131 (9) was entirely replaced by an indole tem-
plate, which enabled reproduction of the disposition of the
pharmacophore moieties in the original peptide (Figure 3C).
A structure-activity relationship study using modified indoles,
for example, 20 identified novel small-molecule antagonists
with three appropriately linked pharmacophore moieties
such as compound 21 which binds to CXCR4 with
micromolar activity (631 Non-peptide compounds having the
dipicolylamine (DPA)~zinc(HI) complex structure, utilized as
chemosensors that can sense phosphorylated peptide surfaces,
were identified as potent and selective antagonists against
CXCR4 (641. A DPA-Zn complex with a xylene scaffold 22
binds to CXCR4 with 50 nM activity and has micromolar
anti-HIV activity. Structure-activity relationship studies per-
formed by combining the common structural features of alky-
lamino and pyridiyl macrocyclic antagonists including
DPA-Zn complex (22) and AMD3100 (10) led to new lead
compounds 23 and 24 with 30 and 10 nM activity for binding
to CXCR4, respectively (651. Compounds 23 and 24 also have
anti-HIV activity of 90 and 30 nM levels, respectively. These
are areractive and useful leads for the future development of
non-peptidic CXCR4 antagonists. A low molecular weight
compound, KRH-1636 (25) (Kureha Chemical, Tokyo, Japan
& Daiichi Sankyo Co. Lid., Tokyo, Japan), derived by
intensive modification of the N-terminal tripeptide of T140,
Arg-Arg-Nal, was reported to be an orally bioavailable and
duodenally absorbable CXCR4 antagonist and X4 HIV-1
inhibitor [65]. Continuous efforts to find more effective
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CXCR4 inhibitors have recently led to identification of
KRH-2731, an orally bioavailable CXCR4 antagonist [67].
Finally, although their structures have not been disclosed yer,
the KRH-1636 derivatives KRH-2731 and KRH-3955, which
are in the preclinical stage, may be promising as novel inhibi-
tory drugs for treatment of cancer metastasis as well as for
HIV-1 infection.

CXCR4 belongs to the G protein-coupled receptor
(GPCR) family, and several GPCRs can function in vitro
as monomers, many of them, including the chemokine
receptors, presumably existing 77z wvivo as dimers and/
or higher order oligomers. Chemokine receptors such as
CXCR4 can form homodimers and/or heterodimers with
other chemokine receprors (68,69). Accordingly, we designed
and synthesized CXCR4 bivalent ligands consisting of two
molecules of an FC131 analog, (cyelo(-D-Tyr-Arg-Arg-Nal-
D-Cys-)), connected by various lengths of poly(L-proline) or
PEGylated poly(i-proline) linkers (26,27) (Figure 3D) (7ol
A maximum increase in binding affinity for CXCR4 was
observed for bivalent ligands of the two linker types with
suitable lengths (5.5 - 6.5 nm). As a result, we have pre-
sented experimental results concerning the elucidation of
the native state of the CXCR4 dimer as a function of the dis-
tance between the ligand-binding sites (5.5 - 6.5 nm). Fluo-
rescent-labeled bivalent ligands have, however, been shown
to be powerful tools for cancer diagnosis as a result of their
ability to distinguish the density of CXCR4 on the surface

of cancer cells.

4. HIV integrase inhibitors such as Raltegravir

The enzyme HIV-1-IN is critical to the stable infection of host
cells since, by means of 3™-end processing and strand transfer
reactions, it catalyzes the insertion of reverse-transcribed viral
double-stranded DNA into the chromosomal genome of host
cells. It is a 32-kDa protein consisting of 288 amino acid resi-
dues, and is divided into N-terminal, C-terminal and caralyric
core domains [71,72). The catalytic core domain has a triad of car-
boxylate residues, of Asp64, Asp116 and Glu152, which are crit-
ical for coordination of two magnesium ions to catalyze breaking
and formation of DNA phosphodiester bonds (Figure 4A), and
which are designated as 3"-end processing and strand transfer
reactions, respectively {73-75]. Thus, several IN strand transfer
inhibitors possessing a two magnesium-binding pharmaco-
phore, which target the carboxylate triad, have been developed.
Initally, diketo acids (DKAs) and their analogs, such as
L-731,988 (28) and L-708,906 (29) (Merck & Co., NJ, USA),
which have a two magnesium-binding pharmacophore, have
been found as first-generation IN inhibitors (Figure 4B) (76].
This design is based on an interactive model of the binding of
these inhibitors to the carboxylate triad through coordination
of two magnesium ions. However, some DKA compounds
lacked sufficient potency for binding to IN and pharmacokinetic
properties. New heterocyclic DKA analogs with the two magne-
sium-binding pharmacophore including the naphthyridine
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Figure 4. A. Brief presentation of the integrase (IN) catalytic core domain with triad carboxylate residues of Asp64, Asp116 and
Glu152, critical for coordination of two magnesium ions. B. Structures of DKA type and DKA mimic IN inhibitors. C. Structures
of naphthyridinone and pyrimidinone-related and other IN inhibitors.

carboxamides, 1.-870,810 (30) and 1-870,812 (31) (Merck &  terminated due to hepatotoxicity. Subsequent candidate com-
Co., NJ, USA), have been developed and have shown efficacy = pounds include a naphthyridinone scaffold with a benzyl moi-
ina human and a thesus simian-human immunodeficiency virus  ety, such as S/GSK364735 (32) (Shionogi-GSK), which has
(SHIV) model {77.78). L-870,810 advanced into the Phase la  potent and-HIV activity and HIV-1 RNA reduction activity
studies and showed viral load reduction, but the trials were  (Figure 4C) [791. This compound progressed to Phase Ila studies,
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Figure 4. (continued). A. Brief presentation of the integrase (IN) catalytic core domain with triad carboxylate residues of
Asp64, Asp116 and Glu152, critical for coordination of two magnesium ions. B. Structures of DKA type and DKA mimic IN
inhibitors. C. Structures of naphthyridinone and pyrimidinone-related and other IN inhibitors.

but its clinical trial was discontinued due to hepatotoxicity.  of ~ 2000. In addition, it showed synergistic effects in combina-
A wricyclic analog with a quinoline template in combination  tion with protease inhibitors, NNRT1s and NRTIs. Viral resis-
with a lactam ring and a benzyl moiety, GS-9160 (33) (Gilead  tance selections with GS-9160 obtained mutations within the
Sciences, Inc., Foster, CA, USA), was reported (80]. This com-  catalytic core domain of IN but its pharmacokinetic profile in
pound has a very low ECso and a very high selectivity index  individuals with once-daily dosing did not achieve antiviral
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Figure 4. (continued). A. Brief presentation of the integrase (IN) catalytic core domain with triad carboxylate residues of
Aspb4, Asp116 and Glu152, critical for coordination of two magnesium ions. B. Structures of DKA type and DKA mimic IN
inhibitors. C. Structures of naphthyridinone and pyrimidinone-related and other IN inhibitors.

efficacy and the clinical trial of this compound was terminated
after Phase I studies.

Raltegravir (34), a pyrimidinone derivative, was the first IN
inhibitor to be approved by the FDA 112,13). This compound
has a p-fluorobenzyl branch as a common structure and a
five-membered heterocyclic ring. In clinical trials, doses of
200, 400 and 600 mg were studied, and the recommended
dose of Raltegravir for adults is 400 mg twice a day. In clinical
trials patients treated with Raltegravir achieved viral loads of
less than 50 copies/ml sooner than those with a dosage of
protease inhibitors or NNRTIs. In 2007, Raltegravir was ini-
tially approved only for use in patients with resistance to other
HAART drugs. However, in 2009, the FDA expanded
approval of Raltegravir for use in all patents in combination
with other and-HIV agents. Monotherapy with Raltegravir
is unlikely to show durability. Research of effects on latent
viral reservoirs and eradication of HIV is in progress. Possible
side effects are diarrhea, nausea, headache, fever, rash,

Stevens-Johnson syndrome and depression. Concerning
emergence of resistant mutants, Raltegravir is likely to lose
efficacy due to a major viral mutation compared with protease
inhibitors requiring more mutations. A new pyrimido-azepine
derivative (PYRAZ) (Merck & Co., NJ, USA), which shows
less cross-resistance with Raltegravir-resistant strains, was
reported [81). Elvitegravir (GS-9137/JTK-303) (35) (Gilead
Sciences, Inc., Foster, CA, USA/JT, Tokyo, Japan) with a
quinolone template also advanced into Phase III studies as
the second candidate of IN inhibitors [82]. This compound
has nanomolar levels of IN inhibitory and anti-HIV activities
together with moderate bioavailability and low clearance.
Boosting by a CYP450 inhibitor ritonavir is useful for efficacy
of viral load reductions 83]. In addition, another booster agent
GS-9350, itself with no antiviral activity, has been tried in a
combinational regimen [s4]. Elvitegravir showed cross-resis-
tance with Raltegravir-resistant strains [85]. Another potential
inhibitor MK-2048 (36) (Merck & Co., NJ, USA) showed
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improved potency against mutant strains (86}. Viral mutations
in resistance to MK-2048 are different from those with Ralte-
gravir or Elvitegravir. MK-2048 is superior to Raltegravir in
terms of retention since it inhibits IN four times longer.
Thus, MK-2048 has advanced into Phase II studies.
MK-0536 (37) (Merck & Co., NJ, USA) also has a good reten-
tion of anti-HIV activity 187. Dolutegravir (S/GSK1349572)
(38) (Shionogi, Osaka, Japan-GSK, Middlesex, UK) is a new
generation IN inhibitor with potent ant-HIV activity, a low
clearance and good oral bioavailability and which advanced
into Phase I1I trials in February 2011 (88,89). In evaluation using
muration site-directed mutants, Dolutegravir showed a resis-
tant profile that was different from those of Raltegravir and
Elvitegravir, suggesting less cross-resistance with those drugs
and a genetic barrier to resistance. Even once-daily monother-
apy in humans with Dolutegravir without booster drugs
showed efficient reduction in RNA levels, high retention of
blood concentrations and good pharmacokinetic profiles. Cur-
rently, three-drug combinational use with two NRTTs, Abaca-
vir (ABC) and 3TC, is awaiting approval. Globoidnan A
(39), a lignan found in Fucalyptus globoidea in Australia, has
been found to inhibit the action of HIV-IN [90] but it is not
known whether it inhibits other retroviral INs. Since it has a
novel structure, this possibility will be investigated further.
Future IN inhibitors require a high genetic barrier to resistance,
low dose and once-daily dose with good pharmacokinetic pro-
files in the absence of booster drugs. Structural analysis of the
complex of IN and DNA should be useful for the design of
new IN inhibitors but structural elucidation of HIV-1 IN has
not been succeeded yet in spite of numerous efforts. The crystal
structure of human foamy virus IN with viral DNA can be used
as an alternative [91.92). Pracdcally, the binding modes of a new
IN inhibitor with a benzylindole derivative, CHI-1043 (40),
which has a nanomolar range of inhibitory activity against
strand transfer reaction, was analyzed using the above crystal
structure of the complex, suggesting that CHI-1043 has the
same binding modes as Raltegravir and Elvitegravir (93]. Devel-
opment of HIV-1 IN inhibitors such as Raltegravir has recently
been advanced in AIDS chemotherapy but combinadonal dos-
ing regimens are necessary because emergence of resistant
mutants against Raltegravir has been reported. Investigational
drugs such as Elvitegravir and Dolutegravir are anticipated for
clinical use.

Recently, we have discovered different types of IN inhibi-
tors [94,95). By screening a random library of overlapping pepti-
des derived from HIV-1 gene products we have found three
Vpr-derived 15-mer peptides with significant IN inhibitory
activity, indicating that IN inhibitors exist in the viral pre-
integration complex (PIC) (Figure 5A). These inhibitory pepti-
des are consecutive overlapping peptides. Peptidic 12- and
18-mers from the above original Vpr-sequence with the
addition of an octa-arginyl group into the C-terminus to
enhance cell membrane permeability have IN inhibitory activity
and anti-HIV activity. The detailed mechanism of action of
these inhibitors has not been disclosed although it is thought

Hashimoto, Tanaka, Narumi, Nomura & Tamamura

that they may bind to the cleft berween the amino-terminal
domain and the core domain of HIV-1 IN. This region is
distinct from the nucleic acid interacting surfaces, indicating
that the Vpr-derived peptides inhibit IN function in an
allosteric manner. These data are useful for the development
of different types of potent HIV-1 IN inhibitors based on
Vpr-derived peptides.

5. CD4 mimics as HiIV entry inhibitors

The binding of gpl20 to the host-cell surface protein
CD4 causes gp120 to undergo a conformational change
subsequently binding to the co-receptor CCRS or CXCR4, as
described in Section 1. Thus, CD4-related molecules including
soluble CD4 (sCD4) could be inhibitors of HIV entry, although
unsuccessful attempts have been made to develop sCD4.
Recently, several small CD4 mimics have been found by
us and others. These include NBD-556 (41) (9697),
YYA-021 (42) 198-100}, JRC-II-191 (43) 1013 and BMS806 (44)
(Figure 5B) (1021. NBD-556, YYA-021 and JRC-1I-191 cause a
conformational change of gp120 and thereby block binding of
HIV virion to CCR5 or CXCR4. On the other hand,
BMS806 binds to gp120 and blocks the CD4 induction of the
HRI exposure without any significant effect on CD4 binding.
YYA-021 also induces a highly synergistic interaction in the
combinational use with the CXCR4 antagonist T140 or the
neutralizing anti-V3 monoclonal antibody KD-247 and exerts
a pronounced effect on the dynamic supramolecular mechanism
of HIV-1 entry. CD4 mimics are essential probes directed to
HIV entry, and might be important leads for the cocktail
therapy of AIDS.

6. Conclusion

Since the discovery of AIDS in 1983, several inhibitory drugs
against HIV replication have been developed and used dlini-
cally for treatment of patients with AIDS and HIV infection.
Use of reverse transcriptase inhibitors and protease inhibitors
in combination, designated HAART, has provided great
success in clinical treatments. Recently, novel drugs including
entry inhibitors and IN inhibitors, which belong to categories
distinct from the above drugs, have been approved for clinical
use. Fusion inhibitors such as Enfuvirtide, co-receptor
CCRS5 antagonists such as Maraviroc and IN inhibitors
such as Raltegravir have successively been developed in com-
pany with the potental of other inhibitors including
CXCR4 antagonists and CD4 mimics.

7. Expert opinion

In the three decades since the discovery of AIDS, the number
of HIV people infected with HIV has surpassed 30 million.
In the early era of the discovery of AIDS, it was thought that
AIDS/HIV infectious syndrome was 2 lethal disease.
However, with the appearance of second-generation drugs,
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A. Three Vpr-derived 15-mer peptides found as IN inibitory agents
from the overlapping peptide library of HiV-1 gene products

AGVEAIIRILQQLLF

IIRILOQQLLFIHFRI
LOQQLLFIHFRIGCQH

Two peptidic leads: 12- and 18-mer original Vpr sequences
with an octa-arginyl group into the C-terminus

Ac-LQQLLFIHFRIG-RRRRRRRR~NH,
Ac-EAIIRILOQLLFIHFRIG-RRRRRRRR-NH,
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Figure 5. A. Vpr-derived IN inhibitors with an allosteric mechanism. B. Structures of small-sized CD4 mimics.

the protease inhibitors and introduction of a cocktail therapy
(HAART), AIDS has become a curable disease. HAART can
reduce the concentrations of HIV in blood to undetectable
levels. There are, however, serious clinical problems includ-
ing side effects, the emergence of MDR strains and high
costs. Thus, brand-new drugs with novel mechanisms of
action continue to be sought.

Since 1995, the molecular mechanisms underlying the
HIV-1 replication have been elucidated in dewil, in partcular
for the dynamic supramolecular mechanism associated with
HIV entry/fusion steps. Elucidation of the mechanism led to
the development of Enfuvirtide, which was the first entry/

fusion inhibitor approved by the FDA. This drug is now used
as an addidonal drug in the cockrail therapy for patients with
evidence of HIV infection and resistance to other drugs. Enfu-
virtide is not the first-choice drug, and it is not used as 2 mono-
therapy. Appearance of Enfuvirtide has an important impact in
terms of its role in a repertoire of antd-HIV drugs, because it
can be used even for treatment of advanced infection. Whereas
reverse transcriptase inhibitors and protease inhibitors work
inside of cells to inhibit functions of viral enzymes, the fusion
inhibitor Enfuvirtide works extracellularly to prevent HIV
from invading cells. Since fusion inhibitors are not required to
penetrate cells, cell penetration is not required in drug design

1084
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and development. Entry and fusion inhibitors have this
advantage. In addition, the HR1 and HR2 regions of gp41
have highly conserved sequences among various strains, without
modifications of carbohydrates, suggesting that fusion inhibitors
such as Enfuvirtide are likely to be able to access HIV virion of
diverse strains. The HRI1 region is, therefore, also critical for
the development of AIDS vaccines and we have synthesized
an artificial antigen molecule consisting of a novel three-helical
bundle mimetic, corresponding to the trimeric form of N36.
The exposed tming of its epitopes is limited during
HIV-1 entry, and carbohydrates, which disturb access of anti-
bodies to its epitopes, are not included. These two advantages
could further enhance the potential of a vaccine design
based on the HRI1 region. Enfuvirtide and several reported
C34 analogs are peptidic compounds, and development of
non-peptide low molecular weight inhibitors is desirable
although this is difficult and has not siicceeded to date. The suc-
cess of Enfuvirdde has encouraged development of entry/
fusion inhibitors as a new dlass of anti-HIV drugs. Therefore,
Maraviroc (1) was developed as the first CCR5 antagonist
to be approved by the FDA. Since individuals with the
CCR5-32 deletion mutation are healthy and strongly resistant
to HIV-1 infection (28], it was thought that CCR5 antagonists
have suitable pharmaceutical properties. Further, it might be
difficult to generate resistant viruses in a use of drugs, which
target host proteins such as CCRS. Accordingly, many
CCRS antagonists have been developed and some are now in
clinical trials. Appearance of new CCRS5 antagonists following
the development of Maraviroc would be desirable. The discov-
ery of CXCR4 has provoked vigorous research on drug develop-
ment with its correlation to another co-receptor for HIV entry.
However, blocking of the CXCL12~-CXCR4 axis might be dan-
gerous because CXCR4 is constitutively expressed in several
organs and tissues, and CXCR4 plays a critical role in embryo-
genesis, homeostasis and inflammation in the fetus especially
in the embryonic development of hemopoietic, cardiovascular
and central nervous systems. It also plays a role in the homing
of immune cells in inflammation. Knockout of CXCL12 or
CXCR4 is known to be embryonically lethal [103] and thus one
must carefully consider the risks associated with blockade of
the CXCL12-CXCR4 axis. As and-HIV agents, CXCR4 antag-
onists play a critical role in HIV-infected patients who have
X4 HIV-1 strains that emerge late in the HIV infectious disease
process. CXCR#4 anragonists might suppress the appearance of
X4 or dual-wopic strains in patients who have R5 strains that
constitute a majority in the early stages of HIV infection. Com-
binational use of CXCR4 antagonists with CCR5 antagonists
has shown potent synergism against a 1:1 mixture of X4 and
R5 strains in vitro [104]. As anticancer agents, CXCR4 antago-
nists which block the CXCL12~CXCR4 interactions might rep-
resent a novel and useful chemotherapy of cancer metastasis and
leukemia. CXCR4 antagonists might be useful for mobilization
of hemopoietic stem cells from the bone marrow [105]. The
interaction between CXCL12 and CXCR4 is correlated with
the retention of stem cells in the bone marrow, and blocking

Hashimoto, Tanaka, Narumi, Nomura & Tamamura

this interaction results in mobilization of stem cells.
AMD3100 induces not only rapid mobilization of hemopoietic
stem cells (106}, but also adverse cardiovascular effects. Its use as
an ant-AIDS drug has been discontinued, bur its development
as an agent for stem cell mobilization continues (107]. In the
year (2007) that Maraviroc received approval, the FDA also
approved Raltegravir as the first IN inhibitor for use in combina-
tdon with other antiretroviral agents in treatment-
experienced patients with HIV-1 strains resistant to multiple
HAART agents. Subsequently, in 2009 the FDA granted
expanded approval of Raltegravir for use in combinational dos-
ing regiments in all patients. The design of these IN inhibitors
is thought to be rational since it is based on scaffold strucrures
with a two magnesium-binding pharmacophore such as DKA,
naphthyridinone and pyrimidinone-related templates. Appear-
ance of IN inhibitors after Raltegravir for clinical use is desired.
We have found Vpr-derived peptides which inhibit IN function
in an allosteric manner. In future designs, these inhibitors are
attractive and useful leads because the binding site is different
from that used by Raltegravir. CD4 has long been a target
for AIDS chemotherapy and anti-HIV drugs, and recently,
several small-sized CD4 mimics have been found. Since these
compounds target the dynamic supramolecular mechanism of
HIV-1 enuy and induce highly synergistic effects when
combined with the CXCR4 antagonist T140 or the anti-
V3 antibody KD-247, they might transpire to be important
leads for the cockmail therapy of AIDS.

A methodology for finding of anti-HIV leads using ran-
dom libraries such as overlapping peptide libraries derived -
from HIV-1 gene products is a useful strategy which has
led to the discovery of new allosteric-type HIV IN inhibi-
tors [9495]. Recently, a combination therapy including an
HIV protease dimerization inhibitor, Darunavir, Tibotec
Pharmaceuticals, Co Cork, Ireland (108,109}, and an IN inhib-
itor, Raltegravir, is a major first choice for drug combination
regimens. In case of loss of efficacy of HAART due to the
emergence of MDR strains, change of regimens of the drug
combinarion in HAART is required with monitoring of the
virus and CD4 in blood including cellular tropism testing.
In such a situation, the number of available potent anti-
HIV drugs is critical. Entry inhibitors such as CCRS/
CXCR4 antagonists and CD4 mimics fusion inhibitors,
and IN inhibitors might be optional agents for an expansion
of the drug repertoire available to patients at all stages of HIV
infection. Today, 20-year-old HIV-positive persons in weal-
thy countries starting HAART drugs can expect to live up
to 69 years of age [110).
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ABSTRACT

Microglia are critical cells in mediating the pathophysiology
of neurodegenerative disorders such as HIV-associated neu-
rocognitive disorders. We hypothesize that HIV-1 glycopro-
tein 120 (gp120) activates microglia by enhancing outward
K™ currents, resulting in microglia secretion of neurotoxins,
consequent neuronal dysfunction, and death. To test this
hypothesis, we studied the effects of gp120 on outward K*
current in cultured rat microglia. Application of gp120
enhanced outward K* current in a dose-dependent manner,
which was blocked by voltage-gated K* (K,) channel block-
ers. Western blot analysis revealed that gp120 produced an
elevated expression of K, channel proteins. Examination of
activation and inactivation of cutward K* currents showed
that gp120 shifted membrane potentials for activation and
steady-state inactivation. The gp120-associated enhance-
ment of outward K current was blocked by either a
CXCRA4 receptor antagonist T140 or a specific protein ki-
nase A (PKA) inhibitor H89, suggesting the involvement of
chemokine receptor CXCR4 and PKA in gpl20-mediated
enhancement of outward K™ current. Biological significance
of gpl20-induced enhancement of microglia outward K*
current was demonstrated by experimental results showing
the neurotoxic activity of gpl20-stimulated microglia,
evaluated by TUNEL staining and MTT assay, significantly
attenuated by K, channel blockers. Taken together, these
results suggest that gp120 induces microglia neurotoxic ac-
tivity by enhancing microglia outward K* current and that
microglia K, channels may function as a potential target
for the development of therapeutic strategies. © 2011 Wiley-
Liss, Inc.

INTRODUCTION

Microglia represent a population of resident immune
cells in the brain. They are morphologically, immuno-
phenotypically, and functionally related to cells of the
monocyte/macrophage lineage and play an important role
as resident immunocompetent phagocytic cells in the
pathogenesis of infectious, inflammatory, and degenera-
tive brain diseases. Upon challenging, microglia react by

©2011 Wiley-Liss, Inc.

withdrawing their processes, becoming amoeboid and mac-
rophage-like and undergo dramatic phenotypic, immuno-
chemical, and functional changes, collectively referred to
as “activation.” The switch from resting to activation is
characterized by an alteration of functional state. Resting
microglia secrete neurotrophic factors, such as NGF, to
support neuronal function and survival (Elkabes et al.,
1998; Miwa et al., 1997). In contrast, the activated micro-
glia produce reactive oxygen and nitrogen species and pro-
inflammatory cytokines and chemokines with potential
toxicity to neurons. Moreover, microglia express numerous
chemokine receptors which are involved in cell migration
and serve as co-receptors for HIV-1 infection. Indeed,
microglia are the predominant resident CNS cell type pro-
ductively infected by HIV-1 (Lipton and Gendelman, 1995).
Due to poor penetration of antiviral drugs through blood-
brain barrier, resident microglia (and brain macrophages)
constitute a cellular reservoir of HIV-1 in the brain and a
source of potential neurotoxic products (Gendelman et al.,
1997; Genis et al., 1992; Koenig et al., 1986). Studies have
shown that HIV-l-infected and immune-activated micro-
glia (and brain macrophages) release a number of soluble
substances including, but not limited to, pro-inflammatory
cytokines, chemokines, excitatory amino acids, nitric oxide,
and reactive oxygen species, as well as viral proteins,
which can injure or kill neurons, contributing to the patho-
genegis of HIV-1-associated neurocognitive disorders
(HANDXGarden, 2002; Kaul et al., 2001; Kielian, 2004). As
such, it is imperative to identify potential target(s) for the
development of therapeutic strategies to control microglia
activation and/or suppress their subsequent neurotoxin
production.

Increasing evidence indicates that voltage-gated K*
(K,) channels play a pivotal role in the process of micro-
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glia activation (Farber and Kettenmann, 2005; Walz and
Bekar, 2001). Non-activated microglia express little, if
any, K, channels whereas large outward K* current
has been observed in activated microglia (Farber and
Kettenmann, 2005). Exposure to a variety of activating
stimuli produces a similar pattern of electrophysiological
changes in microglia. For example, lipopolysaccharide
(LPS), macrophage colony-stimulating factor or inter-
feron-y enhances outward K* current in microglia (Eder
et al., 1995; Fischer et al., 1995; Norenberg et al., 1994).
These outward K* currents, which share many proper-
ties with cloned K,1.3 channels, including an activation
threshold at about —40 mV, strongly use-dependent
inactivation, and high sensitivity to 4-aminopyridine (4-
AP), agitoxin, margatoxin, and charybdotoxin (Eder et
al., 1995; Fordyce et al., 2005; Norenberg et al., 1994),
are predominantly recorded in activated microglia
(Kotecha and Schlichter, 1999; Menteyne et al., 2009),
suggesting a role for K, channels in regulating microglia
activation and cytotoxin production. It has also been
shown that K, channels expressed by activated micro-
glia regulate their proliferation and migration (Kotecha
and Schlichter, 1999; Pannasch et al., 2006). Indeed,
activated microglia injure neurons, and a blockade of
microglia K, channels inhibits microglia-induced neuro-
toxicity (Fordyce et al., 2005). These findings stimulate
our hypothesis that HIV-1 infection activates microglia
by enhancing outward K" currents, resulting in micro-
glia production of neurotoxins and consequent neuronal
dysfunction and injury. In this study, we tested our hy-
pothesis by exploring the effects of HIV-1 glycoprotein
120 (gp120) on outward K* current recorded in cultured
rat microglia. Our results showed that gp120 enhanced
microglia outward K* current via CXCR4 and cAMP-
dependent protein kinase A (PKA) signaling pathway,
leading to microglia production of neurotoxins and
resultant neuronal apoptosis.

MATERIALS AND METHODS
Materials

HIV-1gp120 IIIB was purchased from Immunodiagnos-
tics (Woburn, MA). Aliquots of gpl20 were kept as
100 nM stock solution at —80°C. The stock solution was
diluted to desired concentrations with artificial cerebro-
spinal fluid (ACSF) 2-5 min before tests. T140 was
kindly provided by Professor Nobutaka Fujii (Kyoto, Ja-
pan). All chemicals, unless otherwise specified, were
from Sigma (St. Louis, MO).

Isolation and Culture of Microglia
and Cortical Neurons

Microglia and cortical neuronal cultures were obtained
from the cerebral cortices of 1-2 days old or embryonic
(E18) Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA). Briefly, the pups were anesthetized
hypothermically and decapitated, and cerebral cortices
were dissected out. The cortical tissues were enzymati-
cally digested followed by mechanical dissociation. The
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mixed primary cultures were grown on 75 cm? flasks in
30 mL (10° cells'mL) DMEM supplemented with 10%
FBS, 2 mM glutamine, and 1% PEN/Strep (37°C,
5%C0g). After 7-10 days in culture, microglial cells
were harvested by gentle shaking, and then plated on
uncoated 35 mm plastic Petri dishes at a density of 0.5
X 10 cells per dish. Non-adhering cells were removed
30 min after plating by changing the medium. The pu-
rity of resulting culture was judged by staining with
0X-42 antibody (a marker for the microglia CR3/CD11b
receptor). Cells were utilized for whole-cell recording
2 days after plating. In all cases, the culture medium
was replaced with fresh ACSF on experimental day.
Experiments were conducted 1-2 h after treatment with
the reagents. Controls were performed in untreated and
age-matched microglial cultures. For cortical neuronal
cultures, the cells were plated in poly-p-lysine coated
24 well plates containing 1 mL of medium, with a cell
density of 1.0 X 10%mL. The cultures were maintained
in neurobasal medium supplemented with 1% penicillin/
streptomycin, B27(2%, v/v, Invitrogen, San Diego, CA),
and L-glutamine (0.5 mM) for at least 7-10 days before
being used for experiments. All animal use procedures
were strictly reviewed by the Institutional Animal Care
and Use Committee (JACUC) of the University of
Nebraska Medical Center (IACUC No. 00-062-07).

Electrophysiology

Whole-cell outward K* currents were recorded from
cultured microglia using an Axopatch 200B amplifier.
After establishment of the whole-cell configuration, the
cells were allowed to stabilize for 3-5 min before record-
ing. The recorded cells were voltage-clamped at —60 mV
and whole-cell outward K* current was induced by volt-
age steps from the holding potential of ~60 to —40 mV
in the first step, then stepped to +60 mV in increments
of 10 mV. The ACSF contained (in mM): 140 NaCl, 5
KCl, 2.0 CoCl,, 1 MgCl;, 10 p-glucose, 10 HEPES (pH
7.4 adjusted with NaOH, osmolarity: 310 mOsm). The
recording electrodes were made from borosilcate glass
capillaries and had resistance of 5-7.5 MQ when filled
with an intracellular solution contained (in mM): 135 K-
gluconate, 10 KCl, 1 CaCl,, 1 MgCl,, 10 EGTA, 0.5 Tris-
GTP, 2 Mg-ATP,10 HEPES (Adjusted pH to 7.3 with
KOH, osmolarity: 300 mOsm). The seal resistance was
1-10 GQ. Junction potentials were corrected and the cell
capacitance was compensated (~ 70%) in most cells.
Current signals were filtered at 1 kHz and digitized at 5
kHz using a Digidata 1440A digitizer. The current and
voltage traces were displayed and recorded in a Dell
computer using pCLAMP 10 data acquisition/analysis
system.

The activation was studied by measuring the peak K*
conductance (G) during a 700 ms test pulse by varying
test potentials from a holding potential of —60 mV. G
was calculated starting from G = Ipea/V, where Iqq is
the peak outward K* current during the test potential
(V). Data were normalized to maximum peak conduct-
ance (Gngx) and fitted to Boltzmann equation: G/Gpex =
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V[1 + exp(V — V)R], where Vy,, is the voltage for half
maximal activation, and & is the slope constant (mV). To
study steady-state inactivation, cells were held at pre-
pulse potentials ranging from —80 to +10 mV for 60 s
and then subject to a +20 mV test pulse for 200 ms.
Normalized steady-state currents were plotted versus
prepulse potentials, and the curves were fitted by the
Boltzmann function: I/ln. = V1 + exp(Vy, — Viplkl,
where I, is the maximum current, Vi, is the voltage
for half maximal activation, and V, is the voltage of the
prepulse potential.

Immunocytochemistry

Immunocytochemistry was performed to substantiate
the capacity of gp120 enhancing expression of microglia
K, channel, particularly K,1.3. Microglia were platted
on poly-p-lysine coated coverslips at a density of 0.5 X
10% cells per well in 24 well plates. Twenty-four hour
later, microglia were activated by gp120 with or without
tetraethylammonium (TEA, 5 mM) or 4-AP (1 mM).
After another 24 h, the microglia were washed in PBS
three times, fixed with 4% paraformaldehyde (PFA) for
30 min at room temperature. After washing, the micro-
glia were blocked and permeabilized in PBS containing
10% normal goat serum, 0.2% Triton X-100, and 0.1IM
glycine for 30 min. Primary antibodies, including rat
polyclonal antibody Mac-1 (CD11b; 1/500; Serotec) and
rabbit polyclonal antibody to K,1.3 (Almonade Lab,
Israel), were diluted in PBS with 10% goat serum and
applied to coverslips for 1 h. After washing in PBS (6
min, 3 times) Alexa Fluor 488 and Alexa Fluor 5§94-con-
jugated secondary antibodies were added for 1 h. Cover-
slips were mounted on slides with ProLong Gold anti-
fade reagent +DAPI (Molecular Probes), and images
were taken with a 40X oil-immersion objective.

Microglia and Neuronal Co-Culture
and TUNEL Assay

TUNEL assay was performed using the in situ cell
death detection kit, AP (Roche Applied Science, India-
napolis, IN). Rat microglia were seeded on transwell
inserts (0.5 X 10° cells per well) in 24 well plates and
left untreated or exposed to LPS (0.5 pg/ml, as a posi-
tive control), gp120 or gpl20 plus 4-AP/TEA/H89/T140.
Twenty-four hour later, microglia were washed and co-
cultured with cortical neurons growing on poly-p-lysine
coated coverslips at a density of 1.0 X 10° cells/well in
24-well plates for 24 h. The cortical neurons were then
washed in PBS (5 min, 3 times) and fixed with 4% PFA
in PBS (pH 7.4) for 1 h at room temperature. After
washing three times with PBS, neurons were permeabil-
ized with 0.1% Triton X-100 in 0.1% sodium citrate for 2
min on ice and then washed in PBS (6 min, 3 times).
The neurons were then incubated with TUNEL reaction
mixture that consisting of terminal deoxynucleotide
transferase and fluorescein-labeled nucleotides for incor-
poration into DNA strand breaks at 37°C. After a final
wash in PBS (5 min, 3 times), coverslips were mounted
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in ProLong Gold antifade reagent with DAPI (Molecular
Probes, Eugene, OR). Cells were visualized by Zeiss
LSM 510 META NLO microscope an a 40X oil-immer-
sion objective. TUNEL positive cells were counted and
expressed as a percentage of total number of cells
counted.

MTT Assay

The assay is based on the ability of active mitochon-
drial dehydrogenase to convert dissolved MTT to water-
insoluble purple formazan crystals. Neurons washed in
PBS (5 min, 3 times) were incubated with fresh neuro-
nal culture media containing MTT (500 pg/mL) for 3 h.
At the end of incubation, the MTT solution was replaced
with 500 pL of dimethyl sulfoxide (DMSO) for cell lysis.
The plate was shaken for 10 min to solubilize the forma-
zan crystals, and the optical density (OD) at 570 nm
was measured.

Statistical Analysis

Experimental data were expressed as mean * SEM.
Statistical analyses were performed by ANOVA or
Student ¢ tests. A minimum P value of 0.05 was esti-
mated as the significance level for all tests.

RESULTS
Expression of K, Channels in Microglia

In seeking to determine whether K, channels regulate
microglia activation, we first examined K, channel
expression in rat microglia by recording the whole-cell
outward K* current induced by voltage steps (see
Fig. 1). In one group of microglia cultures (n = 9), the
average instantaneous outward K* current (an A-type-
like outward current) density was 79.8 + 6.3 pA/pF, and
it was reduced to 46.7 * 5.5 pA/pF when 4-AP was
added to the bath. In another group of microglial cells
(n = 9), the average steady-state K™ current was 46.8 *
10.4 pA/pF, and it was reduced to 33.9 + 9.2 pA/pF
when 5 mM TEA was introduced to the bath. Addition
of 4-AP or TEA to the bath produced 41.5 = 7.2% or
27.6 + 8.9% reduction of outward K* current, respec-
tively (see Fig. 1). To estimate K current density, the
capacitance of microglial cells was determined and used
to obtain an estimate of cell surface area. The average
whole-cell capacitance was 12.4 + 3.0 pF, with a range
of 5-27.5 pF (n = 75).

Enhancement of Microglia Outward
K* Current by gp120

Following confirmation of K, channel expression in
microglia, we tested if gp120 could alter the outward K*
current in microglia. Incubation of microglia with gp120
for 1-2 h enhanced whole cell outward K* current in a
dose-dependent manner (see Fig. 2). When microglia
were treated with gp120 at concentrations of 100, 200,
and 400 pM, the average instantaneous outward K* cur-
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Fig. 1. Expression of outward K* current in rat microglia. Panel A
shows examples illustrating the voltage-dependent outward K* current
recorded in rat microglia and the partial blockade of outward K* cur-
rent by TEA (upper) and 4-AP (lower). Panel B depicts the average in-
hibition of whole-cell outward K* current in microglia by 4-AP and

4-AP
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TEA when measured at command voltage step of +60 mV. Bars repre-
sent mean * SEM (the same in the following figures unless indicated).
Voltage protocol employed to generate outward K* current is shown
above Panel B.
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Fig. 2. gpl20 enhances microglia whole-cell outward K* current in
a dose-dependent manner. A: Typical outward K* currents recorded
from a control and a gpl20-treated microglia as indicated. B: I-V
curves showing gpl20 increases outward K' current. C: gpl20
increases outward K* current in a dose-dependent manner. The graph
plots mean outward K* current densities measured at +60 mV. D: Out-

rent densities (pA/pF) were 76.1 = 5.7 (n = 27), 940 *
2.6 (n = 67), and 114.5 = 84 (n = 11), respectively (see
Fig. 2). In comparison with the average outward K* cur-
rent density of 69.8 *+ 2.1 pA/pF recorded in untreated
(control) microglia (n = 46), the differences were statisti-
cally significant (P < 0.05), demonstrating an enhance-
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ward K* current recorded in microglia before (Ctrl), during (gp120),
and after (wash) bath application of gp120 (200 pM). E: Average out-
ward K* current densities recorded in microglia cells as shown in D (n
= 5) and in another five microglia treated with heat (boiled)-inactivated
gp120, illustrating gp120 specific enhancement of outward K* current.
*, P < 0.05 vs. Ctrl; **, P < 0.01 vs. Ctxl; #, P < 0.05 vs. boiled gp120.

ment of whole cell outward K* current by gp120 in cul-
tured rat microglia. Incubation of microglia with heat
(boiled)-inactivated gp120 (200 pM) showed no significant
effect on outward K* current density with an average of
73.3 £ 4.7 pA/pF (Fig. 2; n = 5), indicating a specific effect
of gp120 on enhancing outward K* current in microglia.
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Fig. 3. Blockade of gpl20-induced enhancement of microglial out-
ward K* current by T140, a specific CXCR4 antagonist. A: Typical cur-
rent traces recorded from control, gpl20—, and gp120+T140-treated
microglia as indicated. B: I-V curves of peak outward K* currents as
shown in A. C: Bar graph showing the mean current densities (meas-

Blockade of gp120-Induced Enhancement
of Outward K* Current by T140

It is well-known that microglia express chemokine re-
ceptor CXCR4 (Albright et al., 1999; Lavi et al., 1997).
To examine if the gpl20-induced enhancement of
outward K* current was mediated through CXCR4 (a
co-receptor for HIV-1 infection), we tested the effects of
T140, a highly selective CXCR4 receptor antagonist, on
gpl20-induced enhancement of outward K current in
another group of cultured microglia. While it per se had
no significant effect on outward K* current when added
to the bath, T140 (50 nM) significantly blocked gp120-
induced enhancement of outward K* current recorded
in microglia. The average instantaneous K* current
.densities without (control) and with addition of gp120
(200 pM) to the bath solution were 65.9 = 2.2 pA/pF
(n = 92) and 86.9 = 2.7 pA/pF (n = 75), respectively. In
contrast, the current density was 70.6 = 2.5 pA/pF (n =
64) when both T140 and gp120 were added to the bath.
In comparison with the K* current recorded when
gp120 was added alone, the difference was statistically
significant (P < 0.05), indicating that gp120 increases
microglia outward K* current via CXCR4 (Fig. 3A,B).

ured at +60 mV) recorded in control, gp120—, and gp120+T140-treated
microglia. Note that gp120 enhanced outward K+ current and this
enhancement was blocked by T140. ** P < 0.01 vs. ctrl; # P < 0.05 vs.
gp120+T140.

Effect of gp120 on Microglia K, Channel
Biophysical Properties

To determine if gp120 alters microglia K, channel bio-
physical properties, we examined the influence of gp120
on the properties of microglia K, channel activation and
steady-state inactivation. Figure 4A illustrates super-
imposed currents elicited by voltage steps applied in
10 mV increments from the holding potential —60 to
+60 mV. Outward K* currents were first seen at —40
mV in gpl20-treated microglia and became larger at
stronger depolarizing command voltages. Normalized
outward K* currents (Fig. 4A) were fitted to a Boltz-
mann equation: G/Guey = V{1 + exp (V — Vip)k], from
which the voltage for half-maximal activation (Vj,z)
and the slope factor (k) were calculated (Fig. 4C). Half-
maximal activation occurred at 8.3 = 0.9 mV and 12.9 +
0.9 mV, with a slope factor, k2, of 16.8 = 0.9 mV and
15.2 * 0.8mV for gpl20-treated and control microglia,
respectively (Fig. 4C; n = 21). The steady-state voltage
dependence of inactivation of K* current was generated
by varying the holding potential between —80 and
+10 mV in 10 mV increments (Fig. 4B). After the hold-
ing potential was established for at least 1 min, cells
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Fig. 4. Effects of gp120 on activation and inactivation of outward
K* currents. A: Activation of outward K* current was induced using
700 ms voltage steps from a holding potential of ~60 mV—40 mV at the
first step, and then step to +60 mV in 10 mV increments. To ensure
complete recovery from inactivation, successive voltage steps were sepa-

were pulsed to a test potential of 20 mV for 200 ms.
Steady-state inactivation began at approximately —70
mV and was complete at ~ 0 mV. Peak amplitudes of
the evoked currents were measured, normalized, and
then plotted as a function of the holding potential (Fig.
4B,C). The region under the intersection of activation
and inactivation illustrates a window of tonic channel
activity between —35 and 10 mV with maximal activity
at the intersection voltage of —10 mV. Fitted with a
Boltzmann function, half-maximal inactivation was at
-15.4 = 0.7 mV and ~36.3 *£ 0.8 mV, with 2 = 9.1 =
0.7 mV and 10.1 * 0.7 mV (n = 14) in gpl20-treated
and control microglia, respectively. In all cases, the volt-
age-dependent currents were highly K* selective
because the reversal potential was very close to the cal-
culated Nernst potential (—85 mV, data not shown) for
K* concentrations used in this study (see Materials and
Methods).

Involvement of PKA in gp120-Induced
Increase of Qutward K* Current

Protein phosphorylation can profoundly influence ion
channel activity. Accumulating evidence indicate that K,
channels can be regulated by c-AMP-dependent protein
kinase (PKA) (Chung and Schlichter, 1997; Fakler et al.,
1994). We hypothesize that gp120 increases outward K*
current via CXCR4 — PKA — K, channel pathway. To
test this hypothesis, we examined the effects of H89
(400 nM) on gpl20 (200 pM)-induced enhancement of
outward K' current in rat microglia. When applied
alone, H89 failed to inhibit outward K current (n =
28). In contrast, when co-applied with gp120, H89 inhib-
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rated by 5 s. B: Steady-state inactivation was measured by varying the
holding potential (—80 — +10 mV) for 60 s at each voltage, then apply-
ing a 200 ms test pulse to +20 mV. C; Average of activation and inacti-
vation curves. Note that gpl20 shifted activation and inactivation to
more negative potential and more negative potential, respectively.

ited the gp120-associated increase of outward K* cur-
rent (see Fig. 5). The average outward K* current before
(gp120) and after co-application of H89+gpl20 were
86.2 = 2.7 pA/pF (n = 75) and 69.1 = 1.8 pA/pF (n =
42), respectively. The difference was statistically signifi-
cant (P < 0.05), suggesting the involvement of PKA in
gp120-induced increase of outward K™ current.

Blockade of Microglia K, Channels Inhibited
Microglia-Induced Neuronal Injury

To examine biological significance of gp120-associated
enhancement of outward K+ current, we studied neuro-
toxic activity of gp120-stimulated microglia and the pro-
tective effects of K, channel blockers on microglia-
induced neuronal injury. Rat microglia grown on the
transwells were exposed to gp120 (200500 pM) with or
without K, channel blockers (4-AP, 1 mM or TEA, 5
mM) for 24 h. After washing, the rat microglia were co-
cultured with rat cortical neurons for additional 24 h
and results showed that gpl20-stimulated microglia
induced apoptosis in 33.2 = 3.9% of neurons examined
(Fig. 6A,B). In comparison with the results of 4.7 +
1.7% obtained in neurons co-cultured with non-stimu-
lated microglia (control), the difference is statistically
significant (P < 0.01), suggesting that gp120-stimulated
microglia injure neurons. The injurious effect of micro-
glia on neurons was confirmed by MTT assay (Fig. 6C).
The neurotoxic effects of gpl20-stimulated microglia
were attenuated by K, channel blockers (4-AP, TEA),
CXCR4 receptor antagonist (T140), and PKA inhibitor
(H89), respectively (see Fig. 6). As a positive control,
LPS (0.5 pg/mL) was tested to stimulate microglia and
the LPS-stimulated microglia, as anticipated, produced

— 138 —



