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In HIV-1-infected brain, gp120, shed from virions and/
or secreted from HIV-1l-infected microglia/macrophages,
has the potential to diffuse and interact directly with
surrounding and distant neural cells through activation
of CXCR4 receptors(Bachis and Mocchetti, 2004; Hessel-
gesser et al., 1998; Meucci et al., 1998), or by stimula-
tion of uninfected microglia to release neurotoxins
which act indirectly on local and distant neural cells, or
both. Transgenic mice expressing gpl20 manifest a
spectrum of neuronal and glial changes resembling
abnormalities in brains of HIV-1l-infected humans and
the severity of damage correlated positively with brain
levels of gpl20 expression (Toggas et al., 1994). While
the precise mechanisms on how gp120 stimulates micro-
glia production of neurotoxins remains to be determined,
the enhancement of outward K* current by gpl20
through CXCR4 may represent one of such potential
mechanisms, as microglia-associated neurotoxicity was
blocked either by a CXCR4 antagonist or by K, channel
blockers.

Microglia express a defined pattern of K, channels,
which is distinct from other glial cells and neurons. This
pattern undergoes defined changes with microglia acti-
vation. It is believed that microglia K, channels, albeit
in a lower density than their excitable counterparts,
play an important role in the switch from one functional
state to another (Farber and Kettenmann, 2005; Kote-
cha and Schlichter, 1999). Patch clamp studies of micro-
glia in cell cultures and in tissue slices have demon-
strated that outward rectifier K,1.3 and K,1.5 are domi-
nant K, channels (Eder, 1998; Kotecha and Schlichter,
1999; Newell and Schlichter, 2005; Pannasch et al.,
2006; Schilling et al., 2000). Our results showed that
elevated levels of K,1.3 expression and enhanced out-
ward K* currents were detected in gp120-stimulated
microglia and that the neuronal apoptosis induced by
gpl20-stimulated microglia was blocked by K, channel
blockers. These results suggest that gp120-induced ele-
vation of K, channel expression and enhancement of
outward K" current might trigger microglia-associated
neurotoxicity. Whereas the functional roles of K,1.3 in
microglia remain to be determined, evidence from this
study and others indicates that the newly formed K,1.3
channels appear to be involved in microglia activation
and subsequent production of neurotoxins (Eder, 1998,
2005; Fordyce et al.,, 2005; Kotecha and Schlichter,
1999).

Ion channels are the targets of many intracellular sig-
naling pathways including protein phosphorylation.
These processes can modify channel activity and alter
cellular electrophysiological properties. Thus, protein
phosphorylation is an important physiological regulator
of K, channel function. Amino acid sequences of K,1.3
clones from mouse, rats and human are very similar,
with >98% homology between human and rat clones
(Chandy and Gutman, 1995). All K,1.3 clones contain
several potential PKA and PKC phosphorylation sites,
with one strong PKA site at the COOH terminus (Ken-
nelly and Krebs, 1991). Evidence that K,1.3 channels
can be regulated by PKA includes reports of enhance-
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ment of delayed rectifier K* currents in vascular smooth
muscle cells (Aiello et al.,, 1995), squid giant axon
(Perozo et al., 1989) and human T lymphocytes (Chung
and Schlichter, 1997). Inhibition of serine/threonine pro-
tein phosphatases with okadaic acid increases K,1.3 cur-
rent and shifts the voltage dependence of activation and
inactivation to more positive potentials. Inhibition of
PKA by a specific PKA inhibitor decreases K,1.3 cur-
rent. These observations indicate that K,1.3 activity can
be regulated by serine/threonine phosphorylation. The
results obtained in this study revealed that the gp120-
induced enhancement of microglia outward K™ current
was blocked by a specific PKA inhibitor H89, suggesting
that activation of CXCR4 by gpl20 in microglia causes
cAMP-dependent PKA activation, resulting in K,1.3
phosphorylation and consequent enhancement of chan-
nel activity.

K,1.8 is predominantly expressed in immunocytes
including microglia, lymphocytes, and macrophages and
is important for immunocyte-mediated immune and
inflammatory responses (Beeton et al., 2006; Chandy
et al., 2004). Mounting evidence suggests that immune
and inflammatory responses mediated by the activated
microglia, the predominant resident CNS cell type pro-
ductively infected by HIV-1(Lipton and Gendelman,
1995), play a pivotal role in the pathogenesis of HAND
(Dheen et al., 2007; Garden, 2002; Glass and Wesse-
lingh, 2001). Thus, studies on identification of specific
target(s) to regulate microglia activation and resultant
production of neurotoxins are highly imperative. Our
results, gp120-associated neurotoxicity was blocked by a
specific K,1.3 blocker MgTx, indicate that K,1.3
expressed in microglia may function as a potential
target for the development of therapeutic strategies for
HAND and perhaps for other neurodegenerative dis-
orders. We anticipate that blockade of K,1.3 channels in
microglia might attenuate microglia-associated neuro-
toxicity, resulting in the protection of neurons from HIV-
associated challenge in the infected brain. It is worth
pointing out that there may be side effects by systemic
or intracranial administration of K,1.3 blockers since
small amounts of K,1.3 are also expressed in several
brain regions such as hippocampus, and pyriform cortex
(Kues and Wunder, 1992). However, such potential side
effects might be minimal as animals deficient in K,1.3
exhibited only a heightened sense of smell and distinct
structure alterations in the olfactory bulb (Fadool et al.,
2004). Thus, the potential for development of specific
K,1.3 blockers to suppress microglia-associated neuro-
toxicity is optimistic.

In summary, the experimental data provide in vitro
evidence that HIV-1gp120 enhances outward K™ current
in cultured rat microglia via CXCR4 — ¢cAMP-dependent
PKA signaling pathway. Gp120 elevates the levels of K,
channel expression and alters K, channel biophysical
properties. Biological significance of gp120 enhancement
of microglia outward K™ current was demonstrated by
experimental results that blockade of microglia K, chan-
nels by K, channel blockers suppresses microglia-
induced neurotoxicity. As such, the K, channel

— 319 —



gp120 ENHANCES MICROGLIA OUTWARD K* CURRENT

expressed in microglia may function as a potential tar-
get in the development of therapeutic strategies for neu-
rodegenerative disorders by which the activated resident
microglia play a critical role in the pathogenesis.
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The increase in surface CXCR4 expression on lung
extravascular neutrophils and its effects on neutrophils
during endotoxin-induced lung injury

Mitsuhiro Yamada', Hiroshi Kubo?, Seiichi Kobayashi’, Kota Ishizawa”, Mei He?, Takaya Suzuki’, Naoya Fujino?,
Hiroyuki Kunishima', Masamitsu Hatta', Katsushi Nishimaki®, Tetsuji Aoyagi*, Kouichi Tokuda®,
Miho Kitagawa®, Hisakazu Yano®, Hirokazu Tamamura®, Nobutaka Fujii” and Mitsuo Kaku'*

Inflammatory stimuli, such as a microbes or lipopolysaccharides, induce a rapid release of neutrophils from the bone marrow and
promote neutrophil migration into inflamed sites to promote host defense. However, an excess accumulation and retention of
neutrophils in inflamed tissue can cause severe tissue injuries in the later stages of inflammation. Recent studies have reported that
both CXCL12 levels in injured lungs and its receptor, CXCR4, on accumulated neutrophils in injured lungs, increased; furthermore,
these studies showed that the CXCL12/CXCR4 signaling pathway participated in neutrophil accumulation in the later stages of
lipopolysaccharide (LPS)-induced lung injury. However, the mechanisms underlying this increase in surface CXCR4 expression in
neutrophils remain unclear. In this study, we found that surface CXCR4 expression increased in extravascular, but not intravascular,
neutrophils in the lungs of LPS-induced lung injury model mice. Furthermore, ex vivo studies revealed that CXCL12 acted notonlyas a
chemoattractant, but also as a suppressor of cell death for the lung neutrophils expressing CXCR4. Sulfatide, one of the native ligands
for L-selectin, induced the increase of surface CXCR4 expression on isolated circulating neutrophils, suggesting that the activation of
L-selectin may be involved in the increase in surface CXCR4. Our findings show that surface CXCR4 levels on neutrophils increase after
extravasation into injured lungs, possibly through the activation of L-selectin. The CXCL12/CXCR4 signaling pathway plays an
important role in the modulation of neutrophil activity during acute lung injury, not only by promoting chemotaxis but also by
suppressing cell death.

Cellular & Molecular Immunology (2011) 8, 305-314; doi:10.1038/cmi.2011.8; published online 4 April 2011
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neutrophils within injured tissues during the acute phase of inflam-
mation. However, the mechanisms of neutrophil retention and
withdrawal during the later phase of inflammation are not well
understood and are still being investigated.

INTRODUCTION

During acute inflammation, neutrophils are released from the bone
marrow and migrate into inflamed tissues.”” In inflamed tissues,
neutrophils extravasate from blood vessels to the site of tissue

injury or infection. These extravasated neutrophils play an impor-
tant role in host defense against pathogenic microorganisms,
though the excess accumulation and activation of neutrophils can
cause severe tissue injury. Therefore, the apoptosis of neutrophils
and the proper processing of apoptotic neutrophils by macrophage
phagocytosis are important for the resolution of inflammation to
prevent tissue injury. It is well established that inflammatory cyto-
kines (including TNF-o° and IL-1%) and neutrophil attractant CXC
chemokines®” are critically involved in the accumulation of

The accumulated evidence published thus far suggests that CXC
chemokine CXCL12/stromal cell-derived factor-1, which was first
described as a strong chemotactic factor for lymphocytes,®™" contri-
butes to the control of the neutrophil life cycle through the activation
of CXCR4. It has been reported that the CXCL12/CXCR4 signaling
system plays an important role in the regulation of neutrophil home-
ostasis, including both the release of neutrophils from bone marrow
into blood'*™" and the homing of the circulating neutrophils to the
bone marrow.'*® In addition to the evidence supporting the role of
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CXCL12/CXCR4 in modulating neutrophil homeostasis, we and other
investigators previously reported that both CXCL12 levels in the
injured lungs and surface CXCR4 protein on accumulated neutrophils
were increased; furthermore, the in vivo administration of an anti-
CXCL12 blocking antibody suppressed airspace neutrophilia in the
lungs in the later stages of lipopolysaccharide (LPS)-induced lung
injury.'”"!® These findings suggested that this chemokine participated
in the accumulation of neutrophils in the injured tissue, particularly in
the later stages of inflammation. However, the mechanisms under-
lying the increase in surface CXCR4 expression on neutrophils during
LPS-induced lung injury and the CXCL12-promoted accumulation of
neutrophils remain unclear.

In this study, we investigated when and how surface CXCR4
expression levels increased on neutrophils in the lungs during LPS-
induced lung injury. We further examined the effects of CXCL12 on
isolated neutrophils to evaluate how this chemokine contributes to
neutrophil accumulation in the injured tissue. In our investigation of
the mechanism underlying the increase in surface CXCR4 expression
levels, we focused on L-selectin because previous reports have shown
that the activation of L-selectin induced the expression of surface
CXCR4 in both human and mouse lymphocytes;”™*! furthermore,
the shedding of L-selectin, which resulted from the activation of
L-selectin by its ligands,” was observed in extravasated neutrophils

s . . 2324
in inflamed tissues of mice.?

MATERIALS AND METHODS

Animals

C57BL/6] mice were purchased from CLEA Japan Inc. (Tokyo, Japan).
All mice were 7- to 8-week-old males and were housed under specific
pathogen-free conditions for 1 week prior to experimental use. All
animal experiments were permitted by the Institutional Animal
Care and Use Committee of the Tohoku University Environmental
and Safety Committee and were performed in accordance with the
Regulations for Animal Experiments and Related Activities at Tohoku
University.

Reagents

The reagents used in this study were obtained from the following
sources: mouse monoclonal anti-CXCL12 blocking antibody was
purchased from R&D Systems (Minneapolis, MN, USA); control
mouse immunoglobulin G1 (IgGl) was purchased from Sigma
(St Louis, MO, USA); a specific CXCR4 antagonist, 4F-benzoyl-
TE14011, was synthesized as previously described;*?® a rabbit
anti-mouse CXCL12 antibody was purchased from BioVision
(Mountain View, CA, USA) for immunohistochemical experiments;
mouse monoclonal anti-mouse/human CXCL12 antibody was pur-
chased from R&D Systems for immunoblotting analysis; phycoer-
ythrin (PE)-conjugated rat anti-mouse CXCR4 monoclonal
antibody (clone 2B11/CXCR4) and an isotype control antibody
(clone A95-1), PE-conjugated rat IgG2b), fluorescein isothiocya-
nate (FITC)-conjugated rat anti-mouse Ly-6G monoclonal anti-
body (clone 1A8) and purified rat anti-mouse CD16/CD32 (Fcy
HI/II receptor) monoclonal antibody (clone 2.4G2, Mouse BD Fc
Block) were purchased from BD Pharmingen (San Diego, CA,
USA); FITC-conjugated anti-mouse neutrophil antibody (clone
7/4) was purchased from Serotec (Raleigh, NC, USA); Alexa
Fluor 647-conjugated anti-mouse Ly-6G (Gr-1) monoclonal anti-
body (clone RB6-8C5), 7-aminoactinomycin D (7-AAD) viability
staining solution and an Annexin V apoptosis detection kit APC
were purchased from eBioscience (San Diego, CA, USA); Alexa
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Fluor 647 anti-mouse CD62L antibody and Alexa Fluor 647 rat
IgG2a, x isotype control antibody were purchased from Biolegend
(San Diego, CA, USA); recombinant mouse CXCL12a was pur-
chased from R&D Systems; sulfatide sodium salt from bovine spinal
cord was purchased from Wako Chemicals (Tokyo, Japan); TRIzol
reagent was purchased from Invitrogen (Carlsbad, CA, USA); anti-
p44/42 MAPK (ERK1/2) rabbit monoclonal antibody, anti-
phospho-p44/42 MAPK (ERKI1/2, Thr202 and Tyr204) rabbit
monoclonal antibody, anti-Akt rabbit monoclonal antibody, anti-
phospho-Akt (Thr308) rabbit monoclonal antibody, goat anti-
rabbit IgG, HRP-linked antibody, cell lysis buffer, U0126 (MEK1/
2 inhibitor) and LY294002 (PI3 kinase inhibitor) were purchased
from Cell Signaling Technology (Danvers, MA, USA).

LPS-induced lung injury

LPS from Escherichia coli serotype 055:B5 was obtained from Sigma.
Mice were anesthetized by ketamine hydrochloride. While anesthe-
tized, mice intranasally inhaled LPS (20 pg/mouse in phosphate-
buffered saline (PBS)) that was placed on one nostril. Control mice
received only PBS.

Preparation of single lung cells from lungs

Mice received an overdose of inhaled halothane, and their lungs were
perfused with PBS via the right ventricles. PBS-perfused lungs were
isolated with other mediastinal organs. Dispase Il solution was
instilled into the lungs through the trachea, which was ligated with a
silk suture. After incubation at 37 “C for 50 min, the lungs were
separated from the other mediastinal organs. The lungs were then
thoroughly minced and digested in PBS with 0.1% collagenase,
0.01% deoxyribonuclease I and 5-mM CaCl, at 37 °C for 20 min.
The cells were then suspended in red blood cell lysing buffer to remove
red blood cells and subsequently washed with PBS. The cells were then
centrifuged and resuspended in PBS.

Evaluation of surface CXCR4 expression on neutrophils

The surface CXCR4 expression levels of neutrophils isolated from
bone marrow, circulating blood, single lung cell suspensions and
BAL fluid were evaluated. Mouse neutrophils were identified by
their forward scatter and side scatter characteristics and positive
Ly-6G staining. The samples were stained with a PE-labeled anti-
CXCR4 antibody or a PE-labeled isotype-matched control antibody
and an FITC-labeled anti-Ly6G (1A8) antibody. Dead cells were
excluded based on 7-AAD staining. The samples were analyzed
using a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA, USA).

Identification of intravascular and extravascular neutrophils in the
lungs

The identification of intravascular and extravascular neutrophils in
the lungs was performed as previously described with some modifica-
tions.”” An Alexa Fluor 647-conjugated anti-mouse Ly-6G (Gr-1)
antibody (1 pg) was injected intravenously and allowed to circulate
for 5 min. After 5 min, the mice were killed. The lungs were then
digested as described above in the presence of an excess of unlabeled
anti-mouse Gr-1 antibody to prevent possible binding of Alexa Fluor
647-conjugated anti-Gr-1 antibody to extravascular neutrophils. The
lung cell suspensions were then stained with an FITC-conjugated anti-
mouse neutrophil antibody (7/4). Intravascular (7/4*Gr-1") and
extravascular (7/4*Gr-17) neutrophil populations were assessed
using flow cytometry.
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Figure 1 Surface CXCR4 expression increased in extravascular neutrophils in the mouse lungs during LPS-induced lung injury. (a—e) Flow cytometric analyses were
performed to determine the surface CXCR4 expression levels of neutrophils isolated from bone marrow (a), peripheral blood (b), lung tissue (¢) and BAL fluid (d).
Neutrophils were analyzed before LPS administration (black line) and at 6 h (red line) and 24 h (blue line) afterward. The filled images show the staining using an
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isotype-matched control antibody. We were unable to analyze the surface CXCR4 expression levels of neutrophils isolated from BAL fluid before LPS administration
because there were an insufficient number of neutrophils in these samples. Splenocytes from untreated control mice were used as a positive control for CXCR4 staining
(e). {f-i) The surface CXCR4 expression levels of intravascular neutrophils (g; GR-1*7/4*) and extravascular neutrophils (g; GR-1"7/4") in the lungs at 24 h during
LPS-induced lung injury were examined. Note almost all circulating neutrophils (7/4 cells) in blood were stained with Gr-1 5 min after antibody injection (f). The blue
lines show the surface CXCR4 expression levels of intravascular neutrophils (h) or extravascular neutrophils (i). The filled images show the staining using an isotype-
matched control antibody. (h) The levels of intracellular CXCR4 (blue line) in neutrophils isolated from mouse blood were analyzed by staining with permeabilization.
The filled image shows the staining using an isotype-matched control antibody. The black line shows the surface CXCR4 expression levels. Representative histograms
or dot plots from one of three experiments that showed similar results are presented. BAL, bronchoalveolar lavage; LPS, lipopolysaccharide.

In vivo blocking the CXCL12/CXCR4 signaling pathway using a
specific CXCR4 antagonist

A specific CXCR4 antagonist (4F-benzoyl-TE14011) was used for
in vivo inhibition of the CXCL12/CXCR4 signaling pathway as
described previously.”® Briefly, 4F-benzoyl-TE14011 was dissolved
in PBS and subcutaneously administered using ALZET osmotic
pumps (Durect Corp., Cupertino, CA, USA) that were implanted
dorsally under the skin 1 day before administration of LPS. 4F-ben-
z0yl-TE14011 was infused at a rate of 120 pg/day for 3 days after
implantation. For the control study, ALZET osmotic pumps filled
with the same volume of PBS were subcutaneously implanted in the
same manmner.

Bronchoalveolar lavage (BAL)

First, mice were killed by administering an overdose of halothane.
Lavage tubes were then implanted into the mice according to the
following procedure: a median sternotomy was performed, the trachea
were dissected and isolated from the underlying soft tissues and a 0.8-
mm lavage tube was inserted through a small incision in the trachea.
BAL was performed by instilling 0.5 ml of ice cold PBS into the lungs
and then gently aspirating the fluid. BAL was then repeated two times
using fresh 0.5-ml aliquots of PBS. These three fluid samples were
pooled and centrifuged. Cell counts and differentials were then per-
formed. BAL protein in cell-free BAL fluid was assayed as an index of
lung injury and capillary leakage. Protein quantification was per-
formed using a BCA Protein Assay Reagent Kit (Pierce Biotech-
nology Inc., Rockford, IL, USA).

Histological analysis

The lungs were fixed by inflation with 10% neutral-buffered formalin
at a transpulmonary pressure of 20 cm H,0O, embedded in paraffin and
cut into 5-pm thick sections. Sections were stained with hematoxylin
and eosin for histological assessment. Images were taken with Nikon
Eclipse E80i Microscope (Nikon, Tokyo, Japan). These images were
analyzed using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

The lung injury scores were calculated using the previously pub-
lished scoring systemn.” Two sections per animal were scored inde-
pendently. Alveolar wall thickness was quantified in a blinded fashion
by measuring of all septa along a crosshair placed on each image. At
least 200 septa per animal were measured. The number of emigrated
neutrophils was quantified by counting the number neutrophils pre-
sent within all alveolar spaces in randomly selected fields. At least 200
alveolar spaces were counted.

Isolation of lung neutrophils

Neutrophils were separated from bone marrow cells, circulating blood
leukocytes and single lung cell suspensions using an anti-Ly6G (1A8)
MicroBead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s protocol. The purity of the isolated
neutrophils was evaluated using both microscopic and flow cyto-
metric analyses and was determined to be greater than 98%.
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Neutrophil migration assay

Neutrophils were placed on a modified Boyden chamber with 3-pm
pores (Chemotaxcell; Kurabo Industries Ltd, Osaka, Japan) to evalu-
ate the migration stimulating activity of CXCLI12. Splenocytes, which
can migrate toward CXCL12,%® were used as a positive control. A total
of 5% 10° neutrophils or splenocytes in 200 pl of RPMI 1640 medium
containing 0.25% bovine serum albumin were placed in the upper
chambers. The upper chambers were then placed in individual wells
of a 24-well cell culture plate containing 500 pl of assay buffer either
with or without mouse CXCL12a (50 nM). An equal number of
neutrophils or splenocytes were added to some of the lower wells
without a top chamber to provide a standard count of total cells. In
some experiments, the cells were pre-incubated with 100-nM
4F-benzoyl-TE14011 at 37 “C for 30 min. The chambers were then
incubated for 2 h at 37 “C. The cells in the lower chamber were colle-
cted, and the percentage of migration was determined from the ori-
ginal cell input.

Cell death analysis

Lung neutrophils (2X10%) in RPMI 1640 containing 10% FCS were
either untreated or preincubated with a specific CXCR4 antagonist for
1 h at 37 °C. The neutrophils were then mixed with 100 ng/ml
CXCL120. alone or in combination with a MEK1/2 inhibitor
(U0126, 1 uM) or a PI3K inhibitor (LY294002, 10 uM) and incubated
for an additional 24 h at 37 °C. After this incubation, the neutrophils
were counted and the percentage of dead cells was calculated using
trypan blue staining. Neutrophils were also stained with Annexin V
and 7-AAD, and then analyzed using a FACSCalibur flow cytometer.

Western blotting

Lung neutrophils isolated from the injured lung were left untreated or
incubated at 37 “C with 100 ng/ml CXCLI12« for 30 s. Some neutro-
phils were pre-incubated with 100-nM 4F-benzoyl-TE14011 at 37 °C
for 30 min. Cells were lysed in 1X cell lysis buffer (Cell Signaling
Technology). Whole-cell lysate was run on an any kD Mini-
PROTEAN TGX Precast SDS-PAGE gel (Bio-Rad, Hercules, CA,
USA) and the proteins were transferred by electroblotting onto poly-
vinylidene fluoride membrane (Invitrogen). The blots were probed
with antibodies specific for ERK1/2 phosphorylation at Thr202 and
Tyr204 or Akt phosphorylation at Thr 308. Membranes were stripped
with Restore Western Blot Stripping Buffer (Thermo Fisher Scientific,
Rockford, IL, USA) and then reblotted with anti-ERK1/2 or anti-Akt.

L-selectin stimulation

Neutrophils were resuspended in RPMI 1640 (Invitrogen) with 0.1%
bovine serum albumin (Sigma). The neutrophils were then incubated
with sulfatide at a final concentration of 100 pg/ml for 1 h at 37 °C,

Data presentation and statistical analysis

Unless otherwise noted, all data presented are expressed as mean=
standard error of the mean (s.e.m.). Statistical analyses were per-
formed using Statistica software (StatSoft Inc., Tulsa, OK, USA).
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Figure 2 Blocking the CXCL12/CXCR4 signaling pathway inhibited neutrophil
migration into the lung air space and the increase of lung permeability during
LPS-induced lung injury. (a—c) Neutrophil counts (a), total protein concentra-
tion {(b) in the BALF and neutrophil counts in the circulating blood (c) were
determined in C57BL/6 mice treated with either PBS (white) or a CXCR4
antagonist (black) at indicated time points during LPS-induced lung injury.
A total of six mice were used in each group. Values represent meanz*s.e.m.
*P<0.01, TP<0.05, versus PBS control mice using ANOVA with Scheffé's
post hoc test. (d, e) Histological evaluation of the treatment with a CXCR4
antagonist on LPS-induced lung injury. Representative images of hematoxylin
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and eosin stained lung tissue sections from PBS- (d) or CXCR4 antagonist-
treated (e) mice at 24 h during LPS-induced lung injury. Scale bar=50 pm.
BALF, bronchoalveolar lavage fluid; LPS, lipopolysaccharide; PBS, phosphate-
buffered saline.

Data were assessed for significance by ANOVA with Scheffé’s post hoc
method for multiple comparisons. Statistical significance was defined
as P<0.05.

RESULTS

The expression of surface CXCR4 increased on extravascular
neutrophils in the mouse lungs during LPS-induced lung injury
Neutrophils in bone marrow, peripheral blood and lung digests from
untreated control mice expressed very low levels of surface CXCR4
(Figure la—c, black lines). Surface expression of CXCR4 did not clearly
increased in neutrophils from the bone marrow or peripheral blood at
6 and 24 h after LPS instillation (Figure la and b, red and blue lines,
respectively). However, neutrophils from lung digests and BAL fluids
exhibited a significant increase in surface CXCR4 expression at both 6
and 24 h during LPS-induced lung injury (Figure 1c and d, red and
blue lines, respectively). To investigate whether a subset of neutrophils
with higher surface CXCR4 expression in the blood emigrates into the
lungs or if neutrophil surface CXCR4 expression increases after the
cells emigrate into the lungs, we examined the surface CXCR4 express-
ion of both intravascular and extravascular neutrophils in the lungs
during LPS-induced lung injury. We first labeled intravascular neu-
trophils in vivo by the intravascular administration of the Alexa 647-
conjugated anti-mouse Gr-1 antibody and labeled all neutrophils in
the lung digest using the FITC-conjugated anti-mouse 7/4 antibody
(Figure 1f and g, also see the section on ‘Materials and methods’).
Almost all circulating neutrophils in blood were stained with Gr-1 5
min after antibody injection (Figure 1f). Extravascular neutrophils,
which were labeled with the anti-7/4 but not the anti-Gr-1 antibody
{Figure 1g), exhibited clearly higher surface CXCR4 expression levels
(Figure 1i) compared to intravascular neutrophils (Figure 1h). As
previously reported in humans,'® intracellular staining revealed that
the levels of CXCR4 expression were high in the intracellular compart-
ments of neutrophils isolated from mouse blood (Figure 1j), suggest-
ing that translocation of CXCR4 to the cell surface occurred in the
neutrophils isolated from injured lungs. Taken together, these findings
suggested that the cell surface CXCR4 expression levels increased after
these cells emigrated into the lungs and extravasated during LPS-
induced lung injury.

Blocking the CXCL12/CXCR4 signaling pathway inhibited neutro-
phil accumulation into the air space and attenuated the increase in
lung permeability during LPS-induced lung injury.

Previous reports by our group and other investigators have shown
that CXCL12 levels are upregulated in injured lungs and that in vivoe
administration of anti-CXCL12 blocking antibodies suppresses air-
space neutrophilia in the lungs at the later stages of LPS-induced lung
injury,'”? suggesting that the increase of surface CXCR4 expression
on lung extravasated neutrophils cooperates with the increase of
CXCL12 in the lungs to facilitate the accumulation of neutrophils.
To confirm the in vivo role of the CXCL12/CXCR4 signaling system
in the pathogenesis of acute lung injury, we administrated a specific
CXCR4 antagonist to block the activation of CXCR4. Because it has
been reported that single-dose administration of a CXCR4 antagonist
rapidly induces neutrophilia,'>*®*' we administrated the antago-
nist continuously using an osmotic pump as previously we did.*®
We compared white blood cell and neutrophil count between
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Table 1 Histopathological lung injury score, interalveolar septal thickness and the number of neutrophils in alveolar spaces in mice at 24 h

during LPS-induced lung injury

Measure Untreated control LPS and PBS LPS and CXCR4 antagonist
Lung injury score 1.1x0.1 3.3+0.1 2.5+0.2*

Septal thickness (um) 1.6+0.1 29+0.1 25+0.1*

No. of neutrophils in 100 alveoli 1.2x03 68.3+46 485+29*

Abbreviations: LPS, lipopolysaccharide; PBS, phosphate-buffered saline.
Data are represented as mean=*s.e.m. n=6 per group.
*P<0.01 versus LPS and P8BS group.

subcutaneous single-dose and continuous dosing administration of
4F-benzoyl-TE14011 in uninjured mice. As previously reported
in human,’®*' single-dose administration of 4F-benzoyl-TE14011
caused the significant neutrophilia with a peak increase at 6 h
(Supplementary Table 1). However, continuous dosing administra-
tion did not cause the significant neutrophilia (Supplementary
Table 1). Continuous administration of the antagonist also did not
result in significant neutrophilia in comparison with control mice
during LPS-induced lung injury (Figure 2¢). The number of the neu-
trophils (Figure 2a) and the protein concentration (Figure 2b) in the
BAL fluid were significantly reduced in CXCR4 antagonist treated
mice at 6 and 24 h during LPS-induced lung injury in comparison
with the control mice. Histological assessment also revealed that the
treatment with a CXCR4 antagonist attenuated the lung injury
induced by LPS at 24 h (Figure 2e and ¢ and Table 1). These findings
confirmed that both CXCLI12 and its receptor CXCR4 contribute to
neutrophil accumulation in the air space and an increase in lung
permeability during LPS-induced lung injury.

Neutrophils isolated from injured lungs exhibited migratory
activity toward CXCL12

To elucidate the role of CXCR4 in the accumulation of neutrophils in
the injured lung, we examined whether lung neutrophils responded to
and showed the migratory activity toward CXCLI2. Isolated neutro-
phils from the LPS-instilled mice were placed in modified Boyden
chambers, and CXCL12 was added to the chambers as a chemoattrac-
tant. Splenocytes from untreated control mice were used as a positive
control because splenocytes expressed high levels of surface CXCR4
(Figure le). Neutrophils isolated from the bone marrow or peripheral
blood exhibited no migratory response toward CXCL12 (Figure 3). In
contrast, neutrophils isolated from lung digests and BAL fluids exhib-
ited migratory responses to CXCL12 (Figure 3). Furthermore, this
migratory response to CXCL12 was blocked by a specific CXCR4
antagonist. These ex vivo findings demonstrated that the accumulated
lung neutrophils expressing high surface levels of CXCR4 exhibited
migratory activity toward CXCL12, whereas bone marrow and peri-
pheral blood neutrophils, which express very low surface levels of
CXCR4, did not respond to CXCL12.

Activation of CXCR4 by CXCL12 attenuated cell death of isolated
neutrophils from the injured lungs

The observation that blocking the CXCL12/CXCR4 pathway
decreased the number of neutrophils in the air space suggests the
involvement in neutrophil recruitment during LPS-induced lung
injury. However, in contrast to the enhanced migratory activity
toward CXCL12 observed in the accumulated lung neutrophils, the
blood neutrophils, which expressed very low levels of CXCR4
(Figure 1), did not exhibit a migratory response to CXCLI12
(Figure 3). This suggested that the CXCL12/CXCR4 pathway was
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not critically involved in the recruitment of neutrophils, at least from
circulating blood into the injured lungs. It has been reported that
CXCR4 activation by CXCLI2 suppressed cell death of CD34™
hematopoietic cells’> and CD4" T cells.” To investigate whether the
CXCL12/CXCR4 pathway contributes to the accumulation of neutro-
phils in the injured lung by suppressing the neutrophil death, we
examined the role of CXCL12 in suppressing cell death of the lung
neutrophils. We performed trypan blue staining to assess cell death
after ex vivo culture either with or without CXCL12. The administra-
tion of CXCL12 decreased cell death levels of the neutrophils
(Figure 4a). This protective effect of CXCL12 against cell death was
blocked by the administration of a specific CXCR4 antagonist
(Figure 4b—d). We further performed Annexin V and 7-AAD staining
to assess apoptosis levels after culture. The incidences of both early
apoptotic cells and late apoptotic/necrotic cells were reduced by
CXCL12. This protective effect against apoptosis was also blocked
by a CXCR4 antagonist (Figure 4b—d).

We then investigated the mechanisms for how CXCL12/CXCR4
signaling protects neutrophils from apoptosis. We focused on
both ERK and PI3K/Akt signaling pathways because it has been
reported that CXCL12/CXCR4 signaling protects T cells,”> CD34™"

‘g’_ 7 GXCL12 (9 .
£20 W CXCL12 (+) |
f
o 7 CXCL12 (+) & CXCR4 antagonist
K * T
®
o110
o
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o
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lung BAL splenocytes

marrow biood tissue

Figure 3 Neutrophils that accumulated in the mouse lungs during LPS-
induced lung injury showed migratory responses to CXCL12. Neutrophils were
isolated from the bone marrow, blood, lung tissue and BAL fluid at 24 h during
LPS-induced lung injury. Cell migration assays assessing the migration of
neutrophils toward CXCL12 were performed in vitro using chemotaxis cham-
bers. Splenocytes from untreated control mice were used as a positive control
because splenocytes expressed high levels of surface CXCR4 (Figure 1e).
Levels of neutrophil or splenocyte migration in the absence of CXCL12, the
presence of CXCL12, or after pretreatment with a CXCR4 antagonist in the
presence of CXCL12, are depicted by the white, black and gray bars, respect-
ively. The data shown represent the percentage of migration. The results were
obtained from five mice in each group. Values represent mean=*s.e.m.
*P<0.01 versus CXCL12 (—) control group and YP<0.01 versus CXCL12
(+) group using ANOVA with Scheffé’s post hoc test. BAL, bronchoalveoclar
lavage.
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Figure 4 CXCR4 activation by CXCL12 attenuated the cell death of mouse neutrophils isolated from the injured lungs. Neutrophils were isolated from the mouse lungs
at 24 h after LPS instillation. The isolated neutrophils were cultured in either media alone (RPMI 1640 supplemented with 10% FCS), media containing CXCL12, media
containing CXCL12 and a specific CXCR4 antagonist or media with a specific CXCR4 antagonist alone for 24 h at 37 °C. Subsequently, cell death was assessed by
trypan blue staining (a). Staining with Annexin V and 7-AAD was also performed to detect early apoptotic (Annexin V*7-AAD™; b, ¢) cells and late apoptotic/necrotic
(Annexin V*7-AAD™; b, d) cells. Representative dot plots are shown. A total of six mice were used in each group. The values represent mean=s.e.m. *P<0.01 versus
before culture group and *P<0.01 versus media only group using ANOVA with Scheffé’s post hoc test. 7-AAD, 7-aminoactinomycin D; FCS, fetal calf serum.

hematopoietic cells® and blood neutrophils of Warts, hypogamma-
globulinemia, infections, and myelokathexis syndrome (an inherited
immune disorder associated with CXCR4 gene mutation, causing a
defect of CXCR4 internalization) patien’cs3 * via ERK1/2 and/or PI3K/
Akt signaling pathway. Western blotting revealed that CXCLI12
induced phosphorylation of both ERK1/2 and Akt (Figure 5a) in the
neutrophils isolated from the injured lungs. Moreover, the protective
effect of CXCL12 against spontaneous apoptosis on the neutrophils
was suppressed by the presence of MEK1/2 inhibitor or PI3K inhibitor
(Figure 5b and c). These findings suggested the protective effect of
CXCL12/CXCR4 against cell death of the neutrophils accumulated in
the lungs during LPS-induced lung injury through ERK and PI3K/Akt
signaling pathways.

L-selectin may be involved in the increase in surface CXCR4
expression on neutrophils

Our findings suggested that the increase in surface CXCR4 expression
levels occurred during or after the extravasation of neutrophils in the
lungs during LPS-induced lung injury. Circulating neutrophils
expressed L-selectin on their surface (Figure 6a), whereas significant
levels of surface L-selectin expression were not observed on neutro-
phils in lung digests and BAL fluids during LPS-induced lung injury
(Figure 6b and c). These findings suggested that the shedding of
L-selectin occurred in the process of extravasation of neutrophils into
the injured lungs. To elucidate the participation of L-selectin in the
increase in surface CXCR4 expression on neutrophils, we stimulated
circulating neutrophils ex vivo with sulfatide, one of the native
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Figure 5 CXCL12 protects lung-accumulated neutrophils of LPS-injured mice
from apoptosis through MEK/ERK and PI3K/Akt pathways. (a) Neutrophils were
isolated from the mouse lungs at 24 h after LPS instillation. Isolated neutrophils
were untreated or pre-incubated with a CXCR4 antagonist then treated CXCL12.
Western blot analysis showed that CXCL12 induced the phosphorylation of ERK1/
2 and Akt. (b, ¢) The isolated neutrophils were cultured for 24 h at 37 °C in the
presence (white bar) or absence (black bar) of CXCL12 alone or in combination
with a MEK1/2 inhibitor (U0126) or a PI3K inhibitor (LY294002). Subsequently,
staining with Annexin V and 7-AAD was also performed to detect early apoptotic
(Annexin V*7-AAD™; b) cells and late apoptotic/necrotic (Annexin V*7-AAD™;
¢) cells. Note the suppression of the inhibitory effect of CXCL12 against apoptosis
in the presence of MEK1/2 inhibitor or PI3K inhibitor. The values represent
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mean=s.e.m. (n=6). *P<0.01 versus before culture group and *P<0.01 versus
media only group using ANOVA with Scheffé's post hoctest. 7-AAD, 7-aminoac-
tinomycin D; LPS, lipopolysaccharide.

L-selectin ligands,”® and examined the changes in CXCR4 expression.
Sulfatide induced a significant increase in surface CXCR4 expression
on neutrophils (Figure 6d—f) and shedding of L-selectin (Figure 6g and
h). This finding suggested that L-selectin may be involved in the
increase in surface CXCR4 expression on neutrophils after the emig-
ration of these cells into the injured lungs.

DISCUSSION

In the present study, we demonstrated that cell surface CXCR4
expression levels increase on extravascular neutrophils, but not on
intravascular neutrophils, in the injured lung during LPS-induced
lung injury. Because CXCLI12 is also upregulated in the injured
lungs,'”' these findings suggest that the increase in surface CXCR4
expression levels on extravasated neutrophils acts together with the
increase of CXCLI12 in the lungs to promote neutrophil migration
and/or retention within the airspace.

To investigate whether the CXCL12/CXCRA4 signaling system con-
tributes to neutrophil migration to the lung or retention in the injured
lung, we examined the migratory activities of neutrophils isolated
from the bone marrow, blood, lung digests and BAL fluids of LPS-
injured mice toward CXCL12. Our findings revealed that neutrophils
isolated from lung digests and BAL fluids exhibited enhanced migrat-
ory activities toward CXCL12, whereas neutrophils isolated from bone
marrow or blood did not. These findings were consistent with the low
levels of surface CXCR4 expression found on neutrophils isolated
from bone marrow and blood (Figure la and b). These data suggest
that the neutrophils that were accumulated in the lung acquired the
ability to migrate toward CXCL12 through the increase in CXCR4 and
that the CXCL12/CXCR4 signaling pathway contributes primarily to
neutrophil retention, not migration, in cases of LPS-induced lung
injury. ,

We examined whether CXCR4 activation by CXCLI12 prevented cell
death of lung neutrophils, because the apoptosis of neutrophils and
subsequent macrophage phagocytosis of apoptotic cells contribute to
neutrophil clearance. We found that CXCL12 reduced the levels of cell
death of the extravasated neutrophils within the injured lungs. This
protective effect was inhibited when a specific CXCR4 antagonist was
administered. We investigated the mechanisms for how CXCL12/
CXCR4 signaling protects the lung accumulated neutrophils and then
revealed that CXCLI12 protects the neutrophils from apoptosis
through MEK/ERK and PI3K/Akt pathways. Although we do not have
clear evidence confirming that CXCR4 activation is critical for the
survival of accumulated neutrophils in vivo, this idea is compatible
with a recent clinical report describing increased CXCL12 concentra-
tions and the presence of primarily non-apoptotic neutrophils with
enhanced CXCR4 expression levels in the BAL fluid of lipopolysac-
charide patients.>® Taken together, our ex vivo findings suggest that
this protective effect of the CXCL12/CXCR4 signaling pathway against
cell death contributes to neutrophil accumulation and retention in the
lungs during inflammatory diseases, including cases of acute lung
injury.

To investigate the stimuli that induce the increase in surface CXCR4
expression on neutrophils, we focused on L-selectin, a cell adhesion
molecule that belongs to the selectin family, because it has been also
reported that L-selectin is involved in the increase in surface CXCR4
expression on human peripheral blood lymphocytes and mouse
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Figure 6 L-selectin may be involved in the increase in surface CXCR4 expression in mouse neutrophils. (a~¢) The surface L-selectin expression levels of neutrophils
isolated from blood (a), lung tissue (b) and BAL fluid (c) at 24 h during LPS-induced lung injury were-assessed by flow cytometry. The filled images show the staining
using an isotype-matched control antibody. (d-f) Sulfatide induced the increase in surface CXCR4 expression in neutrophils isolated from mouse blood. The surface
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Representative histograms from one of three experiments that showed similar results are presented. BAL, bronchoalveolar lavage; LPS, lipopolysaccharide.

lymphocytes.’®*! We observed that the shedding of L-selectin, which
is induced by L-selectin activation, occurred during the process of
extravasation of neutrophils (Figure 6a—c). We also found that sulfa-
tide, a natural ligand for L-selectin, induced the surface expression of
CXCR4 on neutrophils isolated from mouse blood. These findings
suggest that the activation of L-selectin may be involved in the increase
in surface CXCR4 expression levels on neutrophils in the lungs.

In summary, we have shown that the surface CXCR4 expression
levels on neutrophils increase after extravasation into the mouse lungs
during LPS-induced lung injury. In addition, the activation of L-selectin
may be a key regulator of this surface CXCR4 increase. Our findings
suggest that the CXCL12/CXCR4 signaling pathway is involved in neu-
trophil accumulation and retention in the inflammatory site through
both its chemotactic effect and its protective effect against cell death.
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A Synthetic C34 Trimer of HIV-1 gp41 Shows Significant Increase in

Inhibition Potency

Wataru Nomura,® Chie Hashimoto,” Aki Ohya,”! Kosuke Miyauchi,® Emiko Urano,® Tomohiro Tanaka,

[a]

Tetsuo Narumi,’™ Toru Nakahara,® Jun A. Komano,® Naoki Yamamoto, and Hirokazu Tamamura*®

The development of new anti-HIV-1 drugs such as inhibitors of
protease and integrase has been contributed to highly active
anti-retroviral therapy (HAART) for the treatment of AIDS." The
entry of human immunodeficiency virus type 1 (HIV-1) into
target cells is mediated by its envelope glycoprotein (Env), a
type | transmembrane protein that consists of surface subunit
gp120 and noncovalently associated transmembrane subunit
gp41.? Sequential binding of HIV-1 gp120 to its cell receptor
CD4 and a co-receptor (CCR5 or CXCR4) can trigger a series of
conformational rearrangements in gp41 to mediate fusion be-
tween viral and cellular membranes.?® The protein gp41 is
hidden beneath gp120, and its ectodomain contains helical N-
and C-terminal leucine/isoleucine heptad repeat domains, N-
HR and C-HR. Particular regions of N-HR and C-HR are involved
in membrane fusion, and 36-mer and 34-mer peptides, which
are derived from N-HR and C-HR, have been designated as the
N-terminal helix (N36) and C-terminal helix (C34), respectively.
In the membrane fusion of HIV-1, these helices assemble to
form a six-helical bundle (6-HB) consisting of a central parallel
trimer of N36 surrounded by C34 in an antiparallel hairpin
fashion. Synthetic peptides derived from these helices have
potent antiviral activity against both laboratory-adapted strains
and primary isolates of HIV-1.%% They inhibit the membrane
fusion stage of HIV-1 infection in a dominant-negative manner
by binding to the counterpart regions of gp41 (N-HR or C-HR),
blocking formation of the viral gp41 core.

Several potent anti-HIV-1 peptides based on the C-HR region
have been discovered,”® and T20 was subsequently devel-
oped as the clinical anti-HIV-1 drug enfuvirtide (Roche/Trime-
ris).® 113 |t is a 36-mer peptide derived from the gp41 C-HR
sequence and can bind to the N-HR to prevent formation of
the 6-HB in a dominant-negative fashion."” T20 therapy has
brought safety, potent antiretroviral activity, and immunologi-
cal benefit to patients, but its clinical application is limited by
the development of resistance. The C-terminal helix C34 is also
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a C-HR-derived peptide, and contains the amino acid residues
required for docking into the hydrophobic pocket, termed the
"deep pocket”, of the trimer of the N-HR region. This peptide
potently inhibits HIV-1 fusion in vitro.'"¥ To date, several gp41
mimetics, especially those of N36 regions, which assemble
these helical peptides with branched peptide linkers, have
been synthesized as antigens.'*'

Recently, by using a novel template with C3-symmetric link-
ers of equal length, we synthesized a three-helix bundle mim-
etic that corresponds to the trimeric form of N36.2¥ The anti-
sera obtained from mice immunized by the peptide antigen
showed strong recognition against the N36 trimer peptide
with structural preference. At the same time, the trimer pep-
tide was also investigated as a fusion inhibitor. However, the
trimer N36 showed only a threefold increase in inhibition of
HIV-1 fusion relative to the N36 monomer”® In terms of N36
content, the trimer and monomer have nearly the same inhibi-
tory potency. This phenomenon is consistent with the resuits
from other studies.”"? The multimerization of the functional
unit, such as synthetic ligands against receptors, show syner-
gistic binding and strong binding activity. Thus, we hypothe-
sized that our strategy using C3-symmetric linkers in the
design of trimer mimics of gp41 could be applied to the C34
peptide, which shows significant inhibition potency in the
monomeric form. In the present study, we designed and syn-
thesized a novel three-helical bundle structure of the trimeric
form of C34. This equivalent mimic of the trimeric form of C34
was evaluated as a novel form of fusion inhibitor.

The C-terminal region of gp41 is known to be an assembly
site involving a trimeric coiled-coil conformation. In the design
of the C34-derived peptides C34REG-thioester (Figure 1A) and
C34REG (Figure 1B), the triplet repeat of arginine and glutamic
acid (RERERE) was added to the C-terminal end of the C34 se-
quence (residues 628-661) to increase aqueous solubility, and
for C34REG-thioester, a glycine thioester was fused to the
Cterminus. To form a triple helix corresponding precisely to
the gp41 pre-fusion form, we designed the novel C3-symmet-
ric template depicted in Figure 1C. This designed template
linker has three branches of equal length, a hydrophilic struc-
ture, and a ligation site for coupling with C34REG-thioester.
The template was synthesized as shown in Scheme 1. This ap-
proach uses native chemical ligation for chemoselective cou-
pling of unprotected C34REG-thioester with a three-armed cys-
teine scaffold to produce triC34e (Figure 2).24%

Circular dichroism (CD) spectra of C34REG and triC34e are
shown in Figure 3A. The peptides were dissolved in 50 mm
sodium phosphate buffer with 150 mm NaCl, pH 7.2. Both
spectra display minima at ~200 nm, indicating that these pep-
tides form random structures. We previously reported that the
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Figure 1. C34-derived peptides: A) C34REG-thioester and B) C34REG. C) The
design of a C3-symmetric template.

Thivester

Lo
—
HN s o~ - H,;N—{ C34REG &

= =

Figure 2. The native chemical ligation used for assembly of the C34REG-thioester on the
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N36 monomer N36RE and the N36 trimer triN36e form a highly
structured a helix, and that the helical content of triN36e was
greater than that of N36RE.***® These results suggest that in
contrast to N36-derived peptides, C34-derived peptides tend
to form random structures both in the monomeric and trimeric
forms. To assess the interaction of triC34e with N36, CD spectra
of a mixture of triC34e with an N36-derived peptide, N36RE,
were measured (Figure 3B). The spectrum of the C34REG and
N36RE mixture and that of the triC34e and N36RE mixture
showed double minima at A 208 and 222 nm, indicating that
the peptide mixture forms an a-helical structure and that the
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Scheme 1. Synthesis of the equivalently branched template 5. Reagents and
conditions: a) (3-bromopropyl)carbamic acid tert-butyl ester, NaH, THF; b) 4m
HCl/dioxane; ¢) Boc-Cys(Trt)-OH, EDCI-HCI, HOBt-H,0O, Et;N, DMF; d) 90% aq.

TFA.

helical content of the trimer triC34e and N36RE mixture is
lower than that of the monomer C34REG and N36RE mixture.
This is evidence that relative to the monomer C34REG, the
trimer triC34e interacts with N36 only with difficulty, due to
the assembly of three peptide strands by covalent bonds.

As the trimeric C34 was proven to interact with N36 helices,
the potential HIV-1 inhibitory activities of the C-terminal pep-
tides, C34REG and triC34e, were evaluated. The (34 peptide
without the solubility-increasing sequence (3x[Arg-Glu], ob-
tained from NIAID) was used as the monomeric control.?”! All
peptides showed potent inhibitory activity in the viral fusion
assay (Table 1), with the potency of triC34e being 100- and 40-
fold higher than that of C34REG and C34 peptides,
respectively. Notably, the triC34e trimer peptide is re-
markably more potent in anti-HIV-1 activity than the
monomer, indicating that a trimeric form is critical
for inhibitory activity. Cytotoxicity from the peptides
was not observed at concentrations of 15 um for
C34REG and C34, and 5 pm for triC34e.

We next carried out an assay for the inhibition of
viral replication. As shown in Table 2, triC34e showed
30- and 20-fold higher inhibitory activity than pep-
tides C34 and C34REG, respectively. In the two anti-
HIV-1 assays, triC34e showed a great enhancement
of activity over the C34 monomers. The IC,, values
obtained in the assays are different, and this can be

C34 peptide™ C34REG triC34e
1Cso [umI™ 0.044 0.12 0.0013
CCyp [pm]e >15 >15 >5

[a] HIV-1 1iIB C34 peptide. [b] ICs, values are based on luciferase signals in
TZM-b! cells infected with HIV-1 (NL4-3 strain). [c] CCs, values are based
on the decrease in viability of TZM-bl cells. All data are the mean values
from at least three experiments.
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C34 peptide C34REG triC34e

1Csp [m]™ 159 1.06 0.0547

[a] ICs, values are based on the production of p24 in MT-4 cells infected
with HIV-1 (NL4-3 strain). All data are the mean values from at least three
experiments.

explained through differences in experimental procedures. In
the fusion inhibition assay, cells were treated with peptides
before viral infection. In contrast, in the viral replication inhibi-
tion assay, peptides were treated after viral adsorption to cells.
Therefore, in the latter case, the infection by HIV-1 might pre-
cede peptide binding to gp41.

It has been shown that T-1249, an analogue of enfuvirtide,
and its hydrophobic C-terminal region inhibit HIV-1 fusion by
interacting with lipid bilayers.”® The tryptophan-rich domain
of T-1249 was shown to play important roles in HIV-1
fusion.” 3 As enfuvirtide shows weak interaction with the
gp41 core structure, and the C34 sequence lacks the C-termi-
nal lipid binding domain, it has been suggested that C34 has a
mechanism of action distinct from that of enfuvirtide.®? Thus,
it is of interest to discern the mechanism of the enhanced in-
hibition observed with triC34e relative to the monomer. Two
explanations can be envisaged: 1)the a helicity of the C34
trimer is higher than that of the monomer, as shown in Fig-
ure 3A, and as a result, the C34 trimer binds more strongly to
the N36 trimer; and 2) in the mixture with the N36 monomer,
the C34 trimer shows less a helicity than its monomer (Fig-
ure 3B). As shown in Figure 3 A, the molar ellipticity at 222 nm
is similar for both the C34 trimer and the monomer. Thus, the
decrease at 222 nm in the mixture with N36 might be due to a
decrease in the a helicity of N36. These results suggest that
the C34 trimer might destabilize helix formation in N36 and
thus exert potent inhibitory activity. It has been shown that a
dimeric C37 (residues 625-661) variant does not show a signifi-
cant difference in ICs, value against HIV-1 from wild-type C37,
although the dimeric peptide shows tighter binding to the
gp41 N-HR coiled-coil than the C37 monomer.® Thus, the
mechanism of action of the C34 trimer could be different from
that of the dimeric C-peptide. The detailed action mechanism
of the trimer as a fusion inhibitor and the reasons behind its
remarkable increased anti-HIV-1 activity will be the subjects of
future studies in our research group.

A C-terminal helical peptide of HIV-1 gp41 has been de-
signed as a new HIV fusion inhibitor and was synthesized with
a novel template and three branched linkers of equal length.
The native chemical ligation proceeded by chemoselective
coupling in an aqueous medium of an unprotected C34 deriva-
tive containing a C-terminal thioester with a three-cysteine-
armed scaffold. This process led to the production of triC34e.
As a fusion inhibitor, triC34e has potent anti-HIV-1 activity, 100-
fold greater than that of the C34REG monomer, although the
anti-HIV-1 activity of the N36 trimer is threefold higher than
that of the N36 monomer, and the N36 content is the same in
both cases.”™ A trimeric form of C34 is evidently critical as the
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Figure 3. A) CD spectra of C34REG (monomer, -----, , 6 M) and triC34e

(trimer, ——, 2 pMm). B) CD spectra in the presence or absence of the N36 mo-
nomer N36RE:2% ... , [C34REG (6 pm) + N36RE (6 um)]; —, [triC34e (2 pm)
+ N36RE (6 um)]; ««+++, N36RE (6 um). In the amino acid sequence of N36RE,

the triplet repeat of arginine and glutamic acid is located at the N-terminus
of the original N36 sequence.”™ C) Amino acid sequence of N36RE: FP and
TM represent the hydrophobic fusion peptide and transmembrane domains,
respectively.

active structure of the fusion inhibitor. The soluble C34 deriva-
tive, SC34, retains potent inhibitory effects against enfuvirtide-
resistant viruses,®¥ and this suggests that the present highly
potent trimeric inhibitor could be effective for enfuvirtide-re-
sistant HIV-1 strains. The design of inhibitors that target the
dynamic supramolecular mechanism of HIV-1 fusion will be
useful for future studies of anti-HIV-1 agents.

Experimental Section

Conjugation of C34REG-thioester and the template to produce
triC34e

TCEP-HCI (773 ug, 2.67 pmol) and thiophenol (9 pL, 89 pumol) were
dissolved in 0.1 M sodium phosphate buffer (60 L) containing 6 m
urea and EDTA (pH 8.5, 2 mm) under a nitrogen atmosphere. Com-
pound 5 (100 ug, 0.0899 pmol), C34REG-thioester (1.77 mg,
0.297 pmol), and CH,CN (20 pl) were added. The reaction was
stirred for 5 h at 37°C and monitored by HPLC. The ligation prod-
uct (triC34e) was separated as an HPLC peak and characterized by
ESI-TOF-MS (m/z calcd for CogsHii0eN0sO24sSs [M-+H]™: 16533.9,
found: 16543.8). Purification was performed by reversed-phase
HPLC (Cosmosil 5C;-AR Il column, 10x250 mm, Nacalai Tesque,
Inc.) with elution using a 33-43 % linear gradient of CH,CN (0.1%
TFA) over 40 min. Purified triC34e, obtained in 17 % yield, was iden-
tified by ESI-ToF-MS. Details of the synthesis of these peptides are
described in the Supporting Information.
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CD spectra

Circular dichroism measurements were performed with a J-720 CD
spectropolarimeter equipped with a thermoregulator (Jasco). The
wavelength dependence of molar ellipticity [6] was monitored at
25°C from A 195 to 250 nm. The peptides were dissolved in PBS
(50 mm sodium phosphate, 150 mm NaCl, pH 7.2).

Virus preparation

For virus preparation, 293FT cells in a 60 mm dish were transfected
with the pNL4-3 construct (10 pg) by the calcium phosphate
method. The supernatant was collected 48 h after transfection,
passed through a 0.45 um filter, and stored at —80°C as the virus
stock.

Anti-HIV-1 assay

For the viral fusion inhibition assay, TZM-bl cells (2x10* cells per
100 pL) were cultured with the NL4-3 virus (5 ng of p24) and serial-
ly diluted peptides. After culture for 48 h, cells were lysed, and the
luciferase activity was determined with the Steady-Glo luciferase
assay system (Promega, Fitchburg, Wi, USA).®® For the viral replica-
tion inhibition assay, MT-4 cells (5x 10* cells) were exposed to HIV-
1 NL4-3 (1 ng of p24) at 4°C for 30 min. After centrifugation, cells
were resuspended with 150 ul medium containing indicated con-
centrations of serially diluted peptides. Cells were cultured at 37°C
for 3 days, and the concentration of p24 in the culture supernatant
was determined by HIV-1 p24 antigen ELISA kit (ZeptoMetrix, Buf-
falo, NY, USA).

Cytotoxicity assay

The cytotoxic effects of peptides were determined by the CellTiter
96 AQueous One Solution Cell Proliferation assay system (Promega)
under the same conditions, but in the absence of viral infection.
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Compounds which inhibit the HIV-1 replication cycle have been found amongst fragment peptides
derived from an HIV-1 matrix (MA) protein. Overlapping peptide libraries covering the whole sequence
of MA were designed and constructed with the addition of an octa-arginyl group to increase their cell
membrane permeability. Imaging experiments with fluorescent-labeled peptides demonstrated these
peptides with an octa-arginyl group can penetrate cell membranes. The fusion of an octa-arginyl group
was proven to be an efficient way to find active peptides in cells such as HIV-inhibitory peptides.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Several anti-retroviral drugs beyond reverse transcriptase
inhibitors, including effective protease inhibitors' and integrase
inhibitors®? are currently available to treat human immunodefi-
ciency virus type 1 (HIV-1) infected individuals. We have also
developed several anti-HIV agents such as coreceptor CXCR4
antagonists,*’ CD4 mimics,®-'° fusion inhibitors’' and integrase
inhibitors.’>!3> However, the emergence of viral strains with
multi-drug resistance (MDR), which accompanies the development
of any antiviral drug, has encouraged a search for new types of
anti-HIV-1 drugs with different inhibitory mechanisms.

Matrix (MA) proteins are essential for assembly of the virion
shell. MA is a component of the Gag precursor protein, Pr55Gag,
and is located within the viral membrane.’®5 It has been reported
that MA-derived peptides such as MA(47-59) inhibit infection by
HIV,'® and that MA-derived peptides such as MA(31-45) and
MA(41-55) show anti-HIV activity.!” In addition, Morikawa et al.
report that MA(61-75) and MA(71-85) inhibit MA dimerization,
a necessary step in the formation of the virion shell.'® However,
the question of whether the above MA peptides can penetrate cell

* Corresponding authors. Tel.: +81 3 5285 1111; fax: +81 3 5285 5037 (T.M.); tel.:
+81 3 5280 8036; fax: +81 3 5280 8039 (H.M.).
E-mail addresses: tmura@nih.go.jp (T. Murakami), tamamura.mr@tmd.ac.jp
(H. Tamamura).

0968-0896/% - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2011.12.055

membranes was not addressed in these reports. We speculate that
to achieve antiviral activity it is essential that the MA-derived pep-
tides penetrate the cell membrane and function intracellularly. In
this paper, we report our design and construction of an overlapping
library of fragment peptides derived from the MA protein with a
cell membrane permeable signal. Our aim is the discovery of po-
tent lead compounds, which demonstrate HIV inhibitory activity
inside the host cells.

2. Materials and methods
2.1. Peptide synthesis

MA-derived fragments and an octa-arginyl (Rs) peptide were
synthesized by stepwise elongation techniques of Fmoc-protected
amino acids on a Rink amide resin. Coupling reactions were per-
formed using 5.0 equiv of Fmoc-protected amino acid, 5.0 equiv
of diisopropylcarbodiimide and 5.0 equiv of 1-hydroxybenzotria-
zole monohydrate. Ac,O-pyridine (1/1, v/v) for 20 min was used
to acetylate the N-terminus of MA-derived fragments, with the
exception of fragment 1. Chloroactylation of the N-terminus of
the Rg peptide, was achieved with 40 equiv of chloroacetic acid,
40 equiv of diisopropylcarbodiimide and 40 equiv of 1-hydroxy-
benzotriazole monohydrate, treated for 1 h. Cleavage of peptides
from resin and side chain deprotection were carried out by stirring
for 1.5 h with a mixture of TFA, thioanisole, ethanedithiol, m-cresol
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and triisopropylsilane (8.15/0.75/0.75/0.25/0.25/0.1, v/v). After re-
moval of the resins by filtration, the filtrate was concentrated un-
der reduced pressure, and crude peptides were precipitated in
cooled diethyl ether. All crude peptides were purified by RP-HPLC
and identified by ESI-TOFMS. In the conjugation of the Rg peptide
(or iodoacetamide), the peptide (or iodoacetamide) solution in
0.1 M phosphate buffer, pH 7.8 was added to MA fragments which
were synthesized as described above. The reaction mixture was
stirred at room temperature under nitrogen. After 24 h (or 1 h for
the conjugation of iodoacetamide), purification was performed by
RP-HPLC. The purified peptides were identified by ESI-TOF MS
and lyophilized. Purities of all final compounds were confirmed
to be >95% by analytical HPLC. Detailed data are provided in
Supplementary data.

2.2. Anti-HIV-1 assay

Anti-HIV-1 (NL4-3 or NL(ADS8)) activity was determined by
measurement of the protection against HIV-1-induced cytopathog-
enicity in MT-4 cells or PM1/CCR5 cells. Various concentrations of
test peptide solutions were added to HIV-1 infected MT-4 or PM1/
CCRS cells at multiplicity of infection (MOI) of 0.001 and placed in
wells of a 96-well microplate. After 5 day incubation at 37 °C in a
CO, incubator, the number of viable cells was determined using
the 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
(MTT) method. The anti-HIV-1 (JR-CSF) activity was also deter-
mined by measuring capsid p24 antigen concentrations of the cul-
ture supernatant in the infected cultures by a commercially
available ELISA assay (ZeptoMetrix Corp., Buffalo, NY).

1

1469

2.3. CD spectroscopy

CD spectra were recorded on a JASCO ]-720 spectropolarimeter
at 25 °C. The measurements were performed using a 0.1 cm path
length cuvette at a 0.1 nm spectral resolution. Each spectrum rep-
resents the average of 10 scans, and the scan rate was 50 nm/min.
The concentrations of samples 8L and SL were 28.2 and 64.7 pM,
respectively, in PBS buffer (pH 7.4).

2.4. Fluorescent imaging of cell-penetrating MA peptides

Cells were seeded on 35 mm glass-bottom dish (2 x 10° cells/
dish for HeLa and A549, 1 x 10° cells/dish for CHO-K1) one day be-
fore the experiments. The cells were cultured in DMEM/10% FBS/
Penicillin-Streptomycin for Hela and A549, or Ham's F12/10%
FBS/Penicillin-Streptomycin for CHO-K1 at 37 °C/5% CO,. Before
the addition of MA peptides, cells were washed with Hanks’ bal-
anced salt solutions (HBSS) once. Peptides were added at 5 uM
and further cultured for 30 min at 37 °C/5% CO,. After incubation,
cells were washed three times with HBSS and observed under a
confocal laser-scanning microscopy (Zeiss LSM510).

3. Results and discussion

An overlapping peptide library spanning the whole sequence of
the MA domain, p17, of NL4-3, the Gag precursor Pr55 of HIV-1
was designed. The full sequence of MA consists of 132 amino acid
residues. In the peptide library, the MA sequence was divided from
the N-terminus in 15-residue segments with an overlap of 5

132

N-terminus |

 matrix (MA) protein (132 residues) =~ = | Cterminus

1e- 15

1

overlapping (5 residues)

(D MGARASVLSGIGELDK [GC
@|GELDKMWEKIR

RPGG
®|LRPGH

GC

KKQYKLKHIV GC fragment 1~13

G : spacer
C : conjugation site

ﬁx'laug;:l?)eer;t sequence

1 H-MGARASVLSGGELDKGC-NH,

2 CH,CO-GELDK WEKIRLRPGGGC-NH,
3 CH,;CO-LRPGGKKQYKLKHIVGC-NH,
4 CH,;CO-LKHIVWASRELERFAGC-NH,
5 CH,CO-LERFAVNPGLLETSEGC-NH,
6 CH,;CO-LETSEGSRQILGQLQGC-NH,
7 CH,CO-LGQLQPSLQTGSEELGC-NH,
8 CH,CO-GSEELRSLYNTIAVLGC-NH,
9 CH,CO-TIAVLY SVHQRIDVKGC-NH,
10 CH,;CO-RIDVKDTKEALDKIEGC-NH,
11 CH,CO-LDKIEEEQNK SKKKAGC-NH,
12 ~ CH,CO-SKKKAQQAAADTGNNGC-NH,
13 CH,CO-DTGNNSQVSQNYGC-NH,

Figure 1. The construction of MA-based overlapping peptide library.
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Ac fragment peptide Gly-Cys-NH2

Acd fragment peptide (;‘:ly»Cys-NH2 ¥

ligation
octa-Ar > Ac fragment peptide Gly-Cys-NHz

capping (
1\/U\ ——>  Ac{fragment peptide } Gly-Cys-NH,

peptide with cell membrane permeability
MA peptides 1L-13L

O

s\)LNH2

control peptide
MA peptides 1C-12C

Figure 2. The design of MA peptides with cell membrane permeability (upper) and their control peptides (lower).

residues to preserve secondary structures (Fig. 1). Cys residues of
the original MA sequence were changed into Ser residues because
of the facility of peptide synthesis. Thirteen MA fragment peptides
(1-13) were designed with the addition of Gly as a spacer and Cys
as a conjugation site at the C-terminus. To impart cell membrane
permeability to these peptides, the N-terminal chloroacetyl group

of an octa-arginyl (Rg) peptide'® was conjugated to the side-chain
thiol group of the Cys residue of the above peptides. This resulted
in the MA peptides 1L-13L (Fig. 2). Rg is a cell membrane perme-
able motif and its fusion with parent peptides is known to produce
bioactive peptides with no significant adverse properties,%13:20-24
In addition, the Rg-fusion can increase the solubility of MA

Table 1
Anti-HIV activity and cytotoxicity of control MA peptides
MA peptide MT-4 cell PM1/CCRS cell MT-4 cell
NL4-3 (MTT assay) NL(AD8) (MTT assay) JR-CSF (p24 ELISA) (MTT assay)
ECso” (UM) ECs” (UM) ECsq” (UM) CCsq® (M)
1C >50 ND ND >50
2C 17+1.4 1.0 ND >50
3C >50 " ND ND >50
4C No inhibition at 12.5 pyM ND ND 14
5C >50 ND ND >50
6C 37+12 24% inhibition at 6.25 pM 25% inhibition at 50 pM >50
7C >50 ND ND >50
8C >50 ND ND >50
9C 29+1.4 13 8.1 >50
10C No inhibition at 12.5 uyM ND ND 17
11C >50 ND ND >50
12C >50 ND ND >50
14C >50 ND ND >50
AZT 0.020 0.459 0.17 >100
SCH-D ND 0.026 0.0014 ND

X4-HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells and R5-HIV-1 (NL(AD8) strain)-induced cytopathogenicity in PM1/CCR5 cells evaluated by the MTT assay,
and inhibitory activity against RS-HIV-1 (JR-CSF strain)-induced cytopathogenicity in PM1/CCRS5 cells evaluated by the p24 ELISA assay.

# ECso values are the concentrations for 50% protection from HIV-1-induced cytopathogenicity in MT-4 cells.

b CCso values are the concentrations for 50% reduction of the viability of MT-4 cells. All data are the mean values from at least three independent experiments. ND: not

determined.
Table 2
Anti-HIV activity and cytotoxicity of MA peptides with cell membrane permeability
MA peptide MT-4 cell PM1/CCRS5 cell MT-4 cell
NL4-3(MTT assay) NL(AD8)YMTT assay) JR-CSF(p24 ELISA) (MTT assay)
ECsg (M) ECso (uM) ECso (UM) CCsp (UM)
1L 30 30 40 >50
2L 21+42 >31 ND 32142
3L no inhibition at 25 pM ND ND 36
4L no inhibition at 3.13 pM ND ND 3.7
5L 40 42% inhibition at 50 uM 42 >50
6L 40+8.9 49% inhibition at 50 uM 31 >50
7L 35£15 37% inhibition at 50 uM 35% inhibition at 50 uyM >50
8L 23+03 5.8 7.8 9.0+24
9L 2.1+£05 0.43 0.58 57x21
10L 43+85 42% inhibitionat 50 uM 27 >50
11L 18+30 17% inhibition at 25 pM 23 >50
12L 4155 30% inhibition at 25 pM 27 >50
13L 20£2.1 0.43 11 >50
14L no inhibition at 25 uM ND ND 36
AZT 0.020 0.459 0.17 >100
SCH-D ND 0.026 0.0014 ND
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Figure 3. CD spectra of MA peptides 8L (28 pM) and 9L (65 uM) in PBS buffer, pH
7.4 at 25°C.

peptides whose hydrophobicity is relatively limited. On the other
hand, to develop control peptides lacking cell membrane perme-
ability, iodoacetamide was conjugated to the thiol group of the
Cys residue to prepare MA peptides 1C-12C (Fig. 2). MA peptide
13C was not synthesized because MA fragment 13 is insoluble in
PBS buffer.

The anti-HIV activity of MA peptides 1L~13L and MA peptides
1C-12C, was evaluated. Inhibitory activity against T-cell line-tropic
(X4-) HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4
cells and against macrophage-tropic (R5-) HIV-1 (NL(ADS)

A

MA

strain)-induced cytopathogenicity in PM1/CCR5 cells was assessed
by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay, and inhibitory activity against R5-HIV-1
(JR-CSF strain) replication in PM1/CCR5 cells was determined by
the p24 ELISA assay. The results are shown in Tables 1 and 2. The
control MA peptides 6C and 9C showed slight anti-HIV activity
against NL4-3, NL(AD8) and JR-CSF strains, and 2C showed high
anti-HIV activity against NL4-3 and NL(ADS8) strains, but the other
control MA peptides showed no significant anti-HIV activity. 2C
showed significant anti-HIV activity against both X4-HIV-1 and
R5-HIV-1 strains, suggesting that this region of the MA domain is
relevant with Gag localization to the plasma membrane (PM)?*
and that 2C might inhibit competitively the interaction between
MA and PM. On the other hand, the MA peptides with the excep-
tion of 3L and 4L, showed moderate to potent anti-HIV activity
against all three strains. These peptides expressed almost the same
level of anti-HIV activity against both X4-HIV-1 and R5-HIV-1
strains. The MA peptides 8L and 9L in particular, showed signifi-
cant anti-HIV activity. These results suggest that MA peptides
achieve entry into target cells as a result of the addition of Rg,
and inhibit viral replication within the cells. The adjacent peptides
8L and 9L possess an overlapping sequence TIAVL. Such peptides
exhibited relatively high cytotoxicity and the MA peptide 4L
showed the highest cytotoxicity although it did not show any
significant anti-HIV activity. The control MA peptides 1C-12C were
relatively weakly cytotoxic. The MA peptides 8C and 9C exhibited
no significant cytotoxicity, although the addition of Rg, giving 8L
and 9L, caused a remarkable increase in cytotoxicity. This suggests
that the octa-arginyl (Rg) sequence is correlated with the

Figure 4. (A) The complete structure of MA and CA proteins (PDB ID: 2gol). (B) The enlarged structure of the highlighted region of (A). (C) The structure of an MA hexamer.
Red-colored squares show interfaces between two MA trimers (PDB ID: 1hiw). Orange- and pink-colored helical ribbons represent fragments 8 and 9, respectively.
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