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Abstract

Humans and some Old World monkeys, chimpanzees, and cynomolgus macaques, are susceptible to oral poliovirus (PV) infection.
Interestingly, rhesus macaques, although sensitive to injected PV, are not susceptible to gut infection. Not much is known about the ini-
tial event of gut infection by PV in rhesus macaques so far. Here, we show that PV can efficiently enter the lamina propria (LP) by pene-
trating across intestinal villous M-like cells in rhesus macaques. We found by immunofiuorescence analysis that PV effectively invades LP
rather than germinal centers (GCs) in rhesus macaques despite expressing PV receptor CD155 on cells within GCs and LP. Furthermore,
energy dispersive X-ray spectroscopy demonstrated that gold-labeled PV is spatiotemporally internalized into villous M-like cells and
engulfed by macrophage-like cells in LP. These results suggest that rhesus macaques may be resistant to productive gut PV infection

owing to a defective translocation of PV to GCs.
© 2008 Elsevier Inc. All rights reserved.
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Nonhuman primates are the closest evolutionary rela-
tives of humans. Their underlying physiology and metabo-
lism, as well as genomic structure, are more similar to those
in humans than to those in other mammals. This makes
nonhuman primates particularly important as models of
human diseases, including wiral infectious diseases.
Although chimpanzees are the animals most similar to
humans, they are unsuitable for preclinical studies on eth-
ical grounds because they are an endangered or threatened
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species. For other primates, there are the requirements of
research utility and availability. Because of this, the rhesus
and cynomolgus macaques are the excellent choice for
pathophysiological and preclinical studies.

Humans are the only known natural hosts of poliovirus
(PV), which causes poliomyelitis. In humans, PV has been
isolated from tonsillopharyngeal tissues, the wall of the
ileum, and mesenteric lymph nodes [1] Oral PV infection
can be associated with extensive tissue destruction in lym-
phoid organs of the pharynx, including the tonsils, and
the small intestine, including Peyer's patches (PPs) [2], sug-
gesting that the virus replicates in these tissues. In contrast,
nonhuman primates are highly susceptible to PV via all
routes except the oral route, yet some species show a cer-
tain degree of oral susceptibility [3]. Cynomolgus macaques
are susceptible to infection via the oral route but only when
a large dose of PV is administered. On the other hand, rhe-
sus macaques are rarely susceptible to PV administered
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orally. Iwasaki et al. suggested that in rhesus macaques,
CDI55 expression levels are low in the follicle-associated
epithelium (FAE) and CDI55 is not present in GCs [4].
In contrast, in humans, CD155 was detected on the intesti-
nal epithelium, on M cells in PPs, and in GCs within PPs
[4). These findings suggest that PV replication in the gut
may depend on the presence of CD155 in FAE, including
M cells, and on cells in PPs. However, the gut infection pat-
tern of PV using rhesus macaque models has not been per-
formed so far.

CD155 transgenic (Tg) mice are also not susceptible to
oral infection by PV [5,6]. CD155 is present at very low lev-
els in the intestinal epithelium of these mice and absent in
PPs [4,7]. Overexpression of CD155 in the intestinal epithe-
lium of Tg mice induced by a fatty acid binding protein
promoter also does not lead to oral susceptibility to PV
[7). Recently, Ohka et al. [8] detected PV in the epithelia
of the small intestine, which proliferated in the alimentary
tract of CD155 Tg mice lacking the alpha/beta interferon
receptor (IFNAR) gene. These results suggest that IFNAR
plays an important role in determining permissivity in
addition to the appropriate expression of CD155 in the ali-
mentary tract of Tg mice. However, this still has not
explained why healthy humans and limited Old World
monkeys are highly susceptible to gut PV infection despite
robust innate immune responses including interferon
signaling,

Whether human epithelial or immune cells are the pri-
mary sites of PV replication in the intestinal mucosa has
remained unclarified as well. Although PV may easily gain
access to the surface of FAE because it remains largely free
from secretions such as mucus, glycocalyx or IgA, entero-
cyles other than those in the FAE may not be sufficiently
accessible to PV to initiate infection, Furthermore, Iwasaki
et al. indicated that the distribution of CDI155 on human
FAE-enterocytes other than M cells may not be favorable
for intestinal PV infection because the distribution is higher
on the basal side [4]. This notion is supported by the find-
ing that M cells in humans are the site of PV penetration of
the intestinal epithelial barrier [9]. From these results, we
speculate that PV may not be preferentially absorbed into
GCs through rhesus FAE-M cells and replicates in rhesus
lymphoid tissues.

Typical FAE-M cells, characterized by an irregular
brush border and a reduced amount of glycocalyx, effi-
ciently take up and transport a wide variety of macromol-
ecules and microorganisms from the gut lumen into PPs
[10-14]. A recent study demonstrated that intestinal villous
M cells serve as another antigen gateway in mice for the
sampling of gut bacteria and subsequent induction of Ag-
specific immune responses in a PPs-independent manner
[15]. Thus, it is possible that villous M cells also serve as
the PV entry site in the mucosal epithelium and are
involved in oral PV infection in human and some Old
World monkeys.

In this study, we discovered that, in rhesus macaques,
PV can penetrate into LP via intestinal villous M-like cells

rather than FAE-M cells, suggesting that rhesus macaques
may be resistant to gut PV infection due to a defective
translocation of PV to GCs via FAE-M cells.

Materials and methods

Animals and tissue samples. Purpose-bred female rhesus macaques
(Macaca mulatia) obtained from a supplier in China (10-12 years old,
weighing 4.55-6.26 kg) were used for this study. PPs of cynomolgus
macaques (weighing 5-6 kg) were obtained from 4 to 5 years old female
monkeys. This study (the Permission No. 19-137) was approved and
carried out according to the guidelines of the Animal Care and Use
C ittee of K o University,

Gold labeling of PV. PV was labeled with gold colloid solution (5 nm,
British BioCell International, Ltd.) according to the instruction manual
Gold nanoparticles not anchored on PV were readily removed by centri-
fugation. Gold-labeled PV was subjected to negative staining electron
microscopy.

Inoculation of PV. Rhesus macaques were fasted overnight. They were
then inoculated with 1 ml of PY solution (type 1, 10°°-10%° 50% cell
culture infective doses (CCIDsg); type 11, 10**-10** CCIDsy; type 111,
10*2-10%° CCIDs,) or | ml of gold-labeled PV at asite in the ileum (15 cm
from the cecum) after celiotomy under anesthesia induced by a subcuta-
neous injection of urethane {ethyl carbamate, 800 mg/mL; 1.5 mL/kg
body weight; Wako Pure Chemical Industries, Lid.) solution and an
intravenous injection of alpha-chloralose (Wako Pure Chemical Indus-
tries, Ltd.; 20 mg/mL; 5.5 mL/kg body weight) into the cephalic vein.

Collection of PPs. The rhesus monkeys were euthanized by exsangui-
nation under anesthesia, and the part of the ileum (15 cm from cecum)
including the inoculation site was collected. After washing the collected
part of the ileum, 2 cm? blocks of PPs were fixed in ice-cold 3% glutar-
aldehyde/0.1 M sucrose/phosphate-buffered saline (pH 7.4). After 30 min
of fixing, PPs were kept at 4 °C.

Histopathological study. Tissue samples were fixed in 10% neutral
buffered formalin and were trimmed, embedded in paraffin, sectioned,
stained with hematoxylin-eosin and examined by light microscopy.

I i ining. To examine the distribution of CD155
expression, the frozen sections of PPs were stained with various anti-
bodies. In brief, 5 um frozen sections were fixed in cold acetone and
blocked with 1% nonfat skim milk in PBS(=). CD155 was detected using
mAb DI71 (Abcam Inc.) and FITC-conjugated anti-mouse 1gG Ab, or
FITC-labeled mouse mAb TX21 (MBL International). At the end of the
staining, silides were wased and incubated with 4',6-diamidino-2 phenyl-
indole (DAPI) for nuclear staining (molecular Probes).

To examine how PV is incorporated into the lymphoid organ, the
sections were stained with an anti-poliovirus antibody (II-MAP-01, Japan
Poliomyelitis Research Institute) for 15 min. The sections were then
incubated with TRITC-labeled goat anti-mouse I1gG (Jackson Immuno-
research Laboratories) for 15 min. Finally, the sections were stained with
FITC-labeled mouse mAb TX21. After the staining, slides were washed
and analyzed with a Keyence Biozero BZ-8000.

Scanning electron microscopy (SEM). The tissue samples were rinsed
in phosphate-buffered saline with 0.1 M sucrose (pH 7.4) and postfixed
with 1% osmium tetroxide in 0.1 M phosphate buffer at 4 °C for 2 h. All
the samples were dehydrated with 50:50, 70:30, 80:20, 90:10, and 95:5
ethanol/water mixtures and 100% ethanol for 10 min each and rinsed three
times with 100% ethanol for further dehydration. The samples were crit-
ical-point dried by flooding with liquid carbon dioxide at 5 °C for 20 min
and then raising the temperature to the critical-point (JCPD-5, JEOL).
For SEM, samples were sputter-coated with gold (JFC-1100E, JEOL) and
examined with a JEOL JSM-5200 scanning electron microscope at an
accelerating voltage of 15 kV.

Transmission electron microscopy (TEM). The tissue samples were
rinsed in phosphate-buffered saline with 0.1 M sucrose (pH 7.4) and
postfixed with 1% osmium tetroxide in 0.1 M phosphate buffer at 4 °C for
2 h. All the samples were rinsed briefly with 50:50, 70:30, 80:20, 90:10, and
95:5 ethanol/water mixtures and 100% ethanol for 10 min each and three
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times with 100% ethanol for dehydration, and then embedded in epoxy
resin (Quatol 812). One micrometer sections were cul using a glass knife
and then stained with tolwdine blue. Switable areas for ultrastructural
study were chosen after examining | ym sections under a light microscope.
Sections of 60-%) nm were cut on a Leica EM UCH ultramicrotome using
a diamond knife and sections were i on a copper grid and d
with 1% uranyl acetate and Reynolds lead citrate. The grids were exam-
ined under a JEOL JEM 1200-EX electron microscope

Energy dispersive X-ray spectroscopy ( EDS). EDS analysis, which was
consigned to JEOL Datum Ltd,, was performed to quantify PV by mea-
suring gold concentration within a specimen.

Results
Intraintestinal inoculation site of PV in rhesus macaques

To elucidate the details of PY gut infection in rhesus
macaques, an attenuated PV Sabin strain was carefully
inoculated into the lumen of the ileum at 15 cm from the
ileocecal valve (Fig. 1A). After inoculation, the terminal
ileum tissue was subjected to light microscopy, immunofiu-
orescence microscopy, SEM, and TEM. As shown in
Fig. 1B, the largest Peyer's patch is found in the lumen
of the terminal ileum in rhesus macaques. Light micros-
copy revealed the typical structure of a mucosal lymphoid
follicle, composed of GCs and a dome area bulging into the
lumen (Fig. 1C). Furthermore, SEM revealed that hemi-
spherical domes were distributed between intestinal villi
(Fig. 1D).

Comparison of CD155 expression in PFs between
cynomolgus and rhesus macaques

To clarify the basis for the difference in susceptibility to
oral PV infection between humans and rhesus macaques,
Iwasaki et al. assessed the expression pattern of CDI55
in PPs of these species. The results suggested that the sub-
optimal expression of CD155 in the rhesus macaque FAE
and the lack of expression in GCs in PPs may explain
why rhesus macaques are not susceptible to oral infection.
Therefore, it is intriguing to speculate that in cynomolgus
macaques, which are susceptible to oral PV infection,
CDI155 is most likely optimally expressed in FAE and
GCs in PPs. To determine CD155 expression in cynomol-
gus macaques, we performed immunofluorescence staining
of PPs using anti-CD155 Abs, The expression of CD155 in
GCs in PPs was prominent in the case of staining with mAb
D171 (Supplementary Fig. S1A) and mAb TX21 (Supple-
mentary Fig. SIB) but that in FAE was not prominent.
These results indicate that the mAbs used in this experi-
ment can specifically stain CDI55 on cells in cynomolgus
GCs.

Furthermore, we assessed whether CDIS55 is not
expressed in rhesus macaque PPs. Unexpectedly, in rhesus
macaques, the expression level of CDI155 on cells within
FAE and GCs is not significantly different from that
observed in cynomolgus macaques (Fig. 1E and F; see
the less intensely stained GCs depicted by the DAPI

nuclear staining in Fig. |F). Furthermore, anti-CDI53
mAb (TX21) can also stain cells in GCs in different sections
of rhesus macaque PPs (Supplementary Fig. S1C).

Inoculated PV was efficiently incorporated into rhesus
macaque villi

To examine how PV is incorporated into the lymphoid
organ, attenuated PV was inoculated into the rhesus maca-
que ileum. One hour after the injection, the tissue was sub-
jected to immunofluorescence analysis. As shown in
Fig. 1H, the virus was detected inside the villi but was
hardly detected in GCs that were strongly stained by
anti-CD155 mAb (Fig. 1G). A merged image of panels
1G and 1H is shown in panel 11. As shown in Fig. 11,
the colocalization of PV and CDI155 was prominent in
LP (Fig. 1I). When PPs from a different section were fur-
ther observed, the virus was clearly detected in the LP of
villi (Fig. 1J). On the other hand, weak fluorescence was
detected in the subepithelial dome region in PPs (Fig. 1J)
although fluorescence was hardly detected in GCs. These
results indicate that PV efficiently enters into the villi rather
than GCs within PPs in rhesus macaques. It is highly pos-
sible that a cofactor involved in PV accumulation in GCs is
lacking in rhesus macaques.

SEM and TEM of FAE-M Cells

To examine why PV is not efficiently transported into
cells in GCs underneath FAE, we investigated whether
there are no typical M cells in rhesus macaque PPs because
it has been suggested that PV is transported into PPs via
human M cells [9] Microscopy at a low magnification
revealed hemispherical domes that were distributed
between intestinal villi (Fig. 1K). Among cells in FAE,
there were a few M cells showing a typical depressed sur-
face with short and irregular microvilli (Fig. 1L). Rhesus
macaque M-cell microvilli were shorter, thicker and fewer
in number than the microvilli of adjacent absorptive
enterocytes (Fig. IM). Furthermore, the M-cell cytoplasm
was invaginated by migrating lymphoid cells (Fig. 1M).
These results demonstrated that there are typical M cells
in rhesus macaque FAE, although we cannot exclude the
possibility that rhesus macaque M cells in PPs cannot effi-
ciently take up PV in comparison to human M cells.

SEM and TEM of villous M-like cells

To examine why PV is efficiently transported into LP,
we investigated whether there are M-like cells in rhesus
macaque villi because it has been demonstrated that intes-
tinal villous M cells serve as a gateway for the antigen sam-
pling of gut in mice [15] SEM of rhesus macaque villous
M-like cells revealed the hallmark feature of M cells, which
is a typical depressed surface with short and irregular
microvilli (Fig. IN and O). TEM also showed villous
M-like cells (Fig. 1P). Furthermore, infiltrating lymphocytes
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Fig. 1. PV is clearly detected in the lamina propria (LP) of villi. Attenuated PV was inoculated into the lumen of the ileum at 15 cm from the ileocecal
valve (A). After inoculation, the parts of the ileum including the inoculation site and Peyer’s patchs { PPs) were collected ( B). Hematoxylin-eosin staining of
rhesus PPs (C). Scanning-clectron micrograph showing the ileum dome bulging into the gut lumen between intestinal villi (D). One hour after PV
inoculation, the portion between the moculation site of PV and the ileocecal valve was excised and subjected to immunofluorescence analysis. Frozen
sections of rhesus macaque PPs were labeled with mAbs (D171 (E) and TX21 (G)) specific for CD155 (green) and nucleus was stained with 4", 6-diamidino-
2 phenyindole (blue) (F). CD155 staining (G), PV staining (H), and merged (1) images are shown, (J) Different sections of rhesus macaque PPs were also
stained by anti-PV mAb. PV can efficiently penetrate into the LP rather than into the subepithelial dome region. G, germinal center. SEM demonstrates
that the M ¢ells (K and L) in PPs and the villous M-like cells (N and O} in the villus epithelium are distinguishable from enterocytes by their relatively
depressed and dark brush border (white arrowhead). TEM images of M cells in PP (M) and villous M-like cells in villi (P) show short stublike microvilli
and the presence of infiltrating lymphocytes (L) in their pockets (black arrowhead). M, M cell or villous M-like cell
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Fig. 2. PV can efficiently penetrate into villous M-like cells. PV was labeled with 5 nm gold particles and subjected to electron microscopies (A). A TEM
view of villous epithelium (B) G, goblet cells; M, villous M-like cells. Panels (C-G) depict higher-magnification images of panel B for EDS. Graphs show
EDS of spots (1-8) confirming the presence of gold particles (C-G). The a and b signals come from Cu (8.040 and 8.904 keV) that is attributed to the
sample holder, and the b signal also contains the signal of OsLa (8.910 keV). The intensities of background signals from spots | and 2 in panel C were

higher than those from other spots from panels D-G because spots | and 2 were on the TEM Cu-grid
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were also observed in the pockets of villous M-like cells
(Fig. 1P). These results suggest that villous M-like cells
may form an alternative gateway for PV and provide evi-
dence that nonhuman primate M-like cells develop and
localize in the villous epithelium as well as in the FAE of
PPs.

Internalization of PV by villous M-like cells

To investigate whether rhesus macaque villous M-like
cells can take up PV, the rhesus macaque ileum was inocu-
lated with gold-labeled PV (Fig. 2A) and subjected to EDS.
The advantage of EDS is that gold-labeled PV can be
directly detected when PV is completely embedded in an
ultrathin section. The characteristic X-ray peak from gold
(AuL-alpha: approximately 9.712 keV) is used to confirm
the presence of Nanogold within a section. Forty-five min-
utes after inoculation, EDS demonstrated the presence of
gold-labeled PV in the basolateral cytoplasm (spots 3 and
4; Fig. 2B and D) but not in the apical cytoplasm (spots
1 and 2; Fig. 2B and C) of villous M-like cells. In addition,
gold-labeled PV was also specifically engulfed by macro-
phage-like cells in LP (spots 5; Fig. 2B and E). As shown
in the insert of Fig. 2E, a PV particle was clearly and
directly detected. Furthermore, we examined whether the
adjacent M-like cells also take up PV (spots 6 and 7;
Fig. 2B and F). Results revealed the localization of PV
beside the nucleus (Fig. 2F). In contrast, there is no signal
corresponding to PV in an adjacent epithelial cell (spot 8;
Fig. 2G). Taken together, these results indicate that rhesus
macaque villous M-like cells have the ability to take up PV
from the lumen.

Discussion

The premise of oral PV infection in humans postulates
that CDI155 is expressed not only on enterocytes in FAE
but also on cells in GCs [4]. If so, cynomolgus epithelial cells
in FAE and cells in GCs should express CD155 because
cynomolgus macaques are susceptible to infection by PV
administered orally. We searched for CD155 in PPs in cyno-
molgus macaques. Staining with CDI55-specific mAbs
(D171 and TX21) revealed that CD155 was highly expressed
not only on enterocytes in FAE but also on cells in GCs.

However, not much has been known about the PV infec-
tion patterns in the gut of rhesus macaques so far. We
examined whether CDI155 is indeed not expressed within
rhesus macaque GCs and whether PV is indeed not incor-
porated into rhesus macaque intestinal lymphoid tissue.
Unexpectedly, staining with CD155-specific mAbs (D171
and TX21) revealed that rhesus macaque CDI55 was
highly expressed not only on cells in GCs but also on those
in LP. Furthermore, our immunofluorescence analysis indi-
cated that PV is efficiently incorporated into LP in the villi
rather than into GCs. These findings suggest that in rhesus
macaques, an as yet unidentified factor is required for the
translocation of PV into GCs after PV penetrates into

FAE-M cells, and that there are cells that function simi-
larly to FAE-M cells as a gateway for PV on villi.

A recent study [15] has directly demonstrated the func-
tion of mouse villous M cells as a gateway for bacteria.
The morphological characteristics of the rhesus macaque
FAE-M cells in ileal PPs were previously reported [16],
but to our knowledge, our present study is the first to show
the function of nonhuman primate villous M-like cells as a
gateway for PV. Rhesus macaque villous M-like cells were
distinguishable from intestinal villous epithelial cells on the
basis of the criteria including (i) short and irregular micro-
villi, (ii) endocytic activity and ability to take up PV as well
as macromolecules, and (iii) an intraepithelial pocket that
allows a cluster of lymphocytes to be located in the FAE
of PPs; currently, there is no reliable identified antigen mar-
ker that can be used to positively identify primate villous M
cells. Indeed, EDS analysis demonstrated that PV was
internalized within villous M-like cells and transported into
LP.
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ARTICLE INFO ABSTRACT
Article history: Our previous study demonstrated that the immunization with a cycloimmunogen derived from extracellular
Received 6 October 2008 loop-2 (ECL-2) of CCRS5 (cDDR5) attenuated acute phase of CCR5-tropic simian-human immunodeficiency
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The human immunodeficiency virus (HIV) uses cell-surface
receptors to gain entry into target cells. CD4 is the main receptor,
and a chemokine receptor CCRS5 is the coreceptor utilized by CCR5-
tropic (R5) viruses. CXCR4, an alternative chemokine receptor, is
used by CXCR4-tropic viruses. The distribution of these receptors
is critical for HIV transmission and infection. In fact, the most strik-
ing resistance to HIV infection is in the naturally occurring delta32
CCRS mutation in approximately 1% of Caucasians [1,2]. These
individuals lack the cell-surface expression of CCR5. Furthermore,
some studies showed that mucosal antibody responses may con-
tribute to the apparent resistance to HIV-1 infection. The studies,
in which humoral responses against HIV-1 in the vaginal secre-
tions of women who remain uninfected despite frequent unpro-
tected sex with HIV-1-infected partners were analyzed, indicated
the presence of CCR5-specific mucosal autoantibodies [3].

As attempts to reproduce some of the functional aspects of the
natural resistance to HIV infection, some vaccination strategies of
inducing CCR5-specific autoantibodies have been reported. Our
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previous attempts were to induce CCR5-specific autoantibodies
with anti-R5 HIV-1 activity by the inoculation of cDDR5 from
the UPA (from Argyss to Cysysg) of ECL-2 in CCR5 into Balb/c mice
[4] and cynomolgus macaques [5]. Other attempts include the
induction of CCR5-specific autoantibodies with anti-R5 HIV-1
activity by the inoculation of recombinant papillomavirus-like
particles, which represent an extracellular loop of CCRS5, into
C57BL/6 mice and pig-tail macaques [6,7], and by the immuni-
zation of rhesus macaques with synthetic linear peptides (N-ter-
minal peptide ;3 first-loop peptidegs. 03, and second-loop pep-
tideyyg.197) derived from the N-terminus, first loop, and second
loop in CCRS5 [8]. Results of these studies indicate that vaccines
aimed at inducing CCR5-specific autoantibodies can be devel-
oped to reproduce some of the functional aspects of this natural
resistance by blocking and down-modulating the CCRS on the
surface of HIV-targeted cells, as well as conventional viral-pro-
tein-based vaccines.

A recent intriguing study by Yusa and coworkers [9] has sug-
gested that CCRS is incorporated into HIV virions. Depending on
the surface of the host cell, HIV-1 incorporates cell-derived mole-
cules into its envelope [10,11). Previous studies showed that HLA-
class I, CD54, and other cellular surface proteins were incorpo-
rated into a budding virion [12], whereas CD4, CXCR4, and CCR5
were not detectable [13). However, Yusa and coworkers found that
CCRS5 is incorporated into budding virions using the various types
of monoclonal antibodies against the cell-surface molecules. The
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result suggests that CCRS-specific autoantibodies induced by vac-
cines may be capable of not only blocking and down-modulating
the CCRS on the surface of HIV-targeted cells but also directly neu-
tralizing HIV infection.

In this study, we suggest that siCCRS is incorporated into
SIV maca3s particles, and ¢cDDR5 derived from ECL-2 of siCCRS is an
artractive mimotope for inducing anti-siCCR5 antibodies against
cell-expressed and virion-incorporated siCCR5s.

Materials and methods

Preparation of SIVp.c230 lysate. The supernatants from the culture
media of SIVyuca39-infected HSC-F cells [14] and rhesus peripheral
blood mononuclear cells (PBMCs) were filtered through a 0.45um
disposable filter and then centrifuged at 43,000g for 3h at 4°C.
The pellet was resuspended in PBS(—) and then centrifuged at
100,000g for 1h at 4 °C. The resulting pellet and 51V ,,c29g-infected
HSC-F cells were lysed in 200l of lysis buffer (125 mM Tris-HCl
(pH 6.8) containing 4% SDS and 20% glycerol).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and western immunoblot analysis. The diluted lysate was
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) [15] (PAG Mini “DAIICHI" 4-20%, Daiichi Pure
Chemicals, Tokyo, Japan) and the separated proteins were subse-
quently electroblotted onto a polyvinylidene difluoride membrane
(Immobilon, Millipore Corporation, Bedford, MA, USA). Antigens
were probed with anti-siCCRS antibody, 3A9 (BD Biosciences),
and murine anti-SIVy,,c25: gp130 monoclonal antibody (Immuno
Diagnostic Inc.). The bands were visualized by chemiluminescence
detection (NEN Life Science Products, Boston, MA, USA).

Preparation of rhesus CCR5-derived cDDR5-keyhole limpet hemo-
cyanin (KLH). A siCCR5-derived linear dodecapeptide (linear rhe-
sus DDRS5, H;N-DRSQREGLHYTG-COOH), in which all side-chain
groups are protected, was synthesized using an automatic peptide
synthesizer and cyclized, as previously described [4]. The molec-
ular masses of rhesus macague CCR5-derived cDDRS (rcDDRS)
were determined by MALDI-TOF-mass spectrometry (Burker Fran-
zen Analytik). The gamma-carboxyl group of Glu, in the protected
rcDDR5 was conjugated to ethylenediamine and then coupled to
KLH through Bis(sulfosuccinimidyl)suberate (Thermo Fisher Sci-
entific Inc.).

Immunization and screening. Ten BALB/c mice were immunized
intraperitoneally with 200 pg of rcDDRS-KLH in Freund's adju-
vant at 1-week intervals and administered an intravenous boost of
40 pg of rcDDR5-KLH 3 days prior to splenectomy, Eleven hybrido-
mas were generated by a standard method, by which splenocytes
were fused with P3U1 cells and selected in hypoxanthine-, ami-
nopterin-, and thymidine-supplemented media. In the screening,
supernatants were tested for reactivity to rcDDR5-Multi-Pin Block
in accordance with the method described in Ref. [4]. Hybridomas
that produced high titers of anti-rcDDR5 antibodies (MARS4 and
MARSS) were then cloned. MARS4 and MARSS were found to be
monoclonal and immunoglobulin G; and Gy, isotypes, respec-
tively.

Flow cytometry. HSC-F cells were preincubated with or without
MIP-1beta (1 ng) at 37 °C for 30 min. These cells were washed with
a washing buffer (phosphate-buffered saline (PBS) containing 2%
fetal calf serum and 0.02% NaN3), and then stained with MARS4 at
4°C for 30 min, These cells were washed with a washing buffer, and
FITC-conjugated anti-mouse 1gG was used for antibody staining.
After 30 min of incubation at 4°C, the cells were washed and then
analyzed using an EPICS XL flow cytometer (Beckman Coulter),

Chemotaxis assay. A chemotaxis assay was performed using the
protocol of Gosling et al. [ 16] with HSC-F cells (5 x 10° cells) treated
with or without MARSS. The assay was conducted in the presence
of 10ng/ml MIP-1beta placed in the lower chamber. Transwells

(pore size, 5um; Corning Inc., Corning, NY) were incubated for 5h
at 37°C. The cells that migrated from the upper chamber to the
lower chamber were quantified by trypan blue dye exclusion.

Virus-binding ELISA. The pellet of the purified SIV 0239 (50ng of
p27 antigen) was suspended in anti-rcDDRS serum, normal mouse
serum, 1 g of antibodies to SIV ENV protein (murine anti-SIV ;251
gp130 monoclonal antibody (Immuno Diagnostic Inc.)), or to siC-
CR5 (3A9, BD Biosciences), then incubated on ice for 30min, and
washed with PBS(—). The resulting viral pellet was resuspended
with 50pl of protein G microBeads (Miltenyi Biotec), incubated
on ice for 30 min, and washed with 200 pl of PBS(—). The immune
complex of antibody-virus-protein G microBeads was purified in
accordance with the manufacturer’s instructions, and lysed with
20pl of 95°C-prewarmed lysing buffer in Retro-Tek SIV p27 Anti-
gen ELISA kit (ZeptoMetrox Corporation) for Smin. The lysate was
eluted with 50ul of elution buffer (lysing buffer:PBS(—)=1:9)
before quantification of p27 by ELISA.

Total viral DNA detection assay. To evaluate the inhibitory effect of
MARS4, the HSC-F cells (1 x 108 cells) or SIV yac23a Was pretreated in
the following three different ways with MARS4. (Cell block) HSC-F
cells were preincubated with MARS4 for 30 min and then washed.
The cells were then incubated with SIV ;,c230 (50ng of p27 antigen)
in the presence of DEAE dextran (20 pg/ml) for 4h, washed twice
with the culture medium, and cultured in fresh medium (200 ul)
for 40h. (Virus block) SIVmaca30 Was preincubated with MARS4 for
30min and then washed by centrifugation (100,000g). The virus
was incubated with HSC-F cells in the presence of DEAE dextran
for 4h. Finally, the HSC-F cells were washed twice with the culture
medium and cultured in fresh medium (200 pl) for 40 h. (Cell/virus
block) HSC-F cells were preincubated with MARS4 for 30 min. With-
out washing, the cells were then incubated with SIV ;239 (50 ng of
p27 antigen) in the presence of MARS4 and DEAE dextran (20 pg/
ml) for 4h, washed twice with the culture medium, and cultured
in fresh medium (200 ul) for 40h. After this, the HSC-F cells were
harvested. The nucleic acid obtained after the purification pro-
cedure [17] was used for the PCR amplification. cDNA duplicates
were amplified by SYBR green real-time PCR assay as previously
described [18] with some modifications. Briefly, primers that rec-
ognize specific and highly conserved sequences on the gag region
of SIV described by Ui et al. [19] were selected. The sequences of
SIV gag primers were 5'-GGAAATTACCCAGTACAACAAATAGG-3'
and 5'-TCTATCAATTTTACCCAGGCATTTA-3'. The SIV gag gene was
amplified in 20 pl of a PCR mixture consisting of 10 ul of 2 x master
mix containing modified DyNAmo hot start DNA polymerase, SYBR
green |, optimized PCR buffer, 5mM MgCl;, a dNTP mix includ-
ing dUTP (Finnzymes), 2 pl of each primer, and 8 ul of viral DNA.
PCR was conducted as follows: initial activation of hot start DNA
polymerase at 95°C for 15min; 40 cycles of four steps of 95°C for
105, 57°C for 205, 72°C for 20s, and 76°C for 2s. At the end of the
amplification cycle, melting temperature analysis was conducted
by gradually increasing the temperature (0.5 °Cfs) to 95 °C. Amplifi-
cation, data acquisition, and analysis were conducted with the DNA
Engine Opticon 2 System (Bio-Rad Laboratories Inc.) using Opticon
Monitor version 2.02 software (Bio-Rad Laboratories Inc.).

Results
Incorporation of siCCR5 into SIVpmae219

To examine the incorporation of siCCRS into the envelope of
SIV naca3s, the lysates from viruses grown in either HSC-F or rhesus
PBMC were subjected to western immunoblot analysis with anti-
siCCRS antibody, 3A9 (Fig. 1A and B), and murine anti-SIV,cs
gp130 monoclonal antibody that cross-reacted with 5IVi,c0
Env protein (Fig. 1C and D). Consistent with other reports [20,21],
a band corresponding to siCCRS monomer was detected in both
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cases, which migrated with an apparent 48 kD mass (Fig. 1A and
B). Furthermore, higher-molecular-weight species as shown in

Refs. [20,21] were also detected in SIVpyyo39 from rhesus PBMC
(Fig. 1B) but not from HSC-F cells that predominantly expressed
CCRS5 having a molecular weight of approximately 48 kDa (Fig. 1A).
As a positive control, anti-SIV 5 gp130 monoclonal antibody
was used, which detected SIV 4239 Env protein in both cases (Fig.
1C and D). Although supernatants from uninfected cells as a nega-
tive control were also subjected to western immunoblot analysis, a
band corresponding to siCCRS was not detected (data not shown).

rcDDRS synthesis and peptide analysis

It is generally considered that the conformational B-cell epi-
topes involved in the induction of a conformation-specific anti-
body would be difficult to mimic using a simple synthetic linear
peptide. To mimic the UPA of ECL2 of rhesus CCRS, a linear side-
chain group-blocked oligopeptide (linear rhesus DDRS (rDDRS):
H;N-ERSQREGLHYTG-COOH) with a free-amino-terminal head and
a carboxyl-terminal tail was first synthesized and then cyclized by
peptidyl bond formation between the amino group of Glu, and
the carboxyl group of Gly,; (Fig. 2A). After the removal of the side-
chain-blocking group, rcDDRS (cyclized at the head and tail of lin-
ear rDDR5) was purified, and its molecular masses was determined
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Fig. 1. Incorporation of $iCCRS into SIVpeane. Viral lysates (2ug) produced from
HSC-F or rhesus PBMCs were resolved by 4-20% SD5-PAGE. Western immunaoblot
analysis was performed using anti-siCCRS antibody, 3A9 (A and B). and murine
anti-SIVpesey g0 130 monocional body (C and D). Furth the cell lysare

of HSC-F cells was also subjected ro western immunoblot analysis using 3A9 for
comparison (A).
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by MALDI-TOF-MS using alpha-cyano-4-hydroxy-cinnamic acid as
a matrix. The spectrum of purified rcDDRS5 exhibited major peaks
at mfz 1414.66 (Fig. 2B), suggesting that the structure of rcDDRS is
cyclo{ER6aS169Qu70Rm ErnGimLlizeH 175 Y 1osTimG)-

Immunochemical specificity of the anti-rcDDR5-MAP antibodies,
MARS4 and MARSS

Among the many antibody-producing clones, two clones pro-
ducing the antibody to rcDDR5-KLH was effectively selected using
the rcDDR5-Multi-Pin Block. The novel monoclonal antibodies,
MARS4 and MARSS (IgG; and 1gG,, isotypes, respectively) were
selected (Fig. 2C). The immunochemical specificities of MARS4
and MARSS were determined using flow cytometry (Fig. 2D) and
chemotaxis assay (Fig. 2E). MARS4 was bound to CCR5-expressing
HSC-F cells (Fig. 2D) but the binding was significantly competed
with MIP-1beta (Fig. 2D). Furthermore, MARSS significantly inter-
fered with the chemotaxis induced by MIP-1beta (Fig. 2E). These
results suggest that rcDDRS immunization can induce the anti-siC-
CRS5 antibody.

Binding of anti-rcDDRS serum to virion-incorporated siCCR5

To examine whether anti-rcDDRS serum from mice immunized
with rcDDR5-KLH can recognize the virion-incorporated siCCRS,
we measured the amount of intact 5IVy,,..49 particles captured
by anti-rcDDR5 serum using a virus-binding ELISA as shown in
“Materials and Methods". SIV ,,235 particles were treated with
anti-rcDDRS serum or normal mouse sera. Alternatively, both the
commercially available anti-siCCR5 antibody, 3A9 and the anti-SIV
ENV protein antibody were also used as controls. As expected, the
anti-rcDDRS serum captured the SIV,.239 grown in HSC-F cells
(Fig. 3A). As a positive control, the anti-SIV ENV protein antibody
effectively captured the HSC-F cell-derived virions, and 3A9 also
captured the virions although the binding efficiency of 3A9 to siC-
CR5 was lower than that of the anti-rcDDRS serum. These results
suggest that the UPA is an attractive target for immune strategies
aimed at generating anti-CCR5 antibodies.

Antiviral activity

Because siCCR5 is the main coreceptor for SIViuc3e and is
incorporated into the SIV 235 €nvelope, we investigated whether
MARS4 could inhibit SIV,.c236 entry via cell-expressed or virion-
incorporated CCRS. The anti-SIVp,039 activities of MARS4 were
determined using HSC-F cells that express CCRS and SIVuca3
grown in HSC-F cells. The pretreatment of cells with MARS4
resulted in a significant inhibitory effect on SIV,c239 infection
(Fig. 3B). On the other hand, the pretreatment of the virus with
MARS4 resulted in a partial inhibitory effect on 5IV,;,,.239 infection
(Fig. 3B). Furthermore, when MARS4-pretreated cells were inoc-
ulated with SIVp,q3s in the presence of MARS4, it resulted in the
most effective inhibitory effect (Fig. 38). These results suggested
that the rcDDR5-induced anti-CCRS antibody may effectively show
inhibitory effects through the binding to the cell-expressed rather
than virion-incorporated CCR5s.

Discussion

Could CCRS be an attractive target for the development of HIV
vaccines? Persons with the homozygous delta32 CCR5 mutation, a
32-base-pair deletion of the CCR5 gene that results in a lack of cell-
surface expression of CCRS, have strongly reduced susceptibility
to CCR5-dependent HIV-1 infection [1,22,23). Furthermore, Pastori
et al. found that long-lasting CCR5 internalization by anti-CCRS
antibodies in a subset of long-term nonprogressors is associated
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with a possible protective effect against disease progression [24],
suggesting that the induction of anti-CCR5 antibodies by a vaccine
could reproduce the immune status in long-term nonprogressors.
Thus, these data make CCR5 an attractive potential target for the
development of HIV vaccines.

In general, it is considered that antibodies neutralize envel-
oped viruses by diverse mechanisms, such as disruption of recep-
tor binding, interference with conformational changes required
for virus entry, steric hindrance, or virus aggregation [25,26]. We
previously showed that the antisera raised against cDDR5 mim-
icking the UPA of human CCR5 reacted with human CCRS, and
potently suppressed infection by the RS HIV-1 isolates [4,5], sug-
gesting that HIV infection can be neutralized by the anti-CCRS
antibody-mediated interference with receptor binding of the
envelope glycoproteins. Recently, Yusa and coworkers found that

of cells

igrating in response to MIP-1beta over the

5 3P Y

CCRS5 is incorporated into budding virions [9]. The result suggests
that CCR5-specific antibodies induced by vaccines may be capa-
ble of not only blocking the CCR5 on the surface of HIV-targeted
cells but also directly neutralizing HIV infection. In this study, the
immunization with rcDDR5-conjugated KLH induces anti-rcDDR5-
specific monoclonal 1gGs and anti-rcDDRS5 serum that specifically
bind to both the cell-expressed and virion-incorporated siCCR5s.
Although the antibody binding to virion-incorporated CCRS had a
potential to inhibit SIV 230 infection, only partial inhibition was
observed. These results suggest that the rcDDR5-induced antibody
binding to cell-expressed CCRS may predominantly establish a ste-
ric block to a step in the virus entry process rather than that to
virion-incorporated CCRS5,

The incorporation of CCR5 in virions raises another hypothe-
sis that the anti-CCR5 antibody can be simultaneously induced
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Fig. 3. Reactivity of anti-rcDDRS serum to siCCRS on the SIVipacis envelope and the
an:mral activiry of MARS4, (A) The capture of SIV s by anti-rcDDRS serum was

ined by a virus-binding ELISA as described in “Materials and methods™. (B)
The anrtiviral activity was measured as described in “Materials and methods”. Each
control experiment was carried out with MARS4 p Results repre-
sent the amount of viral DNA (copies/200ng of DNA) in each sample pretreated
with MARS4 (gray column) or in each control sample (black column). "P<0.05 by
Mann-Whimey U-test.

when HIV invades the human body after cDDR5 immunization. In
c¢DDR5-based vaccine development, it is very important to deter-
mine whether anti-cDDR antibody-producing B-cells could be
reactivated when the CCRS-incorporated viruses invade the body.
As shown in Fig. 3A, the epitopes of anti-rcDDR5 antibodies are
likely to be effectively exposed on the surface of SIVy,ca30. This
result may support our hypothesis. Thus, these results suggest that
the UPA in CCR5 is an attractive target for immune strategies aimed
at reproducing the immune response in a subset of long-term non-
progressors with anti-CCR5 antibodies.
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Abstract

The N-myristoylation of the N-terminal of human immunodeficiency virus type-1 (HIV-1) Pr35*** by human N-myristoyltransferase (hNMT)
is a prerequisite modification for HIV-1 production. ANMT consists of multiple isozymes encoded by hNMT1 and ANMT2. The hNMT] isozyme
consists of long, medium, and short forms. Here, we investigated which isozyme is crucial for HIV-1 production. Human embryonic kidney
(HEK) 293 cells transfected with infectious HIV-1 vectors were used as models of HIV-1-infected cells in this study. The significant reduction
in HIV-1 production and the failure of the specific localization of Pr35*“* in a detergent-resistant membrane fraction were dependent on the
knockdown of the different forms of the hNMT]1 isozyme but not of the ANMT2 isozyme. Additionally, the coexpression of an inactive mutant
hNMTI isozyme, namely the hNMTI long form (hNMT1,), but not that of other hNMT mutants resulted in a significant reduction in HIV-1
production. These results strongly suggest that HIV-1 production is specifically associated with hNMT], particularly hNMT1, but not with

hNMT2 in vivo, contributing to the understanding of a step in HIV-1 replication.

@© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

N-Myristoyltransferase (NMT) (EC 2.3.1.9.7) mainly cata-
lyzes the covalent attachment of myristate from myristoyl co-
enzyme A to the «#-amino group of N-terminal Gly of nascent
or proteolytic processed proteins [1—3]; this modification is
called protein N-myristoylation [4]. N-Myristoylation is im-
portant as a main membrane-targeting signal of modified pro-
teins [5]. The consensus sequence of peptide substrates for
NMT is generally Gly-X-X-X-Ser/Thr, in which N-terminal
Gly is absolutely required and Ser/Thr at position five is pre-
ferred [1.2].

N-Myristoylation is essential for modified proteins to func-
tion appropriately. Many viral proteins in addition to cellular

* Corresponding author. Tel.: =81 96 371 4362; fax: +81 96 362 7800.
E-mail address: shoji@gpo.kumamoto-u.ac.jp (5. Shoji).
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proteins can be N-myristoylated [6]. N-Myristoylation occurs
in products from the human immunodeficiency virus type-1
(HIV-1) genome: the N-terminal Gly of Pr55*“ [7—9] and
Nef [10]. Pr55%*¢ is a structural protein of HIV-1 and N-
myristoylation of Pr55%** is essential for the release of HIV-1
virions and HIV-1 infectivity [7—9,11,12]. The N-myristoyl
group promotes the targeting of Pr55*“% to the plasma mem-
brane, particularly the detergent-resistant membrane (DRM),
which is thought to be closely associated with Pr55%“* assembly,
followed by the budding of infectious viral particles [13—15].
Mammalian NMTs, particularly those in humans, mice,
rats, and bovine, appear to be encoded by two genes: NMT!
and NMT2 [16—18]. Furthermore, human NMT1 (hNMTI)
consists of at least three isozymes, namely, the hNMT]1 long
form (hNMTI1;), hNMT1 medium form (hNMTly), and
hNMT1 short form (RNMT 15); these isozymes were suggested
to be produced by splice variants and to differ in translation
start site [19,20]. Recently, it has been suggested that each
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of the mouse NMT isozymes (mNMT1 and mNMT?2) has dif-
ferent roles during mouse development [21]. However, it re-
mains unclarified which isozyme catalyzes which substrate
in vivo. Thus, it is important to understand which isozyme is
closely associated with the HIV-1 life cycle, because the iso-
zyme involved in HIV-1 replication could be used as a specific
target in host factors for the development of anti-HIV-1 agents
that are effective for evasive drug-resistant viruses. In this
study, we tried to determine which hNMT isozyme plays a cru-
cial role in HIV-1 production in which the N-myristoylation of
Pr55%% is involved.

2. Materials and methods
2.1. Materials

HEK293 cells, infectious HIV-1 expression vectors pNL4-
3, pYU-2, pYK-JRCSF, and p89.6 were obtained from the
NIH AIDS Research & Reference Reagent Program. Dulbec-
co’s modified Eagle's medium (DMEM) and RPMI 1640 me-
dium were obtained from Nissui Pharmaceutical Co. Ltd.

2.2, Cell culture

HEK293 cells were cultured at 37 °C in DMEM supple-
mented with 10% heat-inactivated fetal calf serum containing
100 TU/m] penicillin and 100 pg/ml streptomycin in 5% CO,

2.3. Double-stranded RNAs

The target sequences of double-stranded RNAs (dsRNAs)
inducing RNAi against hNMT1 and hNMT2 were 5'-GCGAC
CAATGGAAACAAAGGACATT-3' and 5-GCTCAAGGAG
TTATACACGTTGTTA-?¥, respectively. dsRNA with a nonspe-
cific randomized sequence was used for the control experi-
ments. dsRNAs were prepared as Stealth™ RNAI
(Invitrogen, Carlsbad, CA).

2.4. Cell growth assay

HEK293 cells (4.0 x 10" cells) were cultured in 96-well
plates overnight. The cells were transfected with 0, 3.1, 6.1,
12.5, 25, 50, and 100 pmol/ml siRNAs using Lipofectamine
2000 and cultured for 48 h. The cell viability was evaluated
by WST-1 method [28], The cell transfected with or without
10 pmol/ml of siRNAs were visually inspected by microscopy
and photographed (x100).

2.5. Reverse transcription and semiquantitative real-time
polymerase chain reaction (PCR)

Total RNA was extracted using ISOGEN (Nippon Gene Co.
Ltd., Tokyo, Japan) according to the manufacturer’s instruc-
tion. First-strand cDNA synthesis was performed using the Su-
perScript™ TIII First-Strand Synthesis System for RT—PCR
(Invitrogen, Carlsbad, CA) according to the manufacturer’s in-
struction, in which oligo (dT);, was used as a primer.

DyNAmo™ HS SYBR®Green qPCR kit (Finnzymes, Espoo,
Finland) reagents were used as semiquantitative real-time
PCR reagents according to the manufacturer’s instruction.
Thermocycling was carried out using the DNA Engine Opti-
con™2 System (MJ Research Inc., Waltham, MA). The oligo-
nucleotide primers used for the PCR were as follows: hNMT1
sense primer, CCGCAGATGATGGAAGGGAA; hNMT1 anti-
sense primer, CCTCTCTGCTGGCAAAGAGTTCA; hNMT2
sense primer, GAAGTCCTGGAGGGTATTTG; hNMT2 anti-
sense primer, CTGCATTGGAACACTGGGATT, p-actin
sense primer, CGGAACCGCTCATTGCC; P-actin antisense
primer, ACCCACATCGTGCCCATCTA.

2.6. Construction of each hNMT isozyme expression
vector

Total RNA was extracted from CEM cells, a human T-cell
line, using a QuickPrep Total RNA Extraction kit (Amersham
Biosciences Corp, Piscataway, NJ) according to the manufac-
turer's instruction. First-strand ¢cDNAs were obtained by the
reverse transcription of total RNA using a Gene Amp RNA
PCR kit (Applied Biosystems, Foster City, CA). The cDNA
of each hNMT isozyme was amplified by PCR with pfu Turbo
Hotstart DNA polymerase (Stratagene, La Jolla, CA) using
a primer pair on the basis of the reported GenBank accession
numbers: BC006569 for hNMT1 and AF043325 for ANMT2.
The sequences of primers used for the construction of each
hNMT isozyme expression vector in mammalian cells were
as follows: CATGAATTCATGGCGGACGAGAGTGAGAC
with the 5'-EcoRI restriction site for hNMT1, as the sense
primer;  CATGAATTCATGGAAGGGAACGGGAACGGC
CATG with the 5'-EcoRI restriction site for h(NMT1,, as the
sense primer; CATGAATTCATGAACTCTTTGCCAGCA
GAG with the 5-EcoRI restriction site for hNMTlg as the
sense  primer; CATCTCGAGTTATTGTAGCACCAGTC
CAAC with the 5'-Xhol restriction site for all the hNMTI
isozymes as the antisense primer; CATGAATTCATGGCG
GAGGACAGCGAGTC with the 5'-EcoRI restriction site for
hNMT2 as the sense primer; and CATCTCGAGCTATTG
TAGTACTAGTCCAAC with the 5'-Xhol restriction site for
hNMT2 as the antisense primer. Each hNMT isozyme cDNA
amplified by PCR was subcloned into the pT7Blue vector
(Merck KGaA, Darmstadt, Germany) according to the manu-
facturer's instruction. Each cDNA digested with EcoRI and
Xhol was cloned into the pcDNA4/HisMax vector (Invitrogen)
for its expression in mammalian cells.

2.7. Site-directed mutagenesis for G 1o
Lys*"? mutation of each hNMT isozyme

The sequences of the primers used for the site-directed mu-
tagenesis of each hNMT isozyme expression vector were as
follows: CAGAGAAGGTTAAACTGGTGCTACAATAAC
for the h(NMT1 isozyme mutation sense primer; GTAGCAC
CAGTTTAACCTTCTCTGCCCCC for the hNMTI isozyme
mutation antisense primer; CTGAAAAGGTTAAACTAG
TACTACAATAG for the hNMT2 mutation sense primer; and
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GTAGTACTAGTTTAACCTTTTCAGAATCTG  for  the
hNMT2 mutation antisense primer. The mutations were in-
duced using a QuikChange site-directed mutagenesis kit (Stra-
tagene) according to the instruction manual.

2.8. Quantification of HIV-1 p24 antigen in supernatant

HEK293 cells (1.0 x 10° cells) were cultured in 48-well
plates overnight. Confluent cells (30—50%) were cotrans-
fected with 10 pmol of dsRNAs and HIV-1 expression vectors
(pNL4-3, pYU-2, pYK-JRCSF, or p89.6) using Lipofect-
amine2000. Alternatively, HEK293 cells (3.0 x 10° cells)
were cultured in 24-well plates overnight. The cells were
transfected with a plasmid expressing each Xpress™ epi-
tope-tagged hNMT isozyme (hANMT1,, hNMT1y, hNMTls,
and hNMT2) or a comparable inactive form, whose plasmids
are described in detail below, using Lipofectamine2000, and
then transfected with pNL4-3 after 24 h. After 24 h or 48 h
of further cultivation, the supernatant was collected and centri-
fuged to remove cell debris. The amount of HIV-1 p24 antigen
in the cell-free supernatant was measured using an enzyme-
linked immunosorbent assay (ELISA) kit (ZeptoMetrix
Corp.. Buffalo, NY) according to the manufacturer's
instruction.

2.9. Cell lysis and Western immunoblot analysis

The cells were washed twice with phosphate-buffered sa-
line, lysed in the lysis buffer, and subjected to sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) and
Western blot analysis [27]. The serum and antibodies used in
different immunoblottings were as follows: HIV-1-positive
plasma (a gift from Dr. Shuzo Matsushita of Kumamoto Uni-
versity, AIDS Research Institute, Kumamoto, Japan), actin
(Ab-1) kit (Oncogene Research Products, Boston, MA), anti-
Xpress™ antibody (Invitrogen), anti-caveolin-1 (Sigma,
St. Louis, MO), anti-transferrin receptor (BD Pharmingen,
San Diego, CA), anti-NMT!1 (BD Pharmingen), and anti-
NMT?2 (BD Pharmingen). Immune complexes were detected
with appropriate peroxidase-conjugated secondary antibodies
followed by visualization by chemiluminescence detection
(NEN Life Science Products, Boston, MA).

2.10. Flotation assay and Western blot analysis

Flotation assay was performed as previously described [22].
The final five fractions were prepared from the top to the bot-
tom of the tube and subjected to SDS—PAGE and Western im-
munoblot analysis as described above. HIV-1 antigens were
probed with HIV-1-positive plasma. The transferrin receptor
and caveolin-1 were used as non-DRM and DRM markers,
respectively.
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3. Results

3.1. Inhibition of expressions of hNMT! isozymes and
hNMT2 by RNA{

There are two kinds of mRNA, namely, extended 5'-mRNA
and alternatively spliced mRNA, in hNMTI, from which
hNMT 1y, hNMT1y, and hNMTIg could be produced [20];
however, the hANMT2 gene produces only one protein:
hNMT?2 [17]. In this study, two kinds of chemically synthetic
double-stranded siRNA were designed: one targets all kinds of
hNMT1 mRNA and the other targets hNMT2 mRNA. siRNA
with a randomized sequence was also used for the control ex-
periments. HEK293 cells were transfected with siRNAs and
cultured for 48 h. The effects of the siRNAs at doses from
0 to 100 pmol/ml on cell growth were evaluated by the
WST-1 method. As shown in Fig. 1A, similar dose-dependent
cytotoxic effect of siRNAs was observed in the three siRNAs.
The treatment of HEK293 cells with 10 pmol/ml siRNAs,
which show no cytotoxic effect, showed no change in cell
morphology compared with the nontreatment of HEK293 cells
(Fig. 1B). the siRNA dose of 10 pmol/ml was therefore used
for the other subsequent experiments. To examine whether
siRNAs knock down mRNAs specifically, HEK293 cells
were transfected with siRNAs and cultured for 48 h. mRNA
level was semiquantified by real-time RT—PCR analysis.
B-Actin mRNA was selected as the internal standard for semi-
quantification. The hNMT1 and hNMT2 mRNA expression
levels of HEK293 cells treated with each siRNA decreased
from about 20% to 30% the expression level of each control
mRNA (Fig. 1C and D, respectively). Additionally, the each
specific suppression of isozyme by each siRNA was observed
(Fig. 1C and D).

3.2. Failure of specific localization of Pr55*°® in DRM
with knockdown of hNMTI isozymes

Pr55%%¢ is associated with the DRM fraction during assem-
bly in the late stage of HIV-1 replication [13,14], in which its
localization is dependent on its N-myristoylation [13]. The ef-
fect of the knockdown of each NMT isozyme on the localiza-
tion of Pr55%“ in the DRM fraction was therefore evaluated.
pNLA4-3-transfected HEK293 cells were treated with siRNA
directed by either ANMT1 or hNMT2, cultured and subjected
to flotation assay [22]. The pNL4-3G2A mutant was used in
addition to wild-type pNL4-3 in the control experiment for
comparison of the localizations of non-N-myristoylated
Pr55%“* and N-myristoylated Pr55%°*. The transferrin receptor
and caveolin-1 were used as the non-DRM and DRM markers,
respectively. As shown in Fig. 2N-myristoylated Pr55%* in
pNLA4-3-transfected HEK293 cells was specifically detected
in fraction 1 similarly to caveolin-1, defined as the DRM frac-
tion, whereas a large amount of non-N-myristoylated Pr55%
in pNL4-3G2A-mutant-transfected HEK293 cells was de-
tected, as expected, in the fraction similar to that for the trans-
ferrin receptor, defined as the non-DRM fraction. These results
show that the specific localization of Pr55*** in DRM is
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Fig. 1. Inhibition of ANMT1 and hNMT2 mRNA expressions by siRNAs in HEK293 cells. HEK293 cells were transfected with hNMT1- and hNMT2-specific
siRNAs and control siRNA separately, The cells were harvested at 48 h post-transfection. The dose-dependent effect of siRNAs on cell growth was evaluated
by the WST-1 method as described in Materials and methods (A). The cell morphology 48 h after transfection of each siRNA (10 pmol/ml) was visually inspected
by microscopy and photographed ( x 100) (B). The mRNA expression levels of htNMT! (C) and hNMT2 (D) were semiquantified by real-time PCR analysis using

specific primer pairs, as described in Section 2, B-Actin mRNA level was used as the internal standard. Cell viability and mRNA expression level are expressed as

percentage relative to those obtained in the siRNA. d and

independent experiments are shown.

dependent on N-myristoylation, as previously demonstrated
[13]. By performing the same flotation assay, the localization
of Pr55%“% was examined in HEK293 cells with all the hNMT1
isozymes or hNMT2 knocked down. As shown in Fig. 2,
Pr55*“* was detected in the non-DRM fraction from the
HEK293 cells with all the hNMT]1 isozymes knocked down.
On the other hand, Pr55%" was specifically detected in the
DRM fraction from the HEK293 cells with hNMT2 knocked
down, similarly to that observed in the control experiment.

3.3. Knockdown of hNMT1 isozymes affects HIV-1
release

Since Pr55%“*N-myristoylation appears to be required in the
release of HIV-1 particles [11,12], the late stage of the HIV-1
life eycle must be directly involved in either or both hNMT
isozymes. As control experiment, a comparison of HIV-1 pro-
duction between pNL4-3 and pNL4-3G2ZA mutant was con-
ducted in parallel. The production of HIV-1 with non-N-
myristoylated Pr55%“® was about 13% that of the wild-type
HIV-1 (Fig. 3E); however, the expression levels of Pr35%“¢
in HEK293 cells, which were confirmed by Western

| siRNA-treated experiments, respectively. Means and standard deviations from three

immunoblot analysis, were almost the same between the
wild-type HIV-1 and the mutant HIV-1 (Fig. 3E).

The effects of siRNAs on the production of the HIV-1 prog-
eny were evaluated, in which HEK293 cells transfected with
infectious HIV-1 expression vectors, namely, pNL4-3, p89.6,
pYK-JRCSF, and pYU2, were used. The amount of HIV-1
p24 antigen in the supernatant was quantified by ELISA to
evaluate HIV-1 production. As shown in Fig. 3A—D, the
amount of HIV-1 p24 antigen in the supernatant of cells
with the hNMT1 isozymes knocked down was significantly
lower than that in the supernatant of the control cells for all
the HIV-1 strains tested, whereas the amount of HIV-1 p24 an-
tigen in the supernatant of the cells with hNMT2 knocked
down was the same as that in the supernatant of the control
cells for all the HIV-1 strains tested. The significant reduction
in HIV-1 production was dependent on the knockdown of the
hNMTI1 isozymes. The knockdown of the hNMTI1 isozymes
was sufficient to significantly decrease HIV-1 production in
the experiments. Similar expression levels of Pr55%* as an ex-
pression product of the HIV-1 gene in the transfected cells
(Fig. 3A—E), in which actin was detected as internal control,
were confirmed. Taken together, the results indicate that
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Fig. 2. Effect of knockdown of either ANMT1 or hNMT2 on localization of
Pr35*" in DRM and non-DRM fractions. HEK293 cells were transfected
with siRNA against hANMT1, hNMT2 and control as indicated at 48 h post-
transfection with pNL4-3. The cells 96 h after the initial transfection were
washed and subjected to flotation assay. The pNL4-3G2A mutant was used
to detect the localization of non-N-myristoylated Pri5*™F as the control exper-
iment. Results of experiments involving treatment with each siRNA are shown,
Pr55%F was detected by Western immunoblot analysis using HIV-1-positive
plasma. The transferrin receptor and caveolin-1 were used as the non-DRM
and DRM markers, respectively.

hNMT1 contributes to HIV-1 production more than hNMT?2 in
the late stage of HIV-1 replication.

3.4. Coexpression of inactive ANMT 1 mutant with HIV-1
decreases HIV-1 production

As shown in Figs. 2 and 3, the results of the experiments
with siRNAs strongly suggest that hNMT]1 isozymes are in-
volved in the late stage of HIV-1 replication. To determine
which hNMT1 isozyme (hNMT1y, hNMTly, or hNMTls)
most effectively contributes to HIV-1 production, inactive mu-
tants of the hNMT1 isozymes were used as dominant negative
mutants for the evaluation. The inactive form of hNMT2 was
also used as the negative control, because the knockdown ex-
periments with hNMT2 siRNA showed no inhibitory effect on
HIV-1 production (Fig. 3). Each Xpress epitope-tagged hNMT
isozyme expression vector was constructed, and site-directed
mutation for Gly*'? to Lys*'? in all the hNMT1 isozymes
and hNMT2 was introduced in Section 2, in which the number
corresponds to hANMT g and the amino acid is located five res-
idues from the C-terminus of each isozyme. It was previously
reported that comparable mutants are inactive forms of human

and yeast NMTs [16]. Each of the wild-type and mutant
hNMT isozymes was separately expressed in HEK293 cells
by each Xpress epitope-tagged expression vector, followed
by transfection with pNL4-3. The amounts of HIV-1 p24 anti-
gen in the supernatant 24 h and 48 h after pNL4-3 transfection
were quantified by ELISA to evaluate HIV-1 production. As
shown in Fig. 4A—C, the amounts of HIV-1 p24 antigen in
the supernatants of ANMT I -mutant-expressing HEK293 cells
24 h and 48 h after the transfection were significantly lower
than that in the supernatant of wild-type-hNMT1, -expressing
HEK293 cells (Fig. 4C). On the other hand, no differences be-
tween the wild type and the mutant were observed for the
other hNMT]1 isozymes (Fig. 4A,B). As expected, no effect
of the inactive form of hNMT2 on HIV-1 production was ob-
served (Fig. 4D). Similarities in expression level between the
wild types and the mutants were observed for the respective
sets of Xpress-tagged NMT isozymes studied (Fig. 4E—G).
Similar expression levels of Pr55*”* in each of the transfected
cells were also observed (Fig. 4E—G). Actin was used as inter-
nal control in each sample.

As shown in Fig. 41, endogenous NMT1 and NMT2 iso-
zymes were detected by Western immunoblot analysis. As
shown in Fig. 4l, a higher expression level of endogenous
NMT1,_than of other NMT1 isozymes was observed, in which
endogenous NMT 1y, and NMTIs expressed about 30% and
15% that of NMT1,, respectively.

4. Discussion

N-Myristoylation is acylation specific to N-terminal Gly in
proteins, which is an important component of membrane-
targeting signals in general. Many kinds of viral protein are
N-myristoylated [6], for example, the VP4 of the poliovirus
[23], the VP2 of the simian virus 40 [24], the L protein of
the hepatitis B virus [25], and the pp60™* of the Rous sarcoma
virus [26] in addition to the Pr35°“* and Nef of HIV-1. Since
NMT is a common host factor for many kinds of virus, it is
important to understand the detailed relationship between
NMT and the replication of each virus. In this study, we focus
on the relationship between HIV-1 production and each hNMT
isozyme.

We hypothesize that each hNMT isozyme exclusively or
predominantly catalyzes the N-myristoylation of specific
substrate proteins in vive or that each hNMT isozyme has
a specific role in vivo. For example, Pr55%** could be N-
myristoylated with a specific hNMT isozyme.

Pr55% N-myristoylation is closely associated with HIV-1
phenotypes including the Pr55%*¢ localization to the DRM
fraction [13,14] and HIV-1 production [11]. Pr55%* N-
myristoylation can efficiently drive Pr535** to the cell mem-
brane after translation [27] and enhance the association of
Pr55% with DRM [13], followed by the assembly of Pr55%
and the budding of viral particles [14]. The late stage of HIV-1
replication was therefore focused on to evaluate the contribu-
tion of each isozyme to the HIV-1 life cycle.

In the flotation assay, the localization of Pr55%“f in the non-
DRM fraction was observed with the knockdown of the
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Fig. 3. Effect of knockdown of hNMT isozymes on HIV-1 production. HEK293 cells were cotransfected with siRNA and an HIV-1 expression vector. Alternatively,
HEK293 cells were transfected with pNL4-3 or the pNL4-3G2A mutant. The amount of HIV-1 p24 antigen in the supernatant at 48 h post-transfection was quan-
tified by ELISA, as described in Section 2. Each cell lysate was analyzed by Western immunoblot analysis, as described in Section 2. The expressions of Pr55*** as
an expression product of the HIV-1 gene and actin as internal control are shown in the upper and bottom panels, respectively. (A) pNL4-3 (B) p89.6, (C) pYK-
JRCSF, (D) pYU-2. (E) pNL4-3 and pNL4-3 G2A mutant. Means and standard deviations from three independent experiments are shown. P was calculated using
Student's r-test. *P < 0.05 and **P < 0.01 for control siRNA vs. either hNMT1 siRNA.

hNMT]1 isozymes except h(NMT2 (Fig. 2). It was also shown
that the significant reduction in HIV-1 production is dependent
on the knockdown of the h(NMT1 isozymes in all the HIV-1
strains tested (Fig. 3A—D). The results suggest that a large
amount of non-N-myristoylated Pr55** with the knockdown
of all the hNMT1 isozymes but not hNMT2 localizes in the

non-DRM fraction, in which no appropriate Pr55%“* assembly
occurs, resulting in a decreased HIV-1 production.

Overall, the reduction rate of the p24 antigen of each viral strain
in the supernatant by hNMT1 siRNA (Fig. 3) was less than that of
hNMT mRNA by hNMT]1 siRNA (Fig. 1C). These results seem
reasonable, because even if Pr33%“ was not N-myristoylated by
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pressing each Xpress™ epitope-

tagged hNMT isozyme (hNMT 1, hNMT 1y, hNMT 1, and hNMT2) or a comparable inactive form, followed by transfection with pNL4-3 after 24 h. The amount
of HIV-1 p24 antigen in the supernatant 24 h and 48 h after transfection with pNL4-3 was quantified by ELISA, as described in Section 2 (A—D). Each cell lysate
48 h after transfection was analyzed by Western immunoblot analysis, as described in Section 2. The expressions of each Xpress-tagged NMT isozyme, Pr55™" as

an expression product of the HIV-1 gene, and actin as internal control are shown in the upper, middle, and bottom panels, respectively (E~H). N 1 HEK293
cell lysate was subjected to SD5—PAGE and Western immunoblot analysis to detect endogenous NMT1 and NMT2 using anti-NMT1 and anti-NMTZ, respectively,
as described in Section 2 (T). Means and standard deviations from four independent experiments are shown for the ELISA results, P was calculated using Student’s

t-test. *P < (.01 for active form vs. comparable inactive form after 24 h or 48 h of cultivation.

the G2A mutation of the amino terminus, the reduction rate of the
p24 antigen was not 100% but about 90% (Fig. 3E).

The evaluation of the dominant negative effect exerted by the
inactive form of each hNMT1 isozyme on HIV-1 production re-
sulted in a significant reduction in HIV-1 production by the
hNMT1; mutant (Fig. 4C). Itis thought that the mutant ANMT 1,
partly competed with endogenous hNMT1;_ for substrate pro-
teins including Pr35%*, whereas the mutants of hNMTls,
hNMT 1y, and hNMT2 competed with their corresponding en-
dogenous forms for substrate proteins excluding Pr35%“%,

Since a higher expression level of endogenous hNMT1,
than of other hANMT1 isozymes was observed in HEK293 cells
(Fig. 4I), the dominant negative effect of the mutant seems to
attenuate. Additionally, the difference in viral production be-
tween the coexpression of wild-type hNMT1, and that of
the mutant might have resulted from the sum of the suppres-
sion of HIV-1 production by the mutant and the enhancement
of HIV-1 production by the wild-type hNMT]1,.

It should be considered that hNMT1, disruption could af-
fect not only the Pr55%* function but also the functions of

some cellular substrate proteins, which could lead to the inhi-
bition of HIV-1 production. Although it is extremely difficult
to comprehensively understand at this point which substrate
proteins of hNMT]1, are involved in vivo, at least Pr35%“* is
the likely substrate of hNMT1, in vivo. At the same time, it
could be expected that hNMTI, disruption could not affect
the functions of substrate proteins associated with hNMTlg,
hNMT 1y, and hNMT2 in vivo.

Interestingly, it appeared that recombinant hNMT1 and
hNMT2 could catalyze the N-myristoylation of peptide sub-
strates derived from Pr55%“* according to the results of the
in virro experiments (data not shown). It is therefore suggested
that the affinity between hNMT1 and the N-terminal amino
acid sequence of Pr55%** is not the only determinant for the
exclusive hNMT1 utilization by Pr55%“* in vivo.

Altogether, the results suggest that hANMT 1y is specifically
associated with the late stage of HIV-1 replication in vivo. The
contribution of our study to progress in this research area is the
clarification of the hNMT isozyme that could be a more spe-
cific target molecule for the development of anti-HIV-1 agents

L



IPSTE) T 0T anIIN

150 N. Takamune et al, | Microbes and Infection 10 (2008) 143—150

that could inhibit the DRM localization of Pr55%*¢. Addition-
ally, results of our study suggest that each hNMT isozyme has
a specific role in vivo, from which an interesting question
arises: ““What is the mechanism underlying the specific role
of each hNMT isozyme in vive?" Answers to this question
and others are expected to contribute to the development of
not only novel anti-HIV strategies but also strategies against
other pathogenic viruses with N-myristoylation.
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