H. Haraguchi et al.

Strawberry

takes place at the plasma membrane during co-assembly
of Gag and GagPol.

GagPol dimerization occurs predominantly
at the plasma membrane

To define the sites of GagPol dimerization, we inserted
EGFP and Strawberry fluorescent protein into the PR/RT
junction of GagPol in the context of HIV molecular
clone containing inactive PR (referred to as Gag/Pol-
EGFP and Gag/Pol-Strawberry, respectively), and car-
ried out FRET assays (Fig. 4). The Gags fused with
EGFP and Strawberry at its C-termini (referred to as
Gag-EGFP and Gag-Strawberry, respectively) were used
as positive controls. A combination of the Gag-EGFP
and Gag-Strawberry constructs exhibited robust FRET
at the puncta on the plasma membrane, consistent with
previous FRET analysis of Gag assembly (30). In con-
trast, no FRET was detected when Gag/Pol-EGFP was co-
expressed with cytosolic Strawberry fluorescent protein.
When FRET analysis was carried out using a combination
of the Gag/Pol-EGFP and Gag/Pol-Strawberry constructs,
FRET signals were only detected at the puncta on the
plasma membrane (Fig. 4). To our knowledge, this is the
first demonstration of GagPol-GagPol interactions. To-
gether, these data suggest that GagPol dimerization occurs
predominantly at the plasma membrane and not in the

cytoplasm.
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FRET efficiency

Fig. 4. Intracellular sites of GagPol
dimerization. Hela cells were cotransfected
with Gag/Pol-EGFP and Gag/Pol-Strawberry
constructs, both of which have an inactive form
of PR. After 24 hr, cells were fixed and subjected
to FRET analysis by confocal microscopy. A
combination of Gag-EGFP and Gag-Strawberry
constructs and a combination of Gag/Pol-EGFP
construct and Strawberry (not fused to any other
protein) plasmid were used as positive and
negative controls, respectively. FRET efficiencies
were calculated from images with three filter
combinations. Arrows indicate FRET-positive
puncta.

Alteration of the Gag-to-GagPol ratio has
significant impacts on intracellular
localization of p17/MA and viral particle
production

Retroviral Gag and GagPol proteins are generated at a
ratio of 10-20:1 (1). Previous studies have shown that
the Gag-to-GagPol ratio has impacts on intracellular pro-
cessing and viral particle production when PR is active
(13). However, the localization of the processing prod-
ucts produced by an altered Gag-to-GagPol ratio has not
been studied. We first confirmed that: (i) cotransfection
of Gag-FLAG and GagPol-HA at a Gag-to-GagPol ratio of
1:0.1 produced similar amounts of virus particles to those
produced by Gag-FLAG/Pol-HA; but ii) cotransfection at
a Gag-to-GagPol ratio of 1:1 showed little or no particle
production, although in both experiments the amount of
DNA for Gag-FLAG was constant (Fig. 5a). These findings
were further confirmed by electron microscopy (data not
shown).

Next, we examined the intracellular distribution of the
processing products by confocal microscopy (Fig. 5b) and,
based on antigen distribution, the observed cells were
sorted into three categories (Fig. 5¢). As expected, when
cells were cotransfected with Gag-FLAG and GagPol-HA
at a Gag-to-GagPol DNA ratio of 1:0.1, both pl7/MA
and GagPol-HA (plus IN-HA) accumulated at the plasma
membrane (97.8 and 79.8% of antigen-positive cells,
respectively), these being similar distributions to those
found in Gag-FLAG/Pol-HA-transfected cells (100 and
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Fig. 5. Intracellular localization of mature MA and viral particle
production in overexpression of GagPol containing active PR. Hela
cells were singly transfected with the Gag-FLAG/Pol-HA, GagPol-HA
(both of which contain active PR), and Gag-FLAG construct, or dou-
bly transfected with a combination of the Gag-FLAG and GagPol-HA
constructs at a Gag-to-GagPol DNA ratio of 1:0.1 and 1:1. Total DNA
amounts were normalized to 1.5 pg with pUC plasmid. (a) Viral parti-
cle production. Equivalent volumes of cell samples and of virus particle
samples were subjected to Western blotting using anti-HIV-1 p24/CA,
anti-RT, and p17/MA antibodies. (b) Intracellular localization of the ma-

84.5% of antigen-positive cells, respectively). In contrast,
both antigens were diffusely distributed in the cytoplasm
in cells expressing GagPol-HA alone (82.4 and 100% of
antigen-positive cells, respectively). When the Gag-to-
GagPol ratio was altered from 1:0.1 to 1:1, a fraction of
the p17/MA population was uniformly distributed at the
plasma membrane and a large population of p17/MA was
observed in the cytoplasm along with punctate accumu-
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ture form of p17/MA and GagPol products. At 24 hr post-transfection,
cells were fixed and immunostained with anti-p17/MA (for mature MA)
and anti-HA (for GagPol and IN) antibodies. Nuclei were stained with
TOPRO-3. All micrographs are shown at the same magnification. Bar,
10 um. DIC, differential interference contrast. (c) Semiquantification of
localization of GagPol (plus IN), and mature MA. Approximately 50-80
antigen-positive cells were observed in each sample and the number of
cells with each pattern of antigen distribution was counted. PM, plasma
membrane.
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lation (95.4% of antigen-positive cells). The HA signals
were also diffusely distributed in the cytoplasm (99.8% of
antigen-positive cells). These patterns of antigen distribu-
tion were similarly observed at 12 hr post-transfection
(data not shown). These data indicate that when PR
is active, the ratio of Gag to GagPol has a significant
impact on intracellular localization of their processing
products.

741

— 195 —



H. Haraguchi et al.

The Gag-to-GagPol ratio has impacts on
particle morphology when PR is inactive

Previous studies have suggested that when PR is inac-
tive, the Gag-to-GagPol ratio is less critical for viral parti-
cle production, although it is still critical for virion RNA
dimerization (13). We examined the impacts of the Gag-
to-GagPol ratio on viral particle production using an HIV-
1 molecular clone containing inactive PR. HeLa cells were
cotransfected with Gag-FLAG and GagPol-HA constructs
at a Gag-to-GagPol DNA ratio of 1:0.1, 1:1, and 1:10
(with a fixed amount of DNA for Gag-FLAG). Western
blotting using anti-p24/CA antibody confirmed that the
level of expression of Gag was constant whereas that of
GagPol was increased in a DNA dose-dependent man-
ner (Fig. 6a). As expected, the Gag-FLAG/Pol-HA con-
struct produced viral particles containing Gag and Gag-
Pol precursors, an immature form. A number of studies
have indicated that expression of the Gag region alone,
or without active PR, produces an immature form of
virus-like particles (2, 3, 5), consistent with our Gag-
FLAG construct. In contrast, expression of GagPol-HA
alone did not produce viral particles, similar to GagPol-
HA containing active PR, consistent with previous studies
(4, 5). When GagPol-HA was co-expressed with Gag-
FLAG, we observed efficient particle production at any
Gag-to-GagPol ratio that we tested here (Gag:GagPol from
1:0.1 to 1:10). Surprisingly, Western blotting using par-
ticle fractions revealed that the amounts of GagPol-HA
incorporated into viral particles were increased in a DNA
dose-dependent manner (Fig. 6a), indicating that a con-
siderable number of GagPol molecules are incorporated
into viral particles when its PR is inactive (compare Figs 5a
and 6a). When the virus particles produced by cotrans-
fection at a Gag-to-GagPol ratio of 1:10 were subjected
to equilibrium centrifugation on sucrose gradients, they
were detected at a density of 1.16-1.18 g/mL, whereas
the particles obtained by the Gag-FLAG/Pol-HA con-
struct were also sedimented (Fig. 6b). Consistent with
these findings, confocal microscopy revealed that both
Gag and GagPol accumulated at the plasma membrane
in cells cotransfected with Gag-FLAG and GagPol-HA
(Fig. 6¢, d). However, when these cells were observed by
electron microscopy, virus particles produced by cotrans-
fection at a Gag-to-GagPol ratio of 1:1 and 1:10 displayed
aberrant morphology: not hollow but encasing electron-
dense amorphous materials. In contrast, cotransfection at
a ratio of 1:0.1 produced doughnut-like particles, char-
acteristic of the immature form (Fig. 6e). Together, these
data suggest that the Gag-to-GagPol ratio has substan-
tial impacts on particle morphology even when PR is
inactive.
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DISCUSSION

Gag processing and GagPol dimerization at
sites on the plasma membrane where Gag
and GagPol are assembled

It is generally accepted that retroviral GagPol protein is in-
corporated into virus particles through co-assembly with
Gag protein, since GagPol protein alone does not produce
viral particles but it is incorporated into viral particles
when co-expressed with Gag (4, 5). We confirmed these
observations and further found that both Gag and GagPol
are relocated from the cytoplasm to the plasma mem-
brane and subsequently accumulate at certain sites on the
plasma membrane (Figs 2, 3). These sites are most likely
to be lipid raft microdomains because they have been
suggested to be sites of virus particle assembly for many
viruses including HIV (31-34). In this study, we used anti-
HIV-1 p17/MA monoclonal antibody that only recognizes
mature cleaved MA and demonstrated that Gag process-
ing, at least cleavage of the MA/CA junction, occurred
predominantly during assembly at the plasma membrane.
Previous studies of in vitro processing have described the
order of Gag processing: Gag protein is initially cleaved at
the p2/NC junction, followed by the MA/CA junction, and
finally at the CA/p2 junction (p2/NC > NC/p6 > MA/CA
> CA/p2) (35, 36). Although these data raise the possibil-
ity that initial cleavage of the p2/NC junction might start
during membrane trafficking, we suggest this possibility is
unlikely because FRET signals with GagPol dimerization
were predominantly observed at the plasma membrane
(Fig. 4) even when the constructs contained an active PR
(data not shown).

We employed confocal microscopy-based FRET assays
to detect the sites of GagPol dimerization and found
that it essentially occurs at sites of the plasma mem-
brane where Gag and GagPol have accumulated (Fig. 4).
Similarly, many studies have indicated that HIV Gag is
multimerized after membrane targeting, suggesting that
Gag oligomers formed in the cytosol before membrane
targeting are possibly dead-end products (37, 38). It
is tempting to speculate that in expression at a nor-
mal Gag-to-GagPol ratio, efficient dimerization of Gag-
Pol might be suppressed during plasma membrane traf-
ficking, resulting in no PR activity. However, because
the FRET system used here was based on EGFP-to-
Strawberry (green-to-red) FRET, which is specific with
lower background but less sensitive than cyan fluores-
cent protein-to-yellow fluorescent protein FRET, we can-
not rule out that a fraction of GagPol dimers below
our detection limitation might have been present in the
cytoplasm.
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Premature processing by overexpression of
GagPol

Previous studies have shown that overexpression of Gag-
Pol alone results in absence of particle production (10,
12) and that coexpression of Gag and GagPol at a nearly
equimolar ratio severely impairs particle production {13).
In this study, we observed the sites of Gag processing un-
der these overexpression conditions. Qur confocal data
revealed that cleaved pl17/MA was diffusely distributed
in the cytoplasm when GagPol was expressed alone, sug-
gesting that Gag processing might have occurred before
membrane targeting of GagPol (Fig. 5). Interestingly, the
equimolar cotransfection of Gag and GagPol constructs
exhibited unique distribution patterns of p17/MA: uni-
form distribution at the plasma membrane and punctate
accurnulation in the cytoplasm (Fig. 5). The former pat-
tern may result from Gag processing after plasma mem-
brane targeting but before Gagassembly, whereas the latter
may represent cytoplasmic processing and/or retargeting
to cellular membranous compartments, although these
are not proven in this study. Previous studies have shown
that cleavage of GagPol occurs even when GagPol lacks
the myristoylation signal (5, 12}, suggesting there is no
relationship between N-terminal myristoylation and pro-
cessing. Rather, it is conceivable that if the amount of Gag
is higher than that of GagPol, GagPol preferentially inter-
acts with Gag and is transported to the plasma membrane
(by virtue of the membrane targeting signals of Gag),
where it accumulates and forms a homodimer, resulting
in PR activation and subsequent Gag/GagPol processing
at the plasma membrane. In contrast, when the amount
of GagPol is higher than that of Gag, GagPol may pref-
erentially interact with GagPol and form a homodimer
in the cytoplasm. This GagPol dimerization would result
in aberrant Gag/GagPol processing in the cytoplasm. The
resultant processing products would not reach the plasma
membrane or participate in virion assembly. Altogether,
overexpression of GagPol beyond the normal level results

in aberrant distribution of mature cleaved p17/MA, which
does not contribute to efficient particle production. Thus,
the Gag-to-GagPol ratio has significant impacts on parti-
cle assembly when PR is active.

Incorporation of GagPol precursors into
virus particles

The incorporation of GagPol precursors containing inac-
tive PR into virus particles has been studied by expression
of the gag-pol region containing an inactive PR domain
and by cotransfection experiments with Gag and GagPol
constructs containing inactive PR (4, 5). One study has
suggested that nearly equimolar cotransfection of Gagand
GagPol constructs produces virus particles as efficiently as
expression of the Gag construct alone (5). However in
another study, especially when the GagPol construct was
cotransfected with the HIV molecular clone, virus parti-
cle production was slightly impaired, although the impacts
were much less than those observed when PR was active
(13). To understand to what extent GagPol molecules can
be incorporated into virus particles, we altered the Gag-to-
GagPol ratio from 1:0.1 to 1:10 and carried out cotransfec-
tion experiments. Surprisingly, we found that the amounts
of GagPol incorporated into viral particles increased in a
DNA dose-dependent manner (Fig. 6a). These data sug-
gest that the incorporation limitation of GagPol molecules
into virus particles is not strictly regulated when its PR
is inactive. However, our electron microscopy data indi-
cated that particle morphology became aberrant when the
Gag-to-GagPol ratio was altered from 1:0.1 to 1:1 or 1:10
(Fig. 6e), implying that the Gag-to-GagPol ratio has sub-
stantial impacts on particle morphology even when PR is
inactive. Careful observation of the aberrance in particle
morphology, namely amorphous materials encased in par-
ticles, suggested that Gag and GagPol might not properly
co-assemble or easily dissociate from the envelope mem-
brane during/after particle budding (Fig. 7). We speculate

Fig. 6. Intracellular localization of Gag/GagPol precursors and vi-
ral particle production in overexpression of GagPol containing
inactive PR. Hela cells were singly transfected with the Gag-FLAG/Pol-
HA, GagPol-HA, and Gag-FLAG construct, or doubly transfected with
a combination of the Gag-FLAG and GagPol-HA constructs at a Gag-
to-GagPol DNA ratio of 1:0.1, 1:1, and 1:10. Total DNA amounts were
normalized to 1.5 ug with pUC plasmid. (a) Virus particle production.
Equivalent volumes of cell samples and virus particle samples were sub-
jected to Western blotting using anti-HIV-1 p24/CA antibody. (b) Equilib-
rium gradient centrifugation of virus particles. Produced particles were
applied onto 20-60% (w/v) sucrose gradients and centrifuged at 4°C
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at 120,000 x g overnight. Gradient fractions were analyzed by West-
ern blotting using anti-p24/CA antibody. (c) Intraceliular localization of
Gag and GagPol proteins. At 24 hr post-transfection, cells were fixed
and immunostained with anti-FLAG (for Gag) and anti-HA (for Gag-
Pol) antibodies. Nuclei were stained with TOPRO-3. All micrographs are
shown at the same magnification. Bar, 10 um. DIC, differential inter-
ference contrast. {(d) Semiquantification of Gag and GagPol localization.
Approximately 100 antigen-positive cells were observed in each sample
and the number of cells with each pattern of Gag and GagPol distribu-
tion was counted. PM, plasma membrane. (e) Electron microscopy. All
micrographs are shown at the same magnification. Bar, 100 nm.
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PR(-):
Gag:GagPol = 1:0.1

Fig. 7. A model for viral particle production
in overexpression of GagPol containing an
inactive PR. When the Gag-to-GagPol ratio is
1:0.1, both molecules target to the plasma
membrane and assemble into spherical virus
particles that exhibit doughnut-like morphology,
characteristic of the immature form. When the
Gag-to-GagPol ratio is 1:1 or 1:10, both
molecules target to the plasma membrane but,
because GagPol is considerably larger and less
competent at membrane association than Gag,
budding particles may exhibit aberrant assembly
morphology with irregular membrane curvature.
Budding particles may accommodate eccentric
cores, possibly representing aggregation of
Gag/GagPol molecules after dissociation from
the particle membrane.
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The intestinal epithelium contains columnar epithelial cells (ECs) and M cells, and fucosylation of the apical
surface of ECs and M cells is involved in distinguishing the two populations and in their response to com-
mensal flora and environmental stress. Here, we show that fucosylated ECs (F-ECs) were induced in the
mouse small intestine by the pro-inflammatory agents dextran sodium sulfate and indomethacin, in addi-
tion to an enteropathogen derived cholera toxin. Although F-ECs showed specificity for the M cell-markers,
lectin Ulex europaeus agglutinin-1 and our monoclonal antibody NKM 16-2-4, these cells also retained
EC-phenotypes including an affinity for the EC-marker lectin wheat germ agglutinin. Interestingly, fucosy-
lation of Peyer's patch M cells and F-ECs was distinctly regulated by 01,2 )fucosyltransferase Fut1 and Fut2,
respectively. These results indicate that Fut2-mediated F-ECs share M cell-related fucosylated molecules

Keywords:
Epithelial cell
Fucosyltransferase
Intestine

M cell

Peyer's patch

but maintain distinctive EC characteristics, Fut1 is, therefore, a reliable marker for M cells.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

M cells are generally observed in the follicle-associated epithe-
lium (FAE) of mucosa-associated lymphoid tissues including Peyer’s
patches (PPs) and isolated lymphoid follicles (ILFs) in the small
intestine [1,2], and are morphologically and functionally distinct
from their neighboring epithelial cells (ECs) by the presence of rela-
tively short and irregular microvilli on their apical surface and of
lymphocytes and antigen-presenting cells frequently enfolded
within a pocket structure in their basolateral region [3-5]. In the
small intestine of mice, the expression of o(1,2)fucose is believed
to be a reliable marker of M cells, because lectin Ulex europaeus
agglutinin-1 (UEA-1), which has an affinity for o(1,2)fucose, was
found to bind exclusively to M cells in the PPs [6,7]. Subsequently,
we could found M cells located within the non-FAE-associated small
intestinal villous epithelium by utilizing an affinity of UEA-1 [8].

Interestingly, o(1,2)fucosylation is also induced in ileal villous
ECs by a variety of intestinal environmental stresses (IES) such as

* Corresponding author. Fax: +81 3 5449 5411.
E-mail address: kiyono@ims.u-tokyo.ac.jp (H. Kiyono).

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.12.067

colonization by commensal bacteria, weaning, mechanical injury
or treatment with chemicals inhibiting protein synthesis [9-11].
When considering the possible involvement of IES in the develop-
ment of (or conversion to) M cells, it is reasonable to postulate that
such fucosylated ECs form a subset of M cells, because the number
of PP M cells is increased rapidly and transiently by alteration
from specific pathogen-free (SPF) conditions to a conventional
environment [12], by interaction with bacteria such as Salmonella
typhimurium [13] and Streptococcus pneumoniae [14] and during
indomethacin-induced ileitis [15]. Like PP M cells, villous M cells
might also be induced (or converted) by IES, because a higher fre-
quency of villous M cells is observed in the terminal ileum, which
is enriched for commensal bacteria [16]. Recently, we found that
some ECs underwent of1,2)fucosylation in the small intestinal
villous epithelium when a mucosal adjuvant cholera toxin (CT) de-
rived from a well known enteropathogen Vibrio cholerae was orally
administered into mice, and that these cells, in part, shared the same
gene expression profile as PP M cells; we previously designated
them “M-like cells” [17].

In mice, o(1,2)fucosyltransferase Fut1 and Fut2 are the enzymes
responsible for catalyzing an a(1,2) linkage of fucose to terminal -
galactoside, and Fut2 is involved in the IES-associated fucosylation
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whereas little is known about Fut1 in the intestine [11,18-20]. In
this study, we aimed to elucidate the biological characteristics of
ECs that shared the o(1,2)fucose modification with M cells focusing
on the fucosylation mechanism, in the hope of better understand-
ing of whether ECs can be reprogrammed into M (or M-like) cells in
response to IES.

2. Materials and methods
2.1. Mice

BALB/c and C57BL/6] mice were purchased from SLC (Shizuoka,
Japan). Fut1-null and Fut2-null mice (C57BL/6] background) were
generated as previously described [21]. These mice were main-
tained under SPF conditions and used in experiments at 6-9 weeks
old. All animal experiments were approved by the Animal Care and
Use Committee of The University of Tokyo.

2.2. Lectins and antibodies

The following lectins and antibodies were used for flow
cytometry (FCM) and confocal laser scanning microscopy (CLSM):
PE-conjugated UEA-1 (UEA-1-PE; Biogenesis, England, UK), tetram-
ethylrhodamine isothiocyanate (TRITC)-conjugated UEA-1 (Vector

Laboratories, Burlingame, CA), Alexa Fluor 633-conjugated wheat
germ agglutinin (WGA-AF633; Molecular Probes, Eugene, OR),
FITC-conjugated NKM 16-2-4 mAb (NKM 16-2-4-FITC) [22], APC-
conjugated anti-mouse CD45 mAb (anti-CD45-APC; BD Biosci-
ences, San Jose, CA).

2.3. Alteration of the intestinal environment

A mucosal adjuvant, CT (List Biologic Laboratories, Campbell,
CA), and two pro-inflammatory agents, dextran sodium sulfate
(DSS, m.w. 36,000-50,000; ICN Biomedicals, Irvine, CA) and
indomethacin (Sigma-Aldrich, St. Louis, MO), were used as stress-
inducing agents to alter the intestinal environment of mice as
described previously [17,23,24] (see Supplementary information).

2.4. Preparation of intestinal epithelial cells for FCM

The small intestinal epithelium was dissociated by a mechanical
procedure as described previously [17]. The mononuclear cells
were stained with NKM 16-2-4-FITC, UEA-1-PE and anti-CD45-
APC and dead cells were stained with 7-aminoactinomycin D (BD
Biosciences). Fluorescently labeled cells were analyzed and, if nec-
essary, sort-purified using a FACSAria flow cytometer (BD Biosci-
ences) (see Supplementary information).
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Fig. 1. The influence of IES on the induction of &(1,2)fucosylation in the small intestinal epithelia of BALB/c mice. (A) Daily analysis of the frequency of NKM 16-2-4"/UEA-1*
cells in the proximal villous epithelium of CT-, DSS- and indomethacin (Indo)-administered mice based on FCM. The ratio of NKM 16-2-4*/UEA-1" cells was enumerated in
cells, with 7-aminoactinomycin D* dead cells. CD45" leukocytes and small forward- and side-scattered lymphocytes gated out. The line graph in the middle panel shows the
percentage body weight gain of control (open squares) and DSS-administered (filled squares) mice. Data are given as means * SE (n = 3-7). Significant differences (*P < 0.05,
**P <0.01) were determined by t-test or Mann-Whitney’s U test. (B) The proportions of NKM 16-2-4" cells in the PP domes based on histoplanimetrical analysis of CLSM
images. Mice used were naive, or were administered CT (day 1), DSS (day 7) or Indo (day 1). Data are given as means + SE (n =3, 19-76 domes). Significant differences

(*P<0.05, **P < 0.01) were determined by t-test.
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2.5. Histological analysis 2.6. Quantitative real-time RT-PCR for Fut1 and Fut2 transcripts
Fluorescently labeled whole-mount tissues were analyzed by The levels of the Futl and Fut2 transcripts were quantitated
CLSM as described previously [8,22]. Each area of NKM 16-2-4" by real-time RT-PCR in the cDNA samples from the sorted
cells and whole FAE in PPs was quantitated using Scion Image soft- cells with reference to the level of hypoxanthine guanine phos-
ware (Scion Corporation, Frederick, MA) based on the data ob- phoribosyl transferase (Hprt) transcripts (see Supplementary
tained by CLSM (see Supplementary information). information).
A Proximal Distal

NKM16-2-4 Toom

Fig. 2. CLSM analysis of whole-mount small intestinal epithelia of BALB/c mice. Confocal images stained with NKM 16-2-4-FITC, UEA-1-TRITC and WGA-AF633 are shown by
green, red and blue, respectively. (A) Proximal villi (1) and PP (2), and distal villi (3, 5-8) and PP (4, 9-12) from naive mice. (B) Proximal villi (13, 15-18) and PP (14), 1 day
after oral CT administration. Arrows show villous M cells (NKM 16-2-4"/UEA-1"/WGA"). Scale bars are 200 um (1, 3, 13), 100 um (2, 4, 14), 20 pm (5-12) or 10 pm (15-18).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.7. Statistical analysis

The significance of the data was evaluated by the unpaired
t-test, Mann-Whitney's U test, Tukey's or Scheffé’s multiple
comparison test based on the normality and variance of the data
compared using Statcel2 software (OMS Publishing Inc., Saitama,
Japan). P < 0.05 was considered statistically significant.

3. Results

3.1. Induction of o 1,2)fucosylation in the small intestinal epithelium
by IES

To examine the influence of IES on M cell-associated
®(1,2)fucosylation (NKM 16-2-4"/UEA-1"), we focused on the prox-
imal epithelium, where NKM 16-2-4°{UEA-1" cells were rarely
found in naive mice (Supplementary Fig. S1). When CT was orally
administered to BALB/c mice, NKM 16-2-4"/UEA-1* cells were dra-
matically increased in the proximal villous epithelium, with an
average of 75.9% double-positive cells one day post-inoculation
(Fig. 1A). The proportion of NKM 16-2-4*/UEA-1" cells returned
to the control level (approximately 2%} at 3 days post-inoculation.
Similarly, a significant increase in NKM 16-2-4*JUEA-1* cells was
observed when pro-inflammatory agents, such as DSS or indo-
methacin, were administered (Fig. 1A).

A similar tendency was also seen in the FAE of PPs. We next
performed histoplanimetrical analysis based on single NKM 16-2-
4 signals obtained by CLSM. We previously demonstrated that
NKM 16-2-4" cells included UEA-1" M cells but not goblet cells
[22]. However, similar to UEA-1, because NKM 16-2-4 reacts to
Paneth cells (Supplementary Fig. S2), NKM 16-2-4* cells were
enumerated upward the crypts where Paneth cells locally exist.
Therefore, goblet cells and Paneth cells were excluded in this analy-
sis. When the proportions of NKM 16-2-4" cells were compared be-
tween the proximal and distal PP FAE of naive BALB/c mice, a higher
frequency of NKM 16-2-4" cells was observed in the distal (68.4%)
than in the proximal (13.9%) PP FAE (Fig. 1B). Furthermore, a signif-
icant increase in NKM 16-2-4" cells was observed in the proximal PP
FAE following CT-, DSS- or indomethacin-administration, averaging
27.2% (control: 18.1%), 33.8% (control: 13.9%) and 32.4% (control:
27.5%) positive cells, respectively (Fig. 1B). These results indicate
that IES enhances of(1,2)fucosylation in both the PP FAE and the
villous epithelium.

3.2. CLSM analysis of IES-induced NKM 16-2-4*/UEA-1" cells

To assess qualitative cellular traits of [ES-induced NKM 16-2-4"/
UEA-1" cells, we performed CLSM analysis using lectin WGA, which
has an affinity for ECs and goblet cells but not M cells [6,8]. As indi-
cated by FCM (Supplementary Fig. S1), a higher frequency of NKM
16-2-4"UEA-1" cells was observed in the distal (Fig. 2A; 3 and 4)
than in the proximal villi and PPs (Fig. 2A; 1 and 2) in naive
BALB/c mice. In general, these NKM 16-2-4"/UEA-1" cells were
preferentially located at the tips of the villi (Fig. 2A; 1 and 3) and
PP domes (Fig. 2A; 4) and a large proportion of them showed an
affinity for WGA in both the villous epithelium (Fig. 2A; 7) and
the PP FAE (Fig. 2A; 11), although a substantial number of villous
M cells sharing the typical M cell hallmark (NKM 16-2-4"/UEA-
1" /WGA™) existed in the distal villi of naive mice (Fig. 2A; 5-8:
arrows).

The CLSM analysis further demonstrated that CT-induced NKM
16-2-4"JUEA-1" cells also reacted with WGA (Fig. 2B). In contrast,
villous M cells showing the M cell-phenotype (NKM 16-2-4*/
UEA-1"/WGA™) remained at a very low frequency irrespective of
IES by CT (Fig. 2B; 15-18: arrows). A similar observation was made

when DSS or indomethacin was administered (Supplementary
Fig. $3). In the proximal PP FAE, whereas a substantial number of
NKM 16-2-4*fUEA-1" cells were negative for WGA and were radi-
ally distributed on the dome, indicating an M cell-phenotype
(Fig. 2A; 2), triple-positive cells (NKM 16-2-4"/UEA-1"/WGA") were
evident and were located on the tip of the dome after oral CT
administration (Fig. 2B; 14). These results indicate that IES-in-
duced NKM 16-2-4"/UEA-1" cells share an affinity for WGA, a com-
mon trait of normal ECs [6], and hardly contain any villous M cells.
We thus designated them fucosylated ECs (F-ECs), to distinguish
them from typical M cells.

3.3. Different expression patterns of Fut1 and Fut2 transcripts in the
small intestinal epithelium

To examine in more detail the mechanism of o(1,2)fucosylation
between F-ECs and M cells, we performed quantitative real-time
RT-PCR for Futl and Fut2 transcripts. Quantitative real-time RT-
PCR demonstrated that high expression of Futl transcripts was
seen only in NKM 16-2-4"/UEA-1" cells isolated from the naive
PP FAE where M cells predominantly exist (Fig. 3A). On the other
hand, elevated expression of Fut2 transcripts, but not Futl tran-
scripts, was detected in F-ECs located in the distal epithelia of
naive mice (Fig. 3A and B). Similarly, enhanced expression of
Fut2 transcripts, but not Fut? transcripts, was seen in CT-, DSS-
and indomethacin-induced F-ECs of the proximal epithelia
(Fig. 3A and B). These results indicate that o(1,2)fucosylation of
F-ECs in the villous epithelium is induced by Fut2, and suggest that
Fut1 is expressed in PP M cells irrespective of IES.

3.4. Distinct requirements for Fut1 or Fut2 for o(1,2)fucosylation of M
cells or F-ECs, respectively

To clarify the distinct requirements for the Fut isoforms in F-ECs
and M cells, Fut1-null and Fut2-null mice were employed for FCM
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Fig. 3. Quantification of the expression levels of Fut1 and Fué2 transcripts relative to
levels of Hprt transcripts. Fucosylated (NKM 16-2-4"/UEA-1*) and non-fucosylated
(UEA-17) cells were purified from the proximal or distal small intestinal epithelia
using a cell-sorter. Naive, or CT- (Day 2), DSS- (Day 7) or indomethacin (Indo)- (Day
2) treated BALB/c mice were used. {A) Fut1 transcripts. (B) Fut2 transcripts. Data are
given as means = SE (n=3-4). Different letters indicate significant differences
(P < 0.05) determined by Tukey’s multiple comparison test.
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and CLSM analyses. Because these mice are on a C57BL/6] back-
ground [21], wild-type (WT) C57BL/6] mice were employed as a
control group. Like BALB/c mice, WT C57BL/6] mice showed a
higher frequency of F-ECs (NKM 16-2-4"/UEA-1" cells) in the distal

villous epithelium than in the proximal villous epithelium, and
that the frequency of F-ECs in the latter increased after oral CT
administration (Fig. 4A). This was also observed when Fut1-null
mice were orally exposed to CT (Fig. 4A and C; 2 and 4). On the

A B
°
B 1007 2 OWT 701 ¢ OWT
& B Futi-null % 60 @ Futt-null
] B Fut2-null S 501 M Fut2-null
=
o3 § 40
+
<
3 2
5 ef 2 10
0 o-
& PBS CT PBS CT = o
Proximal Distal
(o Fut1-null

Fig. 4. Fut1- and Fut2-dependent o(1,2)fucosylation in PP M cells and F-ECs, respectively. (A) The proportions of NKM 16-2-4"/UEA-1" cells in the proximal and distal villous
epithelia of either day 1 PBS- or CT-administered (CT) WT C57BL/6J, Fut1-null and Fut2-null mice based on FCM as described in the Fig. 1 legend. Data are given as means * SE
(n =3). Different letters indicate significant differences (P < 0.05) determined by Tukey's multiple comparison test. (B) The proportions of NKM 16-2-4" cells in the proximal
PP domes based on histoplanimetrical analysis of CLSM images. WT, Fut1-null and Fut2-null mice were used after oral administration of either PBS or CT (day 1). Data are
given as means + SE (n = 3, 12-25 domes). Different letters indicate significant differences (P < 0.05) determined by Scheffé’s multiple comparison test. (C) CLSM analysis for
the whole-mount small intestinal epithelia of either naive or day 1 CT-treated Fut1-null (naive; 1, 2, CT; 3-8) and Fut2-null mice (naive; 9, 10, CT; 11-16). Confocal images
stained with NKM 16-2-4-FITC, UEA-1-TRITC and WGA-AF633 are shown by green, red and blue, respectively. Arrows and arrowheads indicate WGA™ PP M cells and Fut1-
dependent WGA® cells, respectively. Scale bars are 100 pm (1-4, 10-12), 50 pum (9), 20 pm (13-16) or 10 pum (5-8). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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other hand, Fut2-null mice possessed few NKM 16-2-4*JUEA-1*
cells in the villous epithelia and the number of these cells was
not increased upon oral CT administration (Fig. 4A and C; 10 and
12). PBS-administered Fut2-null mice showed 0.1% and 4.9% of
NKM 16-2-4"/UEA-1" cells in the proximal and distal villous epi-
thelia, respectively, and CT-administered Fut2-null mice showed
0.3% and 5.3% in the proximal and distal villous epithelia, respec-
tively (Fig. 4A).

In contrast to the villous epithelia, the PP FAE contained both
types of fucosylated cells, dependent on either Fut1 or Fut2. In
PBS-administered conditions, 2.0% and 6.3% of NKM 16-2-4" cells
were observed in the proximal PP FAE of Fut1-null and Fut2-null
mice, respectively (Fig. 4B). Oral CT administration did not notably
induce o(1,2)fucosylation in the PP FAE of WT mice; CT-adminis-
tered and PBS-administered WT mice contained 17.8% and 12.0%
of NKM 16-2-4" cells, respectively, and there was no statistical dif-
ference between the two groups (Fig. 4B). However, both Fut1-null
and Fut2-null mice showed significant induction of NKM 16-2-4*
cells in the proximal PP FAE, with the proportion of positive cells
being 60.5% and 21.0%, respectively (Fig. 4B). CLSM analysis further
revealed that the fucosylation of M cells was dependent on Fut1,
because WGA™ M cells did not induce o(1,2)fucosylation and thus
did not react with either NKM 16-2-4 or UEA-1 in Fut1-null mice
(Fig. 4C; 1, 3 and 5~8: arrows) whereas they did react with these
markers in Fut2-null mice (Fig. 4C; 9, 11 and 13-16: arrows) irre-
spective of oral CT administration. In addition, the fucosylation of
F-ECs in the PP FAE was dependent on Fut2 because triple-positive
cells (NKM 16-2-4"/UEA-1*/WGA" cells) were preferentially ob-
served in the CT-administered Futi-null mice (Fig. 4C; 3 and 5-
8). Although a small number of Futl-dependent WGA™ cells were
observed in the PP FAE of CT-administered Fut2-null mice
(Fig. 4C; 13-16: arrowheads), they were distributed radially,
accompanying abundant WGA~ M cells on the PP dome (Fig. 4C;
11), and were distinguishable from the Fut2-dependent F-ECs that
were distributed all over the dome (Fig. 4C; 3).

Taken together, these results indicate that a(1,2)fucosylation of
PP M cells is dependent on Fut1 irrespective of IES, and that Fut2 is
involved in (1,2 )fucosylation of F-ECs residing in both the PP FAE
and villous epithelium in response to IES.

4, Discussion

In this study, we showed that intestinal environmental and bio-
logical stress induced F-ECs, which were recognized by NKM 16-2-
4 and UEA-1, in both the PP FAE and the villous epithelium. How-
ever, such [ES-induced F-ECs possessed a strong affinity for WGA
(Fig. 2). In addition, F-ECs showed the same morphological charac-
teristics as ECs such as columnar architecture, well-developed tall
and dense microvilli (Supplementary Fig. S4), and did not possess
Saimonelln uptake-ability (Supplementary Fig. S5). Furthermore,
F-ECs did not express glycoprotein 2 (Supplementary Fig. S6 and
Table S$1), recently identified as an M cell-specific molecule
[17,25]. Therefore, F-ECs should be distinguished from typical M
cells, and IES-induced o 1,2)fucosylation reflects only a phenotypic
change of surface glycosylation pattern that is irrelevant to M-cell
differentiation.

The requirements for different fucosylation-inducing enzymes
clearly demonstrated a distinction between F-ECs and PP M cells:
Futl is essential for the fucosylation associated with PP M cells
while Fut2 is specifically involved in the fucosylation of IES-in-
duced F-ECs in both the PP FAE and villous epithelium (Fig. 4).
Although it has been reported that the expression of Futl tran-
scripts is rare and is not induced or altered in the small intestine
by the transfer from germ-free to conventional conditions
[11,18-20], these results are probably due to the low frequency

of PP M cells throughout the small intestine. In contrast, it has been
known that Fut2 transcripts are induced in the small intestine, par-
ticularly in the ileum, of mice in response to colonization by com-
mensal bacteria or treatment with a protein synthesis inhibitor
[11,19]. Our present data, in which IES resulted in the induction
of Fut2-dependent F-ECs, is consistent with and support these pre-
vious findings.

Fut1 and Fut2 provide insights into the involvement of IES in the
development of not only F-ECs but also M cells. The PP dome epi-
thelium consists of two cell lineages: one is derived from the
dome-associated crypts and differentiates into either M cells or
ECs, and the other is derived from villus-associated crypts and dif-
ferentiates into ECs [26]. In addition, some studies have revealed a
dynamic and plastic morphology of M cells; for example, the dis-
tinctive microfold and membranous structures occur transiently
during the cell differentiation process, and M cell-lineage cells in
their early and terminal development stages show the same mor-
phological structure as ECs [27,28]. In this study, we showed a pos-
sibility that Fut1-dependent fucosylated cells are increased by 1ES
(Fig. 4). These cells consisted of abundant PP M cells and a few
WGA" EC-like cells, both of which were distributed radially on the
dome. To this end, we suggest a possibility that Futl-dependent
cells are M cell-lineage cells derived from the dome-associated
crypts that participate in the increase of M cells in response to
IES, as described elsewhere [12-15]. In contrast to PP M cells, the
fucosylation of villous M cells, like F-ECs, is regulated by Fut2 be-
cause &(1,2)fucosylation in the villi was not observed in Fut2-null
but Fut1-null mice regardless of oral CT administration (Fig. 4 and
Supplementary Table S1). However, IES alone would not influence
the frequency of villous M cells because oral CT administration
did not induce Salmoneilea uptake in the villi (Supplementary
Fig. S$5). It has recently been shown that receptor activator of nucle-
ar factor-kappa B ligand (RANKL) is capable of the full development
of both PP and villous M cells but RANKL-expressing inducer cells
preferentially exist in the subepithelial dome of PPs [29]. Taken to-
gether, transient [ES alone might be insufficient for the recruitment
and/or induction of RANKL-expressing cells in the villi, and/or other
factors might be required for the full development of villous M cells.

Although specific functions of F-ECs remain to be elucidated,
our present study offers the possibility that Fut1-null and Fut2-null
mice would provide a direct opportunity to examine in vivo the im-
muno-biological role of F-ECs and M cells, including their specific
fucosylated glycans, towards a better understanding of the gut
mucosal immune system.
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HIV-2 causes AIDS similar to HIV-1, however a considerable proportion of HIV-2 infected patients show
no disease and have low plasma virus load (VL). An analysis of HIV-2 capsid (p26) variation demonstrated
that proline at p26 positions 119, 159 and 178 are more frequent in lower VL subjects while non-proline
residues at all three sites are more frequent in subjects with high VL. In vitro replication levels of viruses
bearing changes at the three sites suggested that these three residues influence virus replication by
altering susceptibility to TRIM5a. These results provide new insights into HIV-2 pathogenesis.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

HIV-2 was discovered in West Africa patients [1,2] shortly after
the discovery of HIV-1, with HIV-2 entering humans via zoonoses
distinct from the entry of HIV-1 some time in the early 20th
century [3]. The two viruses have 60-80% sequence homology
and have similar genomic organization, yet the viruses have dis-
tinct transmission rates and disease associations (reviewed in Ref.
[4]). Although some HIV-2-infected patients progress to AIDS, the
majority control infection [5-7] and patients with low VL sur-
vive longer [8]. Early descriptions of HIV-2 observed differences in
the virus genetics [9] and noted that the HIV-2 epidemic behaved
liked a mixture of pathological and non-pathological viruses [5,10].
Studying and understanding HIV-2 represents a possibility to dis-
cover how a potentially lethal lentivirus infection can be controlled
by humans.
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There are limited data on HIV-2 sequence variation associated
with either long-term control or progression to disease [9,11,12].
Although some correlation of Nef variation with disease has been
observed [13], most HIV-2 sequences in the public databases are
derived from viruses isolated from AIDS patients where high VLs
facilitate virus isolation and sequencing which could introduce
bias in the data. Sequences derived from patients with low VL are
essential for understanding disease non-progression in HIV-2 infec-
tion. A community cohort to study HIV was established in Caio,
Guinea Bissau in 1988 [50], reviewed in Ref. [4]. HIV screening
of the entire adult population in the Caio community cohort have
identified HIV-2-positive subjects with a wide spectrum of clinical
symptoms and survival [4,10,14]; a sequence analysis of the virus
among these patients could identify virus variations that influence
outcome.

The capsid (CA) protein (p24 in HIV-1; p26 in HIV-2) has a struc-
ture that is conserved among retroviruses [15,16]. p26 accumulates
during replication as a Gag polyprotein, assembles into spherical
structures that package viral RNA and is subsequently processed
by the viral protease and reassembled into the mature virus cores
[16-18]. The CA has a distinct amino-terminal domain (residues
1-145), that is exposed on the surface of cores, and a C-terminal
domain (residues 146-230) which is required for oligomerization
[19]. The 20 amino acid major homology region (MHR) in the C-
terminal domain is highly conserved; changes in this motif can
interfere with CA assembly, maturation and early stages of infec-
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Table 1

Comparison of the cohort p26 residues 119, 159 and 178 to HIV-2gop p26; variation with viral load.
ID Source VL 119 159 178 ID Source VL 119 159 178
ROD P P P ROD P P P
co310 RNA <100 CO309 RNA 283 Q S
C0315 DNA <100 CO316 RNA 372
C0318 PRO <100 CO364 RNA 387 .
C0319 RNA <100 C0314 DNA 393 . S
C0324 RNA <100 C0354 DNA 413 .
C0326 RNA <100 C0323 RNA 497 A .
C0327 DNA <100 CO365 RNA 523 A S A
C0339 RNA <100 C0O350 RNA 540 A S A
C0349 RNA <100 C0322 RNA 610 : S A
C0359 RNA <100 C0355 RNA 651 A A
C0360 RNA <100 . C0357 RNA 813 A S Q
C0344 DNA <100 A C0332 RNA 1085 A v
C0346 DNA <100 A C0O305 RNA 1343 A
CO351 RNA <100 A C0O340 RNA 1587
C0308 RNA <100 Q . C0321 RNA 1608 .
C0337 DNA <100 . T C0342 RNA 1907 A S
C0361 RNA <100 A S C0325 RNA 1999 . .
C0366 RNA <100 A S C0330 RNA 2653 A S .
C0367 DNA <100 A S C0331 RNA 2949 A S A
C0363 DNA <100 Q S . C0320 RNA 3241 A ¢
C0335 RNA <100 A A C0307 RNA 3764 G S
C0336 RNA <100 A A C0368 RNA 6431 A T S
C0O341 RNA <100 A A C0345 RNA 9659 A . s
C0362 DNA <100 A . A Co312 RNA 9979 A S A
C0301 DNA <100 A S . C0334 RNA 10752 . S .
C0306 DNA <100 A S A Co311 RNA 14104 A S A
C0333 RNA <100 A S A C0313 RNA 17067 A S A
C0302 RNA 109 C0369 RNA 22446 Q S
C0304 DNA 114 3 5 : C0343 RNA 25836 A S .
C0303 RNA 154 A S A C0338 RNA 28581 Q S A
C0356 DNA 182 . C0317 RNA 37503 A S A
C0328 RNA 198 A C0347 RNA 146284 A .
C0353 DNA 234 . s % C0348 RNA 148593 A a A
C0329 RNA 267 A S 5 C0358 RNA 283542 A S
C0352 RNA 275 . S

Samples from 69 HIV-2 singly-infected patients collected in 2006 were used for sequencing (see Section 2). Patient plasma VL was assayed by RT-PCR with a lower limit of
detection of 100 virus copies/ml. For statistical analysis, undetectable viremia was given a value of 50 copies/ml. Viral loads (copies/ml) are indicated in second column. The
source of template for the PCR reaction (circulation RNA (RNA) or proviral DNA (DNA)) is indicated. The reference sequence derived from HIV-2gop p26 is listed in the first
row, in the subsequent rows identity with the HIV-2gop p26 sequence is indicated with a period (.).

tion [19,20]. The multiple functions impose strict constraints on
the amino acid changes allowed in CA. Studying the limited vari-
ations that do occur in p26 can provide important information on
both protein function and the selective forces acting on HIV-2. In
this study, we have tested the hypothesis that HIV-2 p26 capsid
variants modulate HIV-2 viral load.

2. Methods
2.1. Patient cohort.

Study subjects were recruited from the community-based
cohort in Caio, Guinea Bissau (study subjects described in Ref.[14]).
Briefly, HIV screening was performed with a Murex ICE HIV-1.2.0
immunoassay (Murex Diagnostics), confirmed and differentially
diagnosed (HIV-1/HIV-2) using HEXAGON HIV (Human GmbH).
Dually HIV-1+2 positive samples were subjected to peptide-based
assays (Pepti-Lav 1-2, Sanofi Diagnostics Pasteur) and HIV-1 and
HIV-2-specific polymerase chain reaction (PCR) with primers tar-
geted to the long terminal repeats [7,8]. HIV-1+2 infected patients
were excluded from the study. HIV-2 plasma viral load was quan-
tified by PCR based method [7,21] with a lower limit of detection
of 100 copies/ml, for analytic purposes, undetectable samples were
assigned a value of 50 copies/ml. All participants were antiretrovi-
ral naive at the time of the study and provided informed consent.
The study was approved by the Gambian Government/MRC Ethics
Committee, The Republic of Guinea Bissau Ministry of Health,

and the Oxford Tropical Research Ethics Committee (OXTREC),
UK.

2.2. p26 gene amplification strategy, optimization of primers.

p26 gene amplification primers were designed by selecting con-
served sequences flanking the p26 coding region from all HIV-2
isolates in the Los Alamos HIV Database to be used as targets for
PCR primers. Coupled reverse transcriptase and nested PCR reac-
tions were performed with plasma-isolated virus RNA as template.
The following primer sequences in various combinations were used
for amplification:

MOO017(OF, outer forward) GTCTGCGTCATTTGGTGCAT
MOO18(IF, inner forward) CTGCAGAGAAAATGCCAAGCA
MOO019(OR outer reverse) GGGCAGTTTGTCATGATGTGTCC
MOO020(IR, inner reverse) GCCCTTCCTTTCCACAGTTCCA
MO021(IR) GCCCTTCCTTTCCACAATTCCA
MOO030(OF)CACGCAGAAGAGAAAGTGAAAG

MOO031(0OR) CGGGGAAGTTGCGRGGCTT

MOO032(IF) AGTAGACCAACAGCACCACC

MOO036(0F) GTGGGCAGCGAATGAATTGG

MO037(0F) GTGGGCAGCGAACGAATTGG

MOO038(OR) AAAGAGAGAATTGAGGTGCAGCA.

In case none of the primer combinations amplified a product
from RNA, amplification of provirus was performed with the same
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series of primers using genomic DNA from the patients’ peripheral
blood mononuclear cells (PBMCs) as template. The origin of the
sequence (viral RNA or proviral DNA) is indicated in Table 1. PCR
products were excised from preparative gels, purified by QiaQuick
columns, sequenced using the inner PCR primers from both direc-
tions and aligned using ClustalW; ambiguities were resolved by
direct analysis of sequencing scans using a sequence alignment
editor BioEdit [22].

The p26 sequences were monitored to rule out cross-
contamination during sample handling or PCR. Contamination
among different samples would generate multiple sequences
with 100% identity. A phylogenetic analysis showed no identi-
cal sequences, with the closest pairs (CO336 and CO335) showing
0.58% difference (4 differences in 690 nucleotides). BLAST analyses
revealed no homology greater than 94% with any sequence in the
GenBank database (results not shown). All the p26 sequences were
consistent with HIV-2 subtype A infections.

2.3. HIV-2 envelope gene amplification

Envelope sequences were obtained from 34 HIV-2 isolates
selected randomly from the set of 69 Caio viruses (see below).
The following PCR primers targeted to conserved envelope flanking
sequences were used:

MOO080 (outer forward) CAGTCATCACAGAGTCATGTG
MOO076 (outer reverse) TCCTTGTGGATAYGAYCTGT
MO0072 (inner forward) TCATGTGAYAAGCACTATTGGGA
MOO077 (inner reverse) GGAAGAGAAAACAGGCCTATAGCC.

An approximately 1500bp fragment (HIV-2gop C2 to gp41, posi-
tions 6783-8285) was amplified in a nested RT-PCR from plasma
virus. PCR products were purified as described above, sequenced
using inner PCR primers from both directions. If the initial four
primers failed, these additional primers were used:

MO122a GTGGACTAACTGCAGAGGAGAATT
MO125 AGTTCTGCCACCTCTGCACT
MO125a AGAAAACCCAAGAACCCTAGCAC.

A fragment of approximately 1300 bp corresponding to HIV-2rop
positions 6849-8210 was used for the phylogenetic analysis. The
p26 and Env sequences described in this manuscript were submit-
ted to GenBank (accession numbers GQ485448-GQ485550).

2.4. Molecular modelling

Three-dimensional (3-D) models of HIV-2 CAs were constructed
by the homology-modelling technique using the Molecular Operat-
ing Environment (MOE) (Chemical Computing Group Inc., Quebec,
Canada) as described in Refs. [23-26]. The two crystal structures of
the HIV-1 CA proteins were used as templates for the modelling;
a CA monomer at a resolution of 3.00 A (Protein Data Bank (PDB)
code: 1E6] [27]) and the dimer of CA C-terminal domain at a res-
olution of 1.70 A (PDB code: 1A80 [19]). The amino acid sequence
identity of HIV-1 (1E6]) and HIV-2 CA (CO310 in this study) is about
70.5%. The sequence similarity is sufficient to construct a struc-
tural model with an r.m.s. deviation of approximately 1.5 A for the
main chain between the predicted and actual structures [28]. The
3-D structures were optimized thermodynamically by energy min-
imization using MOE and an AMBER99 force field [29] and further
refined the physically unacceptable local structures on the basis of
evaluation of unusual dihedral angles, ¥ and ¢, by the Ramachan-
dran plot using MOE.

The binding energies of the p26 dimer models, Enj,q, were
calculated as described elsewhere [25] [30], using the formula

Epind = Edimer — 2Emonomer, Where Egimer is the energy of the p26
dimer; Emonomer is the energy of the p26 monomer. Spearman’s rank
correlation coefficient for viral load and capsid binding energy and
its statistical evaluation were calculated by SPSS ver 14 (SPSS Inc,
Chicago).

2.5. Expression of TRIM5«

Construction of recombinant Sendai viruses (SeVs) carrying
human MT4-TRIM5a-tag (Hu-TRIM5a-Sev) and cynomolgus mon-
key TRIM5a lacking the SPRY domain (CM-SPRY(-)-Sev) was
described previously [23].

2.6. Construction of HIV-2 GH123 capsid variants

Mutant DNA constructs of infectious molecular clones of HIV-2
GH123 carrying alanine 119 (GH123/119A) was described previ-
ously [23]. Note that because of an insertion in the GH123 p26
protein, positions 120, 160 and 179 from Ref. [23] correspond
to positions 119, 159 and 178 in this work. PCR-based mutage-
nesis with primer pairs P1, P2 and P3, P4 was used to generate
mutant GH123 carrying alanine 178 (GH123/178A). Mutant GH123
carrying serine 159 and 178A (GH123/159S-178A) was then con-
structed using primer pairs P1, P5 and P4, P6 with GH123/178A
as a template. Mutant GH123 carrying 119A, 159S and 178A
(GH123/119A-159S-178A) was constructed with primer pairs P1,
P5 and P4, P6; and both GH123/119A and GH123/178A as tem-
plates. Infectious viruses were prepared by transfection of 293T
cells with mutant proviral DNA clones.

P1:CTTCCCTGTACAACAGACA, P2: TTTACTGCTGCATCTGTTTGTTCTG,
P3:CAGAACAAACAGATGCAGCAGTAAA,
P4:GTGCAGCAAGTCCTCTGTC
P5:TAGCTCTGGAATGATTCCTTTGGTCC,
P6:GGACCAAAGGAATCATTCCAGAGCTA

3. Results
3.1. p26 CA variation in the Caio cohort.

HIV-2 positive subjects were selected from the Caio community
cohort to assess HIV-2 sequence variation among a wide range of
VL (<100 to >280,000 copies/ml). PCR was attempted from a total of
92 subjects and p26 sequences were obtained from 69 subjects; 53
sequences were derived from viral RNA and 16 were from proviral
DNA. Additional clinical features of these patients were previously
described [14].

Caio p26 sequences were compared to either the Caio 69 p26
consensus sequence (Fig. 1 upper) or to the reference strain HIV-
2rop P26 [31] (Fig. 1 lower) to identify amino acid polymorphisms
in p26. HIV-2gop was chosen as a reference because the virus was
isolated early in the epidemic in Cape Verde, islands historically
linked to Guinea Bissau. Both comparisons show a similar pat-
tern with variant amino acid sites clustering outside of the alpha
helices (marked in black) required for CA folding (Fig. 1). Vari-
ations that associate with high or low VL (Mann-Whitney test,
p<0.05, except for position 178) are highlighted with a dotted
line. The polymorphisms at position 119, 159 and 178 were of
special interest because they showed 35-70% variation from HIV-
2rop and involved changes from the reference sequence proline,
a change expected to strongly alter protein structure. The non-
proline residues were either alanine (38 cases), glutamine (5), or
glycine (1) at position 119, serine (29) or threonine (2) at 159,
and alanine (18), serine (2), gultamine (1), or valine (1) at 178.
Viruses in low VL patients often had proline at these three positions
while in higher VL samples these sites were frequently occupied by
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Fig. 1. Amino acid polymorphisms in the Caio HIV-2 p26. Polymorphisms in the p26 coding sequence are displayed as the percentage of the 69 sequences that differ at each
position from either the Caio p26 consensus sequence (determined as the majority amino acid at each position, upper panel) or from the HIV-2gop p26 sequence (middle
panel). Conserved alpha helices (in black) and the Major Homology Region (MHR) are indicated in the lower panel. Sites of variation that were associated with VL are indicated

with dotted lines (Mann-Whitney test) (p <0.05). [NB p=0.07 for P178].

non-proine residues (Table 1). Three of the significantly varying
positions (35, 120 and 206) were too infrequent for further study.

3.2. p26 CA variation correlating with VL

The association of proline 119, 159 and 178 with reduced VL
becomes apparent when the log-transformed VL for each sample is
plotted as a function of the total number of prolines at these three
sites Fig. 2A. A Tobit regression analysis showed a clear relationship
of increased VL with decreasing prolines in these three positions
(p=0.003).

To examine proline variation in more detail, CA types were
grouped according the residue at each of the three positions using
the code P (proline), N (not proline), or the wild card * (any amino
acid) and ordered by increasing VL (Fig. 2B). Among the progression
of median viral loads, there was a pattern of decreasing prolines,
starting with the PPP group, through the intermediate forms to the
complete non-proline NNN group (Fig. 2B). The two exceptions to
this trend (the single proline NPN group had a lower median VL
than the PNP and NPP groups) indicated that there may be inter-
actions between specific combinations of these prolines in their
effects on viral load but the number of examples was too small to
demonstrate such effects statistically.

Considering the effect of single proline changes, proline 119
(P119) CAs (the P group) were isolated more frequently from
patients with low VL with a 4.9-fold difference in the median VL
of P** group compared to the N** group (p=0.0205; Fig. 2B).

Proline 159 (P159) had a stronger effect on VL with at least 6.1-
fold difference in the median VL of the *P* group compared to the
*N* group (p=0.0075; Fig. 2B). This site is of special interest being
within the highly conserved MHR (Fig. 1) [20], essential for virion
assembly.

Proline 178 (P178) showed modest variation with VL with only
3.5-fold difference in the median VL of the **P group compared to
the **N group (p=0.0709; Fig. 2B,). However, the presence of P178
was linked to the other two prolines: all CAs with both P119 and
P159 had P178 (i.e. the PPP group = the PP* group, Fig. 2B). This may
be due to a p26 folding requirement and/or genetic linkage.

Stronger associations were observed when the positions were
analyzed in combination. The median VL in subjects with PP*
viruses differed from NN* viruses by at least 13.6-fold (p =0.0028,
Fig. 2B). Importantly, median VL in subjects with viruses having all
three prolines (PPP) compared to those lacking a proline at the sites
(NNN) differed by at least 18.8-fold (p=0.0013, Fig. 2B).

There are practical difficulties of sequencing circulating RNA
genomes, especially from patients with <100 copies viral RNA per
ml of plasma. Sixteen of the 69 sequences were derived from provi-
ral DNA (listed as DNA in Table 1) because multiple attempts to
obtain RNA sequence failed. To test if proline/VL associations were
biased by the inclusion of these proviral sequences, the analysis
was repeated after excluding the data from these 16 samples. The
association of higher VL with non-proline residues remained sig-
nificant at positions 119 (p=0.0123) and 159 (p=0.0043), and for
the combined positions 119+159 (p=0.0012) and 119+ 159+ 178
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Fig. 2. HIV-2 VL correlates with amino acid variation at three p26 sites. (A)Relation-
ship between VL and the number of prolines. Log-transformed VL for each sample
was plotted as a function of the total number of prolines at p26 positions 119, 159
and 178. Tobit regression (Stata10, StatCorp TX, USA) was used to investigate the
relationship between VL and the number of prolines at positions 119, 159 and 178.
This form of regression is able to allow for censoring of viral loads below 100 in the
dataset. The regression line was drawn with the equation log;pVL=3.15 — 0.46 x No.
of prolines. (B) Relationship between VL and type of PPP motif. Log-transformed VL
for each sample is plotted as a function of amino acid variation at p26 position 119,
159 and 178. Median VL are indicated by horizontal bars. The patients were stratified
by the presence of proline (P) no proline residue (N) or any amino acid (*) at each
of the positions 119, 159 and 178. For example, PPP= proline resides at positions
119, 159 and 178, NNN = no proline at the three positions. Comparisons of plasma
VLs for different amino acid polymorphisms of particular interest were made using
the non-parametric Mann-Whitney test (GraphPad Prism 5). p-values for these are
shown above the figure.

(p=0.0024) (Table S1, lower panel). We conclude that independent
of the origin of the sequences, there exists an association between
low VL and proline residues at positions 119 and 159 indepen-
dently, and with 119, 159 and 178 combined.

3.3. p26 CA variation influences susceptibility to TRIM5a

The TRIM5a was identified as a limit to cross-species retrovi-
ral infection [32-35]. This has led to a model of TRIM5a blocking
retroviral infection by binding to the CA during entry, accelerating
virus uncoating, and limiting subsequent steps in the infection pro-

cess [32,34,36,37]. P119 was recently identified as a determinant
of TRIM5a restriction [23] with HIV-2 CAs derived from TRIM5a
sensitive viruses bearing a proline, and resistant strains having an
alanine or glutamine at this site. It is possible that the reduced
replication of the PPP viruses we observed in patients was part of
the same phenomenon. Accordingly, the contribution of all three
proline residues to TRIM5a restriction of replication was directly
examined in vitro. Starting with the HIV-2 strain GH-123 as a PPP
virus, P119, P159 plus P178, or all three prolines were altered to
alanine or serine using site-directed mutagenesis. The growth of
these variant viruses was compared in cells modified to express
human TRIM5a; a parallel cell line expressing TRIM5a missing the
SPRY domain, essential for p26 interaction, was used as a control
to determine if these p26 changes altered virus replication inde-
pendent of TRIM5a function [23]. Altering P119 (to produce APP)
or P159 + P178 (to produce PSA) allowed 3-fold greater virus repli-
cation Fig. 3A. Alteration of all three prolines to ASA resulted in a
6-fold increase in virus replication. Thus the GH-123 variants dis-
played replication in vitro that closely mimic the behavior of the
HIV-2 variants in vivo.

3.4. Phylogenetic analysis of p26 CA variation

One possible origin of the PPP form of p26 is that such a CA
was encoded by a founder variant of HIV-2. The reduced growth of
PPP viruses could be due to the p26 itself or to other shared and
co-evolved features in these viruses. Alternately, changes at these
three codons could occur more frequently. A phylogenetic anal-
ysis of Caio HIV-2 was performed to distinguish the PPP founder
virus model from a multiple occurrence model. A founder effect
with the appearance and spread of a PPP virus would appear as
phylogenetic clustering of these variants. Ongoing selection for or
against prolines in p26 would result in a phylogeny lacking PPP
clustering. Because results derived from the 960 bp containing p26
coding could be dominated by variation in codons 119, 159 and
178, phylogeny was also inferred from a larger sequence span-
ning approximately 1300bp of the envelope gene and including
the highly variable V3 and V4 loops. The inferred phylogenies show
that HIV-2 isolates encoding PPP p26 are distributed throughout the
p26 and envelope trees (Fig. SI), supporting the conclusion that the
occurrence of PPP p26 is not associated with a specific phylogenetic
branch of Caio HIV-2 and is unlikely to be associated with a single
occurrence of this CA motif. This conclusion is also supported by
the high bootstrap values for some of the branches. These results
are consistent with selection for and multiple appearance of the
PPP p26 in the Caio population.

3.5. Modelling p26 CA sequence variation on structure and dimer
formation

The bulky and constrained structure of proline strongly
influences protein secondary structure; proline is inimical to
alpha-helices and can kink otherwise flexible loops [38]. Thus
polymorphisms involving prolines residues could alter the p26
structure. Using homology modelling, three-dimensional struc-
tures of six of the Caio HIV-2 p26 molecules (2 PPP, 2 ASA and
2 intermediate forms, APP and ASP) were constructed. The ther-
modynamically optimized 3-D structure models showed that the
HIV-2 p26 consists of two packed core structures of N-terminal
and C-terminal domains, a similar conformation to HIV-1 p24 [39].
Superimposition of the six HIV-2 p26 models showed that the
overall 3-D structures of the variants were very similar with an
exception: the amino acid substitution at position 119 from pro-
line to alanine induced marked changes in the configuration of
the loop between helices 6 and 7, as found previously with HIV-
2 p26 N-terminal domain model [23]. In contrast, the substitution
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Fig. 3. HIV-2 capsid changes alter TRIM5a susceptibility and capsid stability. (A)
Growth of HIV-2 GH123 (PPP) and its mutant viruses HIV-2 GH123/119A (APP),
HIV-2 GH123/1595-178A (PSA), and HIV-2 GH123/119A-1595-178A (ASA) in the
presence of human TRIM5a. MT4 cells (10°) were infected with Hu-TRIM5a-SeV or
CM-SPRY(-)-SeV at a multiplicity of infection of 10 plaque forming units per cell. 9h
after infection, the cells were superinfected with 20 ng of p26 of HIV-2 GH123, HIV-2
GH123/119A, HIV-2 GH123/1595-178A, or HIV-2 GH123/119A-159S-178A viruses.
The culture supernatants were collected 6 days after infection, and the level of p26
was measured by using a RETROtek antigen ELISA kit (ZeptoMetrix Corp., Buffalo,
NY). Ratios of HIV-2 CA levels of Hu-TRIM5a-SeV-infected cells to those of CM-
SPRY(-)-SeV-infected cells are shown as percent growth. Error bars denote standard
deviations in quadruplicate samples. A Kruskal-Wallis test for the entire data set
clearly detected the difference of viral growth among those four viruses (p=0.006).
Furthermore, comparison of each mutant virus with GH123(PPP) using the Dunnett
test also showed statistically significant differences of PPP vs. APP p <0.05, PPP vs.
PSA p <0.05, and PPP vs. ASA p<0.01. (B) Dimer binding energies as a function of
capsid type. Samples were grouped into PPP, IM (intermediate, with prolineat one or
two of the three sites) or ASA, based on the amino acid at position 119, 159 and 178.
The capsid dimer binding energies (absolute value) for each sequence were deter-
mined by homology modelling (see Section 2); the mean values for each group are
indicated. Comparison between the PPP and the ASA group using the non-parametric
Mann-Whitney test (GraphPad Prism 5) provided the indicated p-value.

at positions 159 or 178 induced no major changes in the main-
chain backbone of HIV-2 CA (data not shown), suggesting that the
structure of the CA can accommodate alternative residues at these
sites.

Positions 159 and 178 are located in the C-terminal portion of
p26 required for dimer formation as well as virion shell assembly
[18]. Homology modelling of the p26 dimer was used to calcu-
late binding energy for dimer formation. Since the C-terminal
sequences used to prepare the initial six structures were common
to alarger set of p26 sequences, dimer binding energies for 29 of the
Caio CAs could be calculated. These calculations revealed that the
PPP p26 dimers had weaker binding energies, the ASA dimers had
stronger binding energies and the intermediate forms with only
one or two of the prolines altered (IM) had intermediate binding
energies (Fig. 3B). In addition, the viral loads of the 29 patients were
modestly correlated with the absolute values of the binding energy

of the viral CA (rs=0.383, p=0.040). We conclude that the amino
acid changes at positions 159 and 178 influence p26 dimer stability,
with ASA CA dimers having a higher stability than PPP or APP CA
dimers and the increased stability may be related to elevated VL in
these patients.

4. Discussion

This study represents a detailed examination of HIV-2 p26
sequence variation within a set of 69 sequences isolated from sub-
jects with both high and low VL. Disease progression after HIV-2
infection is highly dependent on VL [40] with subjects who con-
trol HIV-2 replication continuing to do this over a period of many
years, suggesting that virus-host interactions result in a stable set-
point of virus replication. The current study identified three sites of
p26 variation correlating with VL. This study reveals a previously
undescribed pattern of variation in the highly conserved p26 and
indicates that the outcome of HIV-2 infection is partially predicted
by the form of the p26 carried by the virus. In addition to confirm-
ing the importance of P119 as a determinant of TRIM5a restriction,
the current study identified two additional amino acid positions
(159 and 178) whose identities correlate with virus load. Although
these associations were not significant after stringent adjustment
for multiple comparisons, HIV-2 encoding p26 specifically modified
at these three positions showed in vitro replication levels consistent
with the in vivo VL data and further supported the conclusion that
the three residues 119, 159 and 178 are important determinants of
virus growth and influence TRIM5a restriction (Fig. 3).

Virus replication in vivo is influenced by a large number of host
and viral factors and it would be naive to conclude that these
three residues are the sole determinants. That additional factors
influence the course of infection is reflected in the VL data and
the exceptions from the pattern (e.g. the three PPP viruses with
greater than 10e3 VL and the 2 NNN viruses with undetectable
VL). However, the power of such a population study is that pat-
terns of HIV-2 behavior appear when large numbers of infection
are monitored. As shown in Fig. 2, the substantial and statistically
significant change in VL that accompanies the variation from PPP to
NNN viruses strongly supports our conclusions that this p26 motif
is an important determinant of the course of infection.

How might the PPP motif function? Our data support a destabi-
lization of the CA by the three proline residues. P119 may directly
form a recognition signal for TRIM5a binding, and the three pro-
line residues may result in less tightly packed core that is more
readily dismantled and processed after TRIM5a recognition. Our
preliminary immunological studies show that patients with PPP
virus mount stronger T cell responses to p26 and to the entire
HIV-2 proteome (A.L., S.RJ. unpublished results) and this increased
immune exposure might be a consequence of TRIM5a recognition
and more efficient antigen presentation.

These results are consistent with TRIM5a restriction playing a
direct role in limiting HIV-2 replication and a more indirect role in
enhancing the immune response to the virus. The in vitro studies
(Fig. 3A), although using manipulated cells and monitoring virus
replication only over a short period of replication, demonstrated
that variation in these three CA residues influence the susceptibil-
ity of HIV-2 replication to TRIM5a. In vivo, it is likely that TRIM5a
effects are both manifested over multiple rounds of infection and
TRIM5a may cooperate with other processes such as the adap-
tive immune response; in vitro cell culture conditions and growth
in immortalized cell lines are unlikely to fully recreate these pro-
cesses. We believe that our in vivo virus load data are the strongest
support for the hypothesis that the PPP motif modulates VL.

If our hypothesis is correct, incident infections in Caio, infected
patients that progress to require anti-retroviral therapy and moth-
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