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Although HIV-1 replication can be controlled by highly active anti-retroviral therapy (HAART) using pro-
tease and reverse transcriptase inhibitors, the development of multidrug-resistant viruses compromises
the efficacy of HAART. Thus, it is necessary to develop new drugs with novel targets. To identify new anti-
HIV-1 compounds, recombinant Vpr was purified from transfected COS-7 cells and used to screen com-

KBYWOde-'_ . pounds by chemical array to identify those that bound Vpr. From this screen, 108 compounds were
;’;\:‘1 inhibitor selected as positive for Vpr binding. Among these, one structurally similar group of four compounds

showed anti-HIV activity in macrophages. In particular, compound SIP-1 had high inhibition activity
and reduced the levels of p24 by more than 98% in macrophages after 8 or 12 days of infection. SIP-1
had no cytotoxic effects and did not disrupt cell cycle progression or induce apoptosis of Molt-4 and HeLa
cell lines as measured by MTT assay, flow-cytometry analysis, and a caspase-3 assay. In addition, SIP-1
specifically bound to Vpr as assessed by photo-cross-linked small-molecule affinity beads. These results
suggest that Vpr is a good target for the development of compounds that could potentially inhibit HIV-1
replication. Collectively, our results strongly suggest that chemical array is a useful method for screening

Chemical array

Vpr-binding compound
Macrophages

Small-molecule affinity beads

anti-viral compounds.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

HIV-1 infection can be controlled with combinations of anti-
retroviral drugs. One approach, termed highly active anti-retroviral
therapy uses protease and reverse transcriptase inhibitors, which
can decrease viremia below the limit of detection and stop disease
progression [1,2]. However, due to problems with these drugs,
including the development of viral escape mutants [3], the persis-
tence of viral reservoirs [4-6], poor patient compliance due to
complex drug regimens [7], and toxic side effects [8], the need
for new drugs with novel targets has become apparent. Many steps
in the HIV replication cycle, such as viral adsorption, viral entry,
virus-cell fusion, viral assembly and disassembly, proviral integra-
tion, viral mRNA transcription, and nuclear import of the viral gen-
ome, are potential targets for intervention [9]. In addition to
specific steps in the viral life cycle, the HIV-1 accessory gene

* Corresponding author at: Viral Infectious Diseases Research Unit, RIKEN, 2-1
Hirosawa, Wako, Saitama 351-0198, Japan. Fax: +81 48 462 4399.
E-mail address: aida@riken.jp (Y. Aida).

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.10.107

products Vpr, Vif, Nef, and Vpu have recently been highlighted as
potential targets for inhibiting HIV-1 infection. In particular, Vpr
is an ideal target due to its unique functions, including nuclear im-
port [10], induction of cell cycle arrest at the G, phase [11], apop-
tosis regulation [11-14] and splicing inhibition [15,16]. The
identification of interactions between these accessory gene prod-
ucts and critical host factors that are required for HIV-1 replication
may provide novel targets for the development of compounds that
are potentially capable of inhibiting HIV-1 replication, thereby
decreasing the viral burden in cases of drug-resistant HIV-1
infection.

Macrophages are a major target of HIV-1 and serve as a viral
reservoir that releases a small number of viral particles in symp-
tomatic carriers [9,17]. Several studies have shown that Vpr is
important for nuclear import of the pre-integration complex
(PIC) in macrophages [18-21]. Our studies have shown that Vpr
is targeted to the nuclear envelope and then transported into the
nucleus by importin o alone, in an importin B-independent manner
[19,22]. Recently, we also demonstrated that a compound which
suppresses the interaction between Vpr and importin o resulted
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in a decrease in HIV-1 replication in macrophages [23,24]. Thus,
the inhibition of function of Vpr may targets for development of
compounds that are potentially inhibiting HIV-1 replication.

Chemical array represent one of the most promising and high-
throughput approaches for screening ligands of proteins of interest
[25], and we recently succeeded in obtaining novel anti-viral com-
pounds using this method [26]. In the present study, we screened
for Vpr-binding compounds using a chemical array. This screen re-
sulted in the discovery of novel anti-HIV-1 compounds that block
viral replication in macrophages.

2. Materials and methods
2.1. Cell culture

COS-7, 293T, HeLa or Molt-4 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (SIGMA) or RPMI1640 (Invitro-
gen) containing penicillin, streptomycin and glutamine (PSG, GIB-
CO) and 10% fetal bovine serum (FBS, SIGMA) at 37 °C for 2 days
in 5% CO, as previously described [26].

2.2. Construction of expression plasmids

The pCAGGS mammalian vectors [27] encoding Flag-
mRFP-Flag-Vpr or Flag-mRFP were constructed as follows: the
c¢DNAs corresponding to full-length HIV-1 Vpr, which encodes a
96-residue protein, and the Flag-mRFP gene were amplified by
PCR using the primers Xho-Flag-mRFP-F, 5'-AAACTCGAGATGGATT
ACAAGGACGACGATGACAAGATGGCCTCCTCCGAGGACGTCATC-3';
Not-Vpr-R, TTTGCGGCCGCCTAGGATCTACTGGCTCCATTTC; and Not-
mRFP-R, 5-AAAGCGGCCGCTTAGGCGCCGGTGGAGTG-3' (restric-
tion enzyme sites are underlined). PCR amplification was per-
formed with KOD Plus Ver.2 (TOYOBO) using mRFP-Flag-Vpr/
pCS2+ as a template. After purification of the products using a
MinElute PCR Purification Kit (QIAGEN), the DNA was digested
with the appropriate restriction enzymes and cloned into pCAGGS.
DNA sequencing was performed, and the predicted amino acid
sequence of Vpr completely corresponded to the previous reported
sequence of pNL432 [28] (GenBank ID: M19921).

2.3. Expression and purification of Flag-fusion proteins

CO0S-7 cells (1 x 10° cells) were transfected with 10 pg of the
PCAGGS mammalian vector encoding Flag-mRFP-Flag-Vpr (Vpr)
or Flag-mRFP (mRFP) using FuGene HD transfection reagent
(Roche). Two days after transfection, expressed proteins were puri-
fied using ANTI-FLAG M2 agarose (SIGMA) as described previously
[26].

2.4. SDS-PAGE and immunoblot analysis

Purified proteins were separated by 15% SDS-PAGE under
reducing conditions and stained with Coomassie brilliant blue
(CBB). Immunoblot analysis was performed using standard meth-
ods as described previously [29] with an anti-Flag monoclonal
antibody (MADb), followed by incubation with an anti-mouse IgG-
alkaline phosphatase antibody (SIGMA).

2.5. Screening for Vpr-binding compounds by chemical array

The chemical arrays were prepared according to our previous
reports [25,30]. Solutions of the 8800 compounds (2.5 mg/ml in
DMSO0) in the NPDepo (RIKEN Natural Products Depository) were
arrayed onto five separate photoaffinity-linker-coated glass slides
with a chemical arrayer developed at RIKEN. Screening for
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Vpr-binding compounds was performed by a chemical array
screening method as described previously [26,30].

2.6. Macrophage preparation

Human peripheral blood mononuclear cells (PBMCs) were col-
lected from three healthy donors (Nos.1-3) and isolated on a Fi-
coll gradient (Immuno-Biological Laboratories). Monocytes were
selected from PBMC using MACS CD14 MicroBeads (Miltenyi Bio-
tec) and a MACS Separation column (Miltenyi Biotec) with a
Quandro MACS Separation Unit (Miltenyi Biotec) as previously
described [19]. Monocytes were cultured for 10 days in RPMI
1640 containing 10% FBS, 5% AB serum and 10 ng/ml of human
macrophage-colony stimulating factor (PeproTech EC) to promote
differentiation into mature macrophages.

2.7. Viral infection of macrophages

HIV-1 was introduced into 293T cells by transfection of macro-
phage-tropic pNF462 viruses encoding either wild-type Vpr [31] or
a deficient form of the protein [32] as described above. After filtra-
tion with a 0.45 puM Millipore filter, viral stocks were titrated by an
enzyme-linked immunosorbent assay (ELISA) to determine the rel-
ative p24 values as described previously [33]. Differentiated pri-
mary macrophages (2 x 10° cells/wells) were infected with HIV-1
(a total of 1 ng of p24) at 37 °C for 1 h. After washing three times
with RPMI, the cells were cultured in RPMI containing serial 10-
fold dilutions of the different compounds ranging in concentrations
from O to 50 uM or from O to 10 uM. Cell supernatants were col-
lected 4, 8 and 12 days after infection, and the p24 values were cal-
culated by ELISA.

2.8. MTT cell viability assay

Molt-4 cells (1 x 10° cells/well) were cultured in 24 well plate
at 37 °C for 2 days in the RPMI1640 containing serially diluted
compounds ranging from 0 to 10 uM. MTT analysis was performed
using a standard method as described previously [26].

2.9. Cell cycle analysis

Hela cells (1.6 x 10° cells) were harvested at 48 h in the pres-
ence of 10 uM of compound and analyzed by flow cytometry for
DNA content as described previously [34].

2.10. Analysis of caspase-3 activation

Hela cells (2 x 10° cells) were harvested 24 h after the addition
of 10 uM of compound, and caspase-3 activity was then deter-
mined using a caspase-3/CPP32 fluorometric assay kits (Bio Vision)
as described previously [34].

2.11. Photo-cross-linked small-molecule affinity beads assay

Compound was cross-linked to Sepharose beads as described
previously [35]. Briefly, N-hydroxysuccinimide-activated beads
were washed three times with 1 mM aq. HCl and coupling solution
(0.1 M NaHCO;, 50% dioxane mixture). A solution of photoaffinity
linker in coupling solution was then added to the beads, and the
beads were incubated at 37 °C for 2 h on a rotator. After washing
five times with coupling solution, the beads were blocked with
1M ethanolamine in 0.1 M Tris—HCI (pH 8.0) buffer at 37 °C for
1 h on a rotator. Beads were then washed three times with milli-
Q water and methanol on a spin column and transferred to a glass
sample vial. A methanol solution of the compound was added to
beads and the mixture was concentrated and dried in vacuo. The
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beads were irradiated at 365 nm (4 J/cm?) with a UV cross-linker
and washed with methanol to yield compound cross-linked affinity
beads.

Recombinant Vpr or mRFP was incubated with compound
cross-linked affinity beads at 4 °C for 16 h. After centrifugation,
the beads were washed three times with buffer containing
10 mM Tris (pH 7.8), 150 mM NaCl and 0.05% NP-40. The protein
that bound to the compound was then separated by 15% SDS-PAGE
and detected by immunoblot analysis using an anti-Flag MAb.

3. Results and discussion

To search for compounds that bound to HIV-1 Vpr using a
photo-cross-linked chemical array, plasmid was constructed that
express chimeric Vpr protein containing an N-terminal Flag tag
and mRFP. As a negative control, an expression vector encoding re-
combinant Flag-mRFP was constructed. To produce chimeric Vpr
and mRFP, recombinant plasmids were transfected to COS-7 cells,
and the expression of each protein was examined using confocal
microscopy. As shown in Fig. 1A, control mRFP was located both
in the nucleus and the cytoplasm (Panel 1). In contrast, Vpr mainly
localized in the nucleus (Panel 2), indicating that the recombinant
Vpr retained its nuclear transport activity. The expressed proteins

A

were purified using Flag-affinity beads and were examined using
SDS-PAGE and immunoblot analysis. Purified mRFP and Vpr were
clearly detected as single protein bands with apparent molecular
masses consistent with their predicted sequences (Fig. 1B left pa-
nel). Immunoblot analysis using an anti-Flag MAb also indicated
that the Flag-fusion proteins were purified appropriately (Fig. 1B
right panel).

The purified proteins were used to screen Vpr-binding com-
pounds by chemical arrays. Flag-mRFP fusion Vpr or Flag-mRFP
were incubated with 8800 compounds from a NPDepo that were
immobilized on glass slides in duplicate. “Hit ligands” were de-
tected by merged display analysis as described previously
[25,26]. As a result of this analysis, a total of 108 compounds were
specifically selected as Vpr binding molecules. Among these, 65
compounds were classified into 11 groups by the similarities in
their chemical structures (Fig. 1C). First, we investigated whether
compounds typical of these 11 groups could block HIV-1 replica-
tion in macrophages. Primary macrophages derived from healthy
donor No.1 were infected with the macrophage-tropic pNF462
HIV-1 viruses and cultured in RPMI1640 containing serial 10-fold
dilutions of different compounds ranging in concentration from 0
to 50 pM. After 4 and 8 days of infection, viral replication was as-
sayed by p24 ELISA. Among the compounds tested, only one

< \pr

+—-mRFP
SDS-PAGE Immunoblot
C
Groups by chemical structures Others
1 2 3 4 6 7 8 9 10 1
Number of
eI 6 9 15 N 4 3 3 4 3 3 43
Inhibition of HIV-1  _  __  __ _ 4 — — — — — nottested
replication

Fig. 1. Purification of recombinant Vpr protein and chemical array screening. (A) Confocal laser-scanning analysis of recombinant protein localization. COS-7 cells were
transfected with pCAGGS mammalian vectors encoding Flag-mRFP (mRFP, Panel 1) or Flag-mRFP-Flag-Vpr (Vpr, Panel 2). (B) SDS-PAGE and immunoblot analysis of purified
recombinant proteins. Samples were separated by 15% SDS-PAGE and stained by CBB (left panel). After transferring to a membrane, they were detected by anti-Flag MAb and
alkaline phosphatase staining (right panel). Lane 1, purified mRFP; lane 2, purified Vpr. (C) Summary of the screening of compounds by chemical array and inhibitory
activities of the compounds. Compounds were classified into 11 groups and the others by the similarities in their chemical structures. Inhibitory activities of the compounds
against HIV-1 in macrophages derived from healthy donor No. 1 is shown by + and no activity is shown by —.
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belonging to group 6 reduced virus replication efficiently (Fig. 1C)
in a dose-dependent manner both on 4 and 8 days after infection
(data not shown). This compound showed no cytotoxic effects on
Molt-4 cells by MTT assay (data not shown), indicating that the
compound has anti-HIV-1 activity.

This compound was designated SIP-1 since it had a basic struc-
ture of spiro[1H-indole-3,2’-pyrrolidine]-2-one (Fig. 2A). And we
then tested the effect of the other three compounds in the SIP
group on HIV-1 replication (Fig. 2B). Primary macrophages derived
from healthy donor No. 2 were infected with HIV-1 and cultured in
the absence or presence of the compounds at the indicated concen-
trations for 4, 8 and 12 days. At all time points, macrophages in-
fected with the Vpr® virus showed higher p24 values than the
macrophages infected with the Vpr~ virus. However, difference
of p24 value between two types of viruses was decreased after
12 days infection, suggesting that the Vpr play an important role
in early stage of infection in macrophage. As a result, all four com-
pounds inhibited HIV-1 replication on 10 uM treatment at all time
points after infection (Fig. 2B). In particular, SIP-1 strongly inhib-
ited viral replication than the other three compounds and reduced
the p24 value by approximately 80% at 10 uM. The 50% inhibition
concentration (ICsg) of SIP-1, SIP-2, SIP-3 and SIP-4 was 5.5, >10,
6.8 and 8.9 uM, respectively, at 8 days post-infection (Table 1).
All compounds had no effect of host cell viability as observed by
microscopy. In addition, these compounds had no cytotoxic effect
on Molt-4 cells as measured by MTT assay (Fig. 2C, Table 1).

To examine the inhibition activity of SIP-1 in more detail, mac-
rophages derived from healthy donor No. 3 were infected with

A SIP-1 SIP-2
CH,3 NH,
HC o o
H Phoik
o HN, H Ao, 9
'3} HN,
0o N\Q\“/O\/CH’ HyC
N o 0o
Cl
B 12
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Table 1
Summary of the binding and inhibitory activities of the compounds.
Compound? Binding activity to Vpr ICsp ( pM)" Cytotoxicity
Array Affinity beads
SIP-1 + + 5.5 (0.5) -
SIP-2 + Not tested >10 -
SIP-3 + Not tested 6.8 -
SIP-4 + Not tested 8.9 -

2 The Purity of the compounds was greater than 88%.

® The ICso compounds after 8 days infection in Fig. 2 is indicated and those of ICsq
in Fig. 3 is shown in a parenthesis.

¢ Positive activity is shown by + and no activity is shown by —.

HIV-1. SIP-1 inhibited HIV production by more than 98% at 8 and
12 days post-infection at 10 pM, and at 1 pM reduced viral produc-
tion by about 80% and 66% at 8 and 12 days post-infection, respec-
tively (Fig. 3A). The ICsq of SIP-1 in this assay was 0.5 uM (Table 1)
at 8 days post-infection. Different inhibitory effects obtained in
Figs. 2 and 3 may be due to distinction of each healthy donor.
SIP-1 had no effect on host cell cycle progression as assayed by
flow-cytometry analysis (Fig. 3B), or on apoptosis as determined
by measurements of caspase-3 activity (Fig. 3C). Collectively, the
inhibition of viral replication in infected cells by SIP-1 is due to
an ability to inhibit HIV-1 rather than some non-specific cell toxic-
ity since SIP-1 had no advance effect on the cell growth and viabil-
ity of the cells at 10 uM treatment reaching inhibition levels up to
98%.
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Fig. 2. The effect of different SIP compounds on HIV-1 replication in macrophages and on Molt-4 cell viability. (A) Chemical structures of the compounds screened by
chemical arrays. (B) Reduction of viral replication by different SIP compounds. Terminally differentiated primary macrophages derived from healthy donor No.2 were infected
by HIV-1 and incubated with serial 10-fold dilutions of compounds ranging in concentration from 0 to 10 pM. The level of virus in the culture supernatants was measured at
4, 8 and 12 days after inoculation by p24 antigen ELISA. The data represent the average p24 value from two wells. (C) The viability of Molt-4 cells was determined by MTT
assay following incubation with the SIP compounds. The data represent the average from three wells.
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Fig. 3. The effect of SIP-1 on viral replication and normal cell function, and the ability of SIP-1 to bind Vpr. (A) SIP-1-mediated inhibition of viral replication in macrophages.
Terminally differentiated primary macrophages derived from healthy donor No. 3 were infected with HIV-1 and then incubated in serial 10-fold dilutions of SIP-1 ranging in
concentration from 0 to 10 uM. The levels of virus in the culture supernatants were measured at 4, 8 and 12 days after inoculation by p24 antigen ELISA. The data represent
the average p24 value from two wells. (B) Effect of SIP-1 on cell cycle progression. HeLa cells were cultured for 48 h in the presence of 10 uM SIP-1 or DMSO0, and cell cycle
profiles were analyzed by flow cytometry. The percentage of cells in G1 phase was calculated using ModFit LT Software (Verity Software House) and shown by black bold on
the right of each panel. (C) The effect of SIP-1 on apoptosis. HeLa cells were cultured for 24 h in the presence of 10 uM SIP-1, DMSO or Actinomycin D, and caspase-3 activity
was determined using a caspase-3/CPP32 fluorometric assay kit (Bio Vision). (D and E) Photo-cross-linked small-molecule affinity beads assay of compound-Vpr binding. A
model structure of SIP-1-linked Sepharose beads is shown (D). (E) Purified mRFP (left panel) or Vpr (right panel) was mixed with SIP-1 that had been photo-cross-linked to
affinity beads, and then the beads were incubated at 4 °C for 16 h. The proteins that bound to the compound were detected by immunoblot analysis using an anti-Flag MAb
followed by incubation with an alkaline phosphatase conjugated antibody. Lane 1, 5% of the total input protein used for the binding assay; lane 2, control beads containing

only linker; lane 3, compound-linked beads.

To determine whether SIP-1 directly interacted with Vpr, we
performed binding assay using photo-cross-linked small-molecule
affinity beads (Fig. 3D and E). Purified Vpr or mRFP was applied to
compound-cross-linked affinity beads, and the beads were incu-
bated at 4 °C for 16 h. After sedimentation of the beads, bound pro-
teins were detected by immunoblotting using an anti-Flag MAb. In
this assay, recombinant Vpr coprecipitated with compound-linked
affinity beads (Fig. 3E lane 3, right panel), whereas control mRFP
did not (Fig. 3E left panel), indicating that Vpr specifically binds
to the compound.

Together, these results suggest that SIP-1 inhibits Vpr function
via binding to its functional domain, thereby inhibiting HIV-1 rep-
lication. However, this SIP-1 inhibits which particular function of
Vpr is not understood. Therefore, in ongoing studies, we seek to

clarify the mechanism of action of SIP group compounds by analyz-
ing the crystal structure of the SIP-Vpr complex. Detailed descrip-
tions of these interactions will provide new therapeutic strategies
for rational drug design. Indeed, as the ICsy of SIP-1 is approxi-
mately 0.5 pM at 8 days after infection, new compound derivatives
could potentially develop novel anti-HIV drugs.

4. Conclusions

First, a screen was conducted to identify Vpr-binding com-
pounds using high-throughput chemical arrays. Next, we exam-
ined the effect of these compounds on the replication of the
macrophage-tropic pNF462 HIV-1 virus in primary macrophages
derived from three different human donors. All four SIP group
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compounds, which had a basic structure of spiro[1H-indole-3,2/-
pyrrolidine]-2-one, inhibited HIV-1 replication in macrophages at
8 or 12 days post-infection and had no cytotoxic effects, indicating
that SIP-1-mediated inhibition of viral replication is Vpr-depen-
dent. Finally, assays using photo-cross-linked small-molecule
affinity beads indicated that SIP-1 directly binds Vpr, thereby
inhibiting HIV-1 replication.
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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-

Keywords: tion to an enteropathogen derived cholera toxin. Although F-ECs showed specificity for the M cell-markers,
Epithelial cell lectin Ulex europaeus agglutinin-1 and our monoclonal antibody NKM 16-2-4, these cells also retained
f:g;g’rll: Ansterdsa EC-phenotypes including an affinity for the EC-marker lectin wheat germ agglutinin. Interestingly, fucosy-
M cell lation of Peyer’s patch M cells and F-ECs was distinctly regulated by o(1,2)fucosyltransferase Fut1 and Fut2,

Peyer’s patch respectively. These results indicate that Fut2-mediated F-ECs share M cell-related fucosylated molecules

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.
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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 of(1,2)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 o(1,2) linkage of fucose to terminal B-
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 e(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

Fluorescently labeled whole-mount tissues were analyzed by
CLSM as described previously [8,22]. Each area of NKM 16-2-4*
cells and whole FAE in PPs was quantitated using Scion Image soft-
ware (Scion Corporation, Frederick, MA) based on the data ob-
tained by CLSM (see Supplementary information).

2.6. Quantitative real-time RT-PCR for Futl and Fut2 transcripts

The levels of the Futl and Fut2 transcripts were quantitated
by real-time RT-PCR in the cDNA samples from the sorted
cells with reference to the level of hypoxanthine guanine phos-
phoribosyl transferase (Hprt) transcripts (see Supplementary
information).
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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 pm (1, 3, 13), 100 um (2, 4, 14), 20 pm (5-12) or 10 um (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
o(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*/UEA-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 o(1,2)fucosylation in both the PP FAE and the
villous epithelium.

3.2. CLSM analysis of IES-induced NKM 16-2-4"/UEA-17 cells

To assess qualitative cellular traits of IES-induced NKM 16-2-4°(
UEA-17 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"|UEA-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
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when DSS or indomethacin was administered (Supplementary
Fig. S3). In the proximal PP FAE, whereas a substantial number of
NKM 16-2-4*/UEA-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 Futl 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 Futl 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 «(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 Fut2 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- villous epithelium than in the proximal villous epithelium, and
ground [21], wild-type (WT) C57BL/6] mice were employed as a that the frequency of F-ECs in the latter increased after oral CT
control group. Like BALB/c mice, WT C57BL/6] mice showed a administration (Fig. 4A). This was also observed when Fut1-null
higher frequency of F-ECs (NKM 16-2-4*/UEA-1" cells) in the distal mice were orally exposed to CT (Fig. 4A and C; 2 and 4). On the
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Fig. 4. Futl- and Fut2-dependent a(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/6], 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 um (9), 20 pm (13-16) or 10 um (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/UEA-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 Futl 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 Fut1l-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"J/UEA-1"/WGA" cells) were preferentially ob-
served in the CT-administered Futl-null mice (Fig. 4C; 3 and 5-
8). Although a small number of Fut1-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 o(1,2)fucosylation of
PP M cells is dependent on Fut1 irrespective of IES, and that Fut2 is
involved in o 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 IES-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
Salmonella uptake-ability (Supplementary Fig. S5). Furthermore,
F-ECs did not express glycoprotein 2 (Supplementary Fig. S6 and
Table S1), 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:
Fut1 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
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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 IES
(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 o(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 Salmonella uptake in the villi (Supplementary
Fig. S5). 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 IES 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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Anti-retroviral activity of TRIM5q
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SUMMARY

Human immunodeficiency virus type 1 (HIV-1) shows a very narrow host range limited to humans and chimpanzees.
Experimentally, HIV-1 does not infect Old World monkeys, such as rhesus (Rh) and cynomolgus (CM) monkeys, and
fails to replicate in activated CD4 positive T lymphocytes obtained from these monkeys. In contrast, simian
immunodeficiency virus isolated from a macaque monkey (S[Vmac) can replicate well in both Rh and CM. In 2004,
tripartite motif 5o (TRIM5a) was identified as a host factor which plays an important role in the restricted host range
of HIV-1. Rh and CM TRIMS5a restrict HIV-1 infection but not SIVmac, while in comparison, anti-viral activity of
human TRIM5« against those viruses is very weak. TRIM5« consists of the RING, B-box 2, coiled-coil and SPRY
(B30.2) domains. The RING domain is frequently found in E3 ubiquitin ligase and TRIM5a is degraded via the
ubiquitin-proteasome pathway during HIV-1 restriction. TRIM5a recognises the multimerised capsid (viral core) of
an incoming virus by its a-isoform specific SPRY domain and is believed to be involved in innate immunity to control
retroviral infection. Differences in amino acid sequences in the SPRY domain of TRIM5a of different monkey species
were found to affect species-specific restriction of retrovirus infection, while differences in amino acid sequences in
the viral capsid protein determine viral sensitivity to restriction. Accurate structural analysis of the binding surface
between the viral capsid protein and TRIM5a SPRY is thus required for the development of new antiretroviral drugs

that enhance anti-HIV-1 activity of human TRIM5a. Copyright © 2010 John Wiley & Sons, Ltd.
Received: 24 August 2009; Revised: 10 September 2009; Accepted: 10 September 2009

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1), a
major causative agent of acquired immunodefi-
ciency syndrome (AIDS), belongs to the genera
lentivirus of the family Retroviridae. HIV-1 is
thought to have been introduced into the human
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Abbreviations used

A, alanine; AGM, African green monkey; AIDS; acquired immune
deficiency syndrome; APOBEC, ApoB mRNA editing catalytic sub
unit; CA, capsid protein; CM, cynomolgus monkey; CsA, cyclosporine
A; CypA, cyclophilin A; HIV-1, human immunodeficiency virus type
1; HIV-2, human immunodeficiency virus type 2; L4/5, a loop between
a-helices 4 and 5 of CA; L6/7, a loop between a-helices 6and 7 of CA;
NC, nucleocapsid protein; N-MLV, N-tropic murine leukemia viruses;
OWM, Old World monkey; P; proline; Q, glutamine; R, arginine. Rh,
rhesus monkey; RING, really interesting new gene; SPRY, a sequence
repeat in the dual-specificity kinase splA and ryanodine receptors;
SHIV, Chimeric virus between SIVmac and HIV-1; SIVmac, simian
immunodeficiency virus “isolated from macaque; TRIM5a, tripartite
motif 5¢; TRIMCyp, TRIM5 and CypA fusion protein; VL, viral
load; VSV-G, vesicular stomatitis virus glycoprotein

population from chimpanzees [1] and has a very
narrow host range limited to humans and chim-
panzees. Experimentally, HIV-1 fails to replicate -
in activated CD4 positive T lymphocytes obtained
from Old World monkey (OWM)s, such as rhesus
(Rh) [2,3] and cynomolgus (CM) monkeys [4,5]. In
contrast, another lentivirus simian immunodefi-
ciency virus isolated from sooty mangabey (SIVsm)
and simian immunodeficiency virus isolated from
African green monkey (SIVagm) replicate in their
natural hosts [6]. Simian immunodeficiency virus
isolated from a macaque monkey (SIVmac), with
a genome that has 55% nucleotide sequence
homology to that of HIV-1, was evolved from
SIVsm in macaques in captivity, and replicates
efficiently in Rh [2,3] and CM [4,5]. The restricted
host range of HIV-1 has greatly hampered its use
in animal experiments, and, thus the development
of prophylactic vaccines against HIV-1 infection.
In 2004, tripartite motif 5o (TRIM5«a) was identi-
fied as a host factor that plays an important role
in the restricted host range of HIV-1. In this review
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article, recent findings in TRIM5« research are
summarised and details of the molecular mechan-
isms of HIV-1 restriction by TRIM5« are discussed.

IDENTIFICATION OF TRIMca AS A
RESTRICTION FACTOR AGAINST

HIV-1IN OWM CELLS

Several earlier studies have suggested that the
block of HIV-1 replication in OWM cells occurs
at a post-entry step [2,3,7] and appears to result
from a failure to initiate reverse transcription [3].
Studies of HIV-1 and SIVmac chimera have sug-
gested that restriction determinants lie within the
HIV-1 p24 capsid protein (CA) [8-11]. The block
was still observed in CD4-negative monkey cells
infected with HIV-1 pseudotyped with vesicular
stomatitis virus glycoprotein (VSV-G) (Figure 1)
but was overridden by high-dose infection with

VSV-G-pseudotyped virus or virus-like particles
lacking genomic RNA [12-15]. Importantly, resis-
tance against HIV-1 infection was shown to be
dominant in heterokaryons between human and
OWM cells, suggesting the presence of inhibitory
factor(s) against HIV-1 infection in OWM cells
[14].

In 2004, the screening of a Rh ¢cDNA library
identified TRIM5¢, a component of cytoplasmic
bodies, as a factor that confers resistance to HIV-
1 infection [16]. Rh and CM TRIMSa restrict
HIV-1 infection but not SIVmac [16,17]. In contrast,
human TRIM5« is almost powerless to restrict the
aforementioned viruses, but potently restricts N-
tropic murine leukemia viruses (N-MLV), which
belong to genera Gammaretrovirus. It was pre-
viously shown that human cells are resistant to
infection with N-MLV and the presence in human
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Figure 1. Old World monkey (OWM) cells are resistant to HIV-1 infection. Human C143 and 293T cell line were highly sensitive to
vesicular stomatitis virus glycoprotein-pseudotyped HIV-1 infection, while rhesus monkey (Rh) LLC-MK2 and African green monkey
(AGM) CV1 cell lines were resistant. When extremely high doses of virus were inoculated, cells became sensitive to infection, suggesting

that the intrinsic restriction factor(s) were saturated with virions
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cells of a virtual restriction factor known as Refl
was posited. It is now widely accepted that the
presence of human TRIM5a substantiates that of
the restriction factor Refl [18-21]. On the other
hand, African green monkey (AGM) cells have
been shown to possess another factor, Lvl, which
restricts both HIV-1 and SIVmac infection and we
and others identified the factor as AGM TRIMb5«
[17,18]. AGM TRIMb5« fails to restrict SIVagm.
Unlike humans and other OWMs, pig-tailed mon-
keys lack expression of TRIM5a, but instead
express TRIM5¢ and TRIM5#, which lack anti-
HIV-1 activity [22]. It is now known that type I
interferons up-regulate the transcription of
TRIM5¢ in human [23] and monkey cells [24] and
this in turn enhances restriction activity against
N-MLV [24,25].

TRIPARTITE MOTIF OF TRIM5«

The human genome contains approximately 70
genes of the TRIM family, which characteristically
encode a tripartite protein motif [26-29]. This tri-
partite motif consists of a really interesting new
gene (RING) zinc-finger domain, one or two B-
box zinc-finger domains and an o-helical coiled-
coil domajn. TRIM genes are scattered throughout
the human genome, while the TRIM5 locus lies in
a small cluster of four related TRIM genes includ-
ing TRIM6, TRIM34 and TRIM22 [30]. Although
the functions of most TRIM family members are
still unknown, several TRIM proteins including
TRIM1, TRIM19 (PML), TRIM22 and TRIM32
reportedly have anti-viral effects (reviewed in
Reference [26]). Especially, TRIM19 can suppress
broad spectrum of viruses such as herpes simplex
virus type 1 and lymphocytic choriomeningitis
virus [26]. TRIM21 is a trimeric protein that binds
IgG Fc via the C-terminal of the B30.2 domain [31].
Subcellular localisation of the TRIM proteins varies
among members of the TRIM family [27]: TRIM19,
24 and 27 are associated with nuclear bodies and
TRIM1 and 18 with microtubules. TRIM5« was first
identified as a cytoplasmic body protein [27], but
diffuse expression in cytoplasm has proved impor-
tant for its anti-viral activity [32].

As shown in Figure 2, TRIM5« consists of RING,
B-box 2, coiled-coil and SPRY (B30.2) domains [27].
The RING domain containing proteins possess E3
ubiquitin ligase activity [33] and the intact RING
domain of TRIM5a was thought to be essential
for retrovirus restriction (see below). The intact

RING B-box2 Coiled-coil

SPRY (B30.2)

TFP339Q

Figure 2. TRIM5a protein. TRIM5a protein contains RING, B-
box 2, and coiled-coil domains, the three signature domains of
the TRIM gene family. The « isoform pc a SPRY domain
sometimes referred to as a B30.2 domain. V1, V2 and V3 denote
variable regions 1, 2 and 3 among monkey species, respectively.
A histidine-to-tyrosine substitution at position 43 (H43Y) and a
glycine-to-arginine substitution at position 110 (G110R) of human
TRIMS (shown in red) modulate anti-viral activity against retro-
viruses in vitro. Position 332 in human TRIMS5« is arginine (R)
and no polymorphism was reported in human genome. In con-
trast, proline (P)-to-glutamine (Q) substitution in rhesus monkey
(Rh) and R-to-P or -Q substition in sooty mangabeys were found
(R332P/Q). A 339th-TFP-341st to -Q polymorphism (TFP339Q) that
reduces the anti-human immunodeficiency virus type 2 (HIV-2)
activity was found in Rh TRIM5a -

B-box 2 domain is also required for TRIMb5a
mediated antiviral activity since the restrictive
activity of TRIM5a is diminished by several amino
acid substitutions in the B-box 2 domain [34].
TRIM5a has been shown to form a trimer [35,36]
or a dimer [37,38], while the B-box 2 domain med-

~ jates higher-order self-association of Rh TRIM5«

oligomers. This self-association increases the effi-
ciency of TRIM5a binding to the retroviral CA,
thus potentiating restriction of retroviral infection
[39,40]. The coiled-coil domain of TRIM5a has
been identified as important for the formation of
homo-oligomers [35], and homo-oligomerisation
of TRIM5a as essential for antiviral activity
[36,41]. The SPRY domain is specific for an « iso-
form among at least three splicing variants tran-
scribed from the TRIM5 gene. TRIM5y and
TRIM56 lack the SPRY domain because of alterna-
tive splicing and their functions remain unknown.
Exogenously expressed TRIM5y is unstable [42]
and over-expression of the TRIMS protein lacking
the SPRY domain dominant-negatively suppresses
the anti-viral activity of the intact TRIM5a through
hetero-oligomerisation [41,42].

SPRY (B30.2) DOMAIN OF TRIM5«

- The C-terminal halves of TRIM family proteins are

variable and half of them, including the TRIM5q,
encode B30.2 (SPRY or PRYSPRY) domain [27].
Soon after identification of TRIM5a as a restriction
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factor of Rh, many studies found that differences
in the amino acid sequences in the TRIM5q
SPRY domain of different monkey species affect
the species-specific restriction of retrovirus infec-
tion [17,43-50].

Studies on human and Rh recombinant
TRIM5as have shown that the determinant of the
species-specific restriction against HIV-1 infection
resides in variable region 1 (V1) of the SPRY
domain [43,44]. We found that 17-amino-acid
residues and adjacent 20-amino-acid duplication
in the V1 of AGM TRIM5« determined species-
'specific restriction against SIVmac [17]. Interest-
ingly, a study comparing human and Rh TRIM5«
showed that a single change from arginine (R) to
proline (P) at the 332nd position in the V1 of
human TRIM5« (R332P) conferred potent restriction
ability against not only HIV-1 but also SIVmac239
[49,50]. In the case of human immunodeficiency
virus type 2 (HIV-2) infection, we found that three
amino acid residues of TFP at the 33%9th to 341st
positions of Rh TRIM5a V1 are important for
restricting particular HIV-2 strains which are still
resistant to CM TRIM5« [45].

A study comparing orangutan and gorilla
TRIM5as showed that two amino acid residues
at the 385th and 389th positions in the variable region
2 (V2) of SPRY domain of orangutan TRIM5¢ are
important for restriction against HIV-1 and SIVmac
[46]. We found that one amino acid residue at the
385th (baboon) or 383rd (CM) position in V2 of
the SPRY domain of TRIM5a also affects its restric-
tion ability against HIV-2 [47]. A computer-
assisted 3-D model of the TRIM5a. SPRY domain
showed that V1 and V2 are located in the loops
at the surface of the SPRY domain and the struc-
ture composed of the V1 and V2 regions is thought
to be important for TRIM5q restriction (Figure 3).

Furthermore, a comparison of human and Rh
TRIM5¢ restriction of N-MLV showed that the
amino acid residues of human TRIM5a at the
409th and 410th positions in the variable region 3
(V3) of SPRY domain are important for restricting
N-MLV [48].

Finally, biochemical studies have shown that
TRIMba associates with CA in detergent-stripped
N-MLV virions [51] or with an artificially consti-
tuted HIV-1 core structure composed of the capsid-
nucleocapsid (CA-NC) fusion protein in a SPRY
domain dependent manner [52]. The SPRY domain
is thus thought to recognise viral cores.

Figure 3. Structure of SPRY domain of TRIMS5q. This 3-D model
of the baboon SPRY domain was constructed with a homology-
modeling technique based on mouse TRIM21 [131]. Position 332
in human TRIM5aq is the same as position 334 in baboon TRIM5a.
SFP motif in V1 and P residue at position 385 in V2 are shown

VIRAL DETERMINANT OF TRIM5«
SENSITIVITY

To determine the CA region that interacts with
TRIM5«, we focused on HIV-2, which strongly
resembles SIVmac [53]. Previous studies have
shown that HIV-2 strains vary widely in their abil-
ity to grow in OWM cells such as baboon, Rh and
CM [54-58] and HIV-2 isolates with various
growth capabilities in OWM cells were evaluated
for their sensitivity to CM TRIM5« [59]. We found
that viral sensitivity to CM TRIM5« inversely cor-
relates with growth capability in OWM cells.
Sequence analysis showed that the CM TRIM5a-
sensitive viruses had proline (P) at the 119th or
120th position of CA, while the CM TRIM5q-resis-
tant viruses had either alanine (A) or glutamine
(Q) at the same position. Replacing the proline of
a CM TRIMba-sensitive HIV-2 molecular clone
with either alanine or glutamine changed the phe-
notype from sensitive to resistant (Figure 4) and
the mutant viruses replicated well in the presence
of CM TRIM5a. The reverse was observed when
the glutamine of a resistant SIVmac molecular
clone was replaced with proline. Similar results,
although to a lesser extent, were observed when
human TRIM5« was used [59]. These results indi-
cate that a single amino acid at the 119th or 120th
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Figure 4. A single amino acid of HIV-2 capsid (CA) affects its replication in the presence of cynomolgus monkey (CM) TRIM5«. HIV-2
GH123 replication was restricted in CM-TRIM5¢ expressing human CD4 T cell line (CM-TRIM5q; black circles). The mutant GH123-
P120A and GH123-P120Q viruses were generated by changing a single amino acid proline (P) at position 120 of GH123 CA to alanine (A)
or glutamine (Q). These mutant viruses replicated in CM-TRIM5« expressing cells as efficiently as in cells lacking TRIM5«: expression

(CM-SPRY(-); white circles)

position of HIV-2 CA drastically affects viral sensi-
tivity to TRIM5a.

A computer-assisted 3-D model of the HIV-2 CA
showed that the 119th or 120th position is located
in the loop between a-helices 6 and 7 (L6/7,
Figure 5A). Previously, a single amino acid substi-
tution at the 110th position of N-MLV CA had
been shown to determine viral susceptibility to
Fv1 [60], another restriction factor present in cer-
tain strains of mice [61] as well as to Refl (human
TRIM5a) [18,20,21]. The recently published 3-D
structure of MLV CA [62,63] revealed that the
110th position of N-MLV CA is located at a posi-
tion in the surface-exposed loop analogous to the
119th or 120th position of HIV-2 CA. As men-
tioned above, V3 in the SPRY domain of human
TRIM5a reportedly plays an important role in
the restriction of N-MLV [48], whereas V1 in the
SPRY domain of OWM TRIM5as determines
restriction specificity against HIV-1 and SIVmac
[17,43,44,49,50]. These results indicate that the sur-
face-exposed loop of CA is important for recogni-
tion by cellular restriction factors, even though
critical arnino acid residues in human TRIM5«
for N-MLYV restriction are different from those in
CM TRIM5a for HIV-2.

HIV-2 is assumed to have originated from
‘SIVsm as the result of zoonotic events involving
monkeys and humans [53]. Almost all the SIV iso-
lates in the Los Alamos database contain gluta-
mine at the position corresponding to the 119th
or 120th position of HIV-2 CA. In contrast, HIV-2

strains possess a mixture of glutamine, alanine and
proline at the corresponding position. It is thus
likely that glutamine-to-alanine or glutamine-to-
proline substitutions occurred after the hypothe- -
sised zoonotic transfer of virus from monkeys to
humans. According to this hypothesis, a single
nucleotide change in the second position of
the glutamine codons (CAA or CAG) would gen-
erate proline codons (CCN), and an additional sin-
gle nucleotide change in the first position in CCN
would generate alanine codons (GCN). Most
likely, the glutamine residue first changed into
proline residue in humans as a result of certain
pressures from the human immune system in the
absence of strong pressure from OWM TRIMb5a.
Since HIV-2 strains with proline residue show
moderate sensitivity to human TRIM5¢, an addi-
tional change would have to have occurred to gen-
erate alanine residue for better replication in
human populations.

Does amino acid residue at the 119th or 120th
position in HIV-2 CA affect HIV disease in
infected individuals? It is known that HIV-1 and
HIV-2 have distinct natural histories, levels of vir-
emia, transmission rates and disease associations
"despite strong sequence homology between the
two viruses [64]. Although some HIV-2-infected
patients progress to AIDS, the infection is con-
trolled in the majority of patients [65,66] and those
with low viral load (VL) have a much longer sur-
vival [67]. A detailed sequence analysis of HIV-2
CA variations within a large community cohort
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