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METHODS

G ion of Atgl6L1-deficient mice, The fragment of the Atgl 611 gene was
isolated from genomic DNA extracted from wild-type ES cells by PCR. A tar-
geting vector was constructed by replacing exons 3, 4 and 5 of Aigl6L1 with a
neomycin-resistance gene cassette (neo), and a herpes simplex virus thymidine
kinase driven by PGK promoter was inserted into the genomic fragment for
negative selection. After the targeting vector was transfected into ES cells,
(G418 and gancyclovir doubly resistant colonies were selected and screened by
PCR and Southern blotting. Homologous recombinants were micro-injected
into C57BL/6 female mice, and heterozygous Fl progenies were intercrossed
in order to obtain Atgl6L1-deficient (A/A) mice. The Atgl6LI-deficient mice
used were on a |295v % C57BL/6 background.

For the generation of fetal liver chimaeric mice, fetal liver cells were harvested
at E155 and injected into lethally irradiated CD45.1 or CS7BLA] mice
Chimaeric mice were given antibiotics in drinking water for 2 months. The mice
were analysed at least 3 months after reconstitution,

Mice were maintained in our animal facility and treated in accordance with

the guidelines of Osaka University,
Reagents, mice and cells. Anti-IL-1f antibodies, recombinant mouse 1FN-y,
ELISA kits for mouse 1L-1f, human TL-13, mouse IL-6 and mouse TNFa, were
purchased from R&D Systems. Recombinant mouse IFN- and the ELISA kit for
mouse IFN-f} were purchased from PBL InterferonSource. Anti-LC3 and anti-1L-
18 antibodies and the ELISA kit for IL-18 were purchased from MBL
International. GM-CSF and M-CSF were purchased from Peprotech. Anti-p62/
SQSTMI antibody was purchased from BIOMOL International. Anti-Atgl2,
anti-phospho-1RF3, anti-phospho-p38 and anti-phospho-ERK antibodies were
purchased from Cell Signaling Technology. Anti-IxBa, anti-ERK and caspase-1
P10 were purchased from Santa Cruz Biotechnology. YVAD-fmk, wortmannin
and FeTPPS were purchased from t..i!l:mchcm ATP, oxidized ATP, LPS from
Salmenella Re 595, 3 1 yl dipeptide and anti-%-
tubulin antibody were purchased from Sigma, Lipid A was purchased from
Peptide Institute, Flagellin was purchased from Invivogen, Uric acid crystals were
purchased from Alexis. N-acetyl-L-cysteine was purchased from Nacalai Tesque.
Poly( 1) poly{ C) was purchased from GE Healthcare. R-848 was kindly provided
by the Pharm.nceuhc.:]s and Biotechnology Laboratory Japan Energy
C ion, CpG oligodeoxynucleotides (ODN1668) were synthesized ar
Iiokluldo System Science Co. Mll -Atgl6L1and anti-Atgs antibodies were kindly
donated by N. Mizushima (Tokyo Medical and Dental University),

K. pnewmonia and E. aerogenes were kindly donated by the Research Institute
of Microbial Disease, Osaka University. E. coli (DH5a) was purchased from
TOYOBO. Salmonetla enteritica serovar typhimurium (SR-11 X 3181} was pro-
vided by the Kitasato Institute for Life Science. Mice deficient in MyD88, TRIF or
Arg? were described previously® ", Atg5-deficient MEFs and Plat-E cells were
kindly d d by N. Mizushi and T. Kiramura (University of Tokyo),
respectively. RAW264.7 cells were purchased from ATCC.

Plasmids, The retroviral expression constructs pMRX-ires-puro, pMRX-ires-
bsr and pMRX-ires-EGFP (d d by S. Y, ka) were derivatives of pMX
(d i by T, Ki ). Complementary DNA encoding human IL-1B was
inserted into pMRX-ires-EGFP, generating pMRX-ires-IL-1B. Complementary

nagure

DNA encoding AtglaL1 lacking in coiled-coil domain (Atgl6L1I ACCDP) was
inserted into pMRX-ires-puro, generating pMRX-Argl6L1 ACCDf-ires-puro.
Complementary DNA encoding the GFP-Atg5 chimaeric protein was inserted
into pMRX-ires-bsr, generating pMRX-GFP- -Atgs-ires-bsr. Construction and
inhibitory function details of pStrawberry-Atgd=™** are described elsewhere''.

RT-PCR. Total RNA was isolated using RN Acasy Mini kits (Qiagen) according
to the manufacturer’s instructions. Reverse transcription was performed using
ReverTra Ace (TOYOBO) according to the manufacturer's instructions. For
quantitative PCR, cDNA fragments were amplified by RealTime PCR Master
Mix (TOYOBQO) according to the manufacturer’s instructions. Fluorescence
from the Tagman probe for each cytokine was detected by a 7500 Real-Time

PCR System (Applied Biosy ). Tod ine the rel induction of cyto-
kine mRNA in response to LPS stimul the mRNA expression level of each
cytokine was lized to the expression level of 185 RNA, The experiments

were repeated at least twice. The results were reproducible.

The primer pairs used in Supplementary Fig 1 are as follows. Primer pair A
(exon 1-2), 5'-GTTCGGCATGTCGTCGGGCCT G- and 5°-ATTTCATGCC-
TATTTGGCATGTCATGC-3", Primer pair B (exon 6-7), 5'-GTCAAGCACG-
GCTGCAGAAGGAGCTTG-3 and 5'-GTAGCTGCTCTGCTGACAGCTCGG-
3", Primer pair C (exon 1-5), 5"-GTTCGGCATGTCGTCGGGCCTGN-3' and
5 -GACCAGTTCCTGGTTCTCCTCAGTAG-3, Primer pair D (exon 3-7), 5'-
CGCCTCAATGCAGAGAATGAGAAGGAC-3" and 5'-GTAGCTGCTCTGCT -
GACAGCTCGG-3', Primer pair E (exon 1-6), 3'-GTTCGGCATGTCGTCG-
GGCCTG-Y and 5'-CAAGCTCCTTCTGCAGCCGTGCTTGAC- .

Bulk protein degradation assay. Cells were exchanged into labelling medium
containing "*Covaline (1.5pCiml™") and incubated overnight. Cells were
exchanged into chase medium (DMEM suppl d with 10% FBS and
10mM unlabelled valine} and further incubated for 4 h to remove the contri-
bution of short-lived proteins. After the chase period, cells were exchanged into
HABSS containing 10 mM valine to induce autophagy. After a 2 h incubation, the
media were collected and the trichloroacetic acid (TCA)-soluble fraction was
analysed by scintillation counting. Cells were lysed in ice-cold RIPA buffer and
the TCA-insoluble fraction was isolated and analysed by scintillation counting,
To determine the rate of long-lived protein degradation, the count in the TCA-
soluble fraction in the medium was divided by the equivalent TCA-insoluble
count in the cell.

Detection of apoptosis. The app ce of faligo-nucl markers
for I;mplmls. was detected by Cell Death Detection ELISA™Y* (Roche).
Chromatin condensation in apoptotic nuclei was detected using an ApoStrand
ELISA Apoptasis Detection Kit (Biomol). The experiments were repeated twice,
and the results were reproducible.

Determination of bacteria colony forming units (c.fuws). Levels of c.fus in
freshly isolated faeces or spleen were determined by homogenization of material
in PBS/0.01% Triton X-100 followed by serial dilution plating on non-selective
Luria-Bertani agar.

31 Fujita, N. et al. An Atg4B mutant hampers the lipidation of LC3 paralogues and
causes defects in autophagosome closure. Mol Biol. Cell advance online
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A New Humanized Mouse Model of Epstein-Barr
Virus Infection That Reproduces Persistent Infection,
Lymphoproliferative Disorder, and Cell-Mediated
and Humoral Immune Responses

Misako Yajima,'» Ken-lchi Imadome,'* Atsuko Nakagawa,’ Satoru Watanabe,” Kazuo Terashima,'

Hiroyuki Nakamura,' Mamoru Ito,* Norio Shimizu,® Mitsuo Honda,® Naoki Yamamoto,** and Shigeyoshi Fujiwara’
'Depanment of Infectious Diseases, National Research Institute for Child Health and Development, “Pathology Laboratory, Department of Clinical
Laboratory Medicing, National Centar for Child Health and Development, 'Department of Virology. Division of Medical Science, Medical Research
Institute, and *Depanment of Molecular Virology, Graduate School of Medicine, Tokyo Medical and Dental University, and "AIDS Research Center,
National Institute of Infectious Diseases. Tokyo, and *Central Institute for Exg I A Is, K ki, Japan

The functional human immune system, including T, B, and natural killer lymphocytes, is reconstituted in NOD/
Shi-scid/IL-2R ! (NOG) mice that receive hematopoietic stem cell transplants. Here, we show that these human-
ized mice can recapitulate key aspects of Epstein-Barr virus (EBV) infection in humans. Inoculation with
~1 % 10" TDy, (50% transforming dose) of EBV caused B cell lymphoproliferative disorder, with histopatholog-
ical findings and latent EBV gene expression remarkably similar to that in immunocompromised patients. Inoc-
ulation with a low dose of virus (=1 x 10' TDy,), in contrast, resulted in apparently asymp tic persistent
infection. Levels of activated CD8* T cells increased dramatically in the peripheral blood of infected mice, and
enzyme-linked immunospot assay and flow cytometry demonstrated an EBV-specific T cell response. Immuno-
globulin M antibody specific to the EBV-encoded protein BFRF3 was detected in serum from infected mice. The
NOG mouse is the most comprehensive small-animal model of EBV infection described to date and should facil-

itate studies of the pathogenesis, prevention, and treatment of EBV infection.

Epstein-Barr virus (EBV) is a tumor virus associated
with a variety of malignancies, including Burkitt lym-
phoma, nasopharyngeal carcinoma, and Hodgkin
lymphoma [1]. It is also an etiological agent of infec-
tious mononucleosis (IM), which is characterized by
transient proliferation of EBV-infected B lympho-
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blastoid cells and an excessive anti-EBV T cell re-
sponse, EBV has a unique ability to growth transform
human B lymphocytes in vitro and establish lympho-
blastoid cell lines (LCLs) [2]. EBV-transformed lym-
phoblasts express 6 nuclear proteins (Epstein-Barr
nuclear antigen [EBNA] 1, 2, 3A, 3B, 3C,and LP) and
3 membrane proteins (latent membrane protein
[LMP] 1, 2A, and 2B), and this pattern of EBV gene
expression is termed latency 111, In contrast, Burkitt
lymphoma cells express only EBNAI consistently (la-
tency 1), whereas Hodgkin lymphoma and nasopha-
ryngeal carcinoma cells express EBNAIL, LMPI, and
LMP2 (latency I1). In vivo, EBV-transformed cells are
effectively removed by virus-specific cytotoxic T cells,
and EBV infection in immunocompetent humans is
usually subclinical, except for IM caused by primary
infection during adolescence or adulthood. However,
in immunocompromised hosts, such as patients with
AIDS and transplant recipients, EBV-infected B lym-
phoblasts can proliferate and cause lymphoprolifera-
tive disorder.
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EBV infects only humans in nature and limited animal species
under experimental conditions. It can infect cotton-top tama-
rins and induce lymphomas, which have been used as a model of
EBV-associated lymphomas [3, 4]. Nonhuman primates possess
their own lymphocryptoviruses related to EBV, and research on
the use of these virus-host systems as models of EBV infection is
currently in progress [5, 6]. Small-animal models of EBV have
also been developed, which are particularly useful when a large
number of animals are necessary. Scid mice that receive intra-
peritoneal transplants of EBV-transformed L.CLs or peripheral
blood mononuclear cells (PBMCs) isolated from EBV-infected
persons develop lymphomas, which have been used as a model
of human lymphoproliferative disorder [7-9]. Recently, NOD/
scid mice transplanted with human hematopoietic stem cells
(HSCs) and reconstituted mainly with B lymphocytes were in-
fected with EBV, and the development of lymphoproliferative
disorder was described [10]. The immune response to EBV was
not studied in these scid or NOD/seid mouse models. Very re-
cently, a functional human immune system could be reconsti-
tuted in highly immunodeficient mouse strains, and these so-
called humanized mice were shown able to mount an EBV-
specific T cell response [11, 12], These studies were, however,
performed mainly using immunological standpoints and did
not provide detailed virological data.

NOD/Shi-scid/IL-2Ry™" (referred to here as NOG) is a highly
immunodeficient mouse strain that was developed very recently
and that, after transplantation with cord blood HSCs, is able to
reconstitute most major components of the hematolymphoid
system, including T cells, B cells, NK cells, macrophages, and
dendritic cells [13-15]. Human T cells that develop in NOG
mice are functional in that they can be activated to display cyvto-
toxic activity [15, 16]. These properties made NOG mice an ex-
cellent model of human virus infections targeting the immune
system, such as those with human T-lymphotropic virus-1 and
HIV-1 [17-20]. Here, we provide evidence that humanized
NOG mice can reproduce various key aspects of human EBV
infection and propose that they may be a valuable tool for studies
of EBV infection.

METHODS

Preparation of humanized mice, NOG mice were obtained
from the Central Institute for Experimental Animals (Kawasaki,
Japan), Protocols for experiments with NOG mice were ap-
proved by the Institutional Animal Care and Use Committee of
the National Institute of Infectious Diseases (N1ID). Cord blood
was supplied by the Tokyo Cord Blood Bank after obtaining
informed consent. The use of human materials in this research
was approved by the institutional review boards of the National
Research Institute for Child Health and Development, the NIID,
the Tokyo Medical and Dental University, and the Tokyo Cord
Blood Bank. The isolation of human CD34° HSCs from cord

Table 1. Primers for reverse-transcription poly-
merase chain reaction to detect Epstein-Barr virus
(EBV) transcripts.

Transcript, primer Sequence (5'—3')

EBNAY

5' Qatgagcgtiigggagagetgaticigea

8 tectegiecatggtiateac
EBNA2

5 agaggaggtiggiaageggiic

3 tgacgggtitccaagactatee
LMP1

5 clctocttctectectctig

a caggagggtgatcalcagta
LMP2A

Bl atgactcatcicaacacata

3 calgtiaggcaaatigeasa
LMP2B

5 cagtgtaatctgcacaaaga

3 catgtiaggcaaatigcaaa
EBER1

5’ agcacctacgctgcectaga

3 aaaacatgcggaccaccagce
BZLF1 first) ' .

5' attgcaccligocgecacctig

=i cgeattttctggaagecaccega
BZLF1 (second)

B gaccaagctaccagagictat

= ) cagaatcgceaticeiccagega
BMRF1

5 ctagccgtiectgteeaagige

3 agccaaacageicctigecca
BLLF1

-1 gicagtacaccatccagagee

<3 ttggtagacagcecticgtalg
GAPDH

5 gcctectgeaccaccaacty

3 cgacgectgcticaccaccetet

NOTE. EBNA, Epstein-Bar nuclear antigen; EBER, EBV-
encoded small RNA; LMP, lstent membrana protein

blood by means of the MACS Direct CD34 Progenitor Cell [so-
lation Kit (Miltenyi Biotec), their intravenous injection
(1 % 10%to 1.2 % 10° cells/moause) into 6-10-week-old female
NOG mice, and the characterization of the reconstitution of the
human hematoimmune system were done as described else-
where |18, 20|, NOG mice in which the human hematoimmune
system was reconstituted are referred here as humanized NOG
(hNOG) mice.

Experimental EBV infection, quantification of viral DNA,
and detection of viral mRNAs. Virus production by EBV-
infected Akata cells was stimulated by brief treatment with anti-
IgG antibody (Dako), and culture fluid was used as inoculum
after filtration through a 0.45- um membrane filter [21]. For vi-
rus titration, cord blood lymphocytes were plated at the density
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Peripheral blood Epstein-Barr virus (EBV) DNA load and body weight in humanized NOG (hNOG) mice infected with EBV. 4, Infection at

a high dose of virus. Six mice were inoculated intravenously with 1 % 107 TD,, of EBV. Peripheral blood EBV DNA load (upper panels) and body weight
(lower panels] were then determined weekly. Each symbol in the graphs represents an individual mouse. Interruption of records indicates the death or
killing of a mouse. B, Infection at lower doses. Peripheral blood EBV DNA load (upper panel) and body weight flower panel] of 2 mice inoculated with
low doses of EBV (black circle, 1 % 10" TD: white circle, 1 % 10' TDg) are shown.

of 2 % 10 cells per well in 6-well plates and then inoculated with
serial 10-fold dilutions of virus preparation, The number of wells
with proliferating lymphocytes was counted 6 weeks after infec-
tion, and the titer of the virus in 50% transforming dose (TDs,)
was determined by the Reed-Muench method [22]. EBV was
inoculated intravenously through the tail vein. EBV DNA was
quantified by a real-time quantitative polymerase chain reaction
(PCR) assay based on the TagMan system (Applied Biosystems),
as described elsewhere [23]. Analysis of EBV gene expression by
reverse-transcription PCR (RT-PCR) was done as described
elsewhere, using the primers listed in table 1 [24].

Histopathology, in situ hybridization (ISH), and immuno-
histochemistry.
formalin, embedded in paraffin, and stained with hematoxylin-
eosin. For phenotypic analysis of proliferating lymphocytes, im-
munostaining for CD3 (Nichirei), CD4 (Novocastra), CD8
(Nichirei), CD45RO, CD20, CD79a, CD30, Muml (Dako),
€D23, CD10o, CD56 (Novocastra), granzyme B (Dako), and T
cell intracellular antigen 1 (Beckman Coulter) was performed on
paraffin sections. EBV was detected by immunostaining for
LMP1 and EBNA2 (Dako) and by ISH with EBV-encoded small
RNA (EBER) probe. Immunohistochemistry and ISH were per-
formed on an automated stainer (Benchmark XT; Ventana
Medical Systems), in accordance with the manufacturer's rec-
ommendations. To determine the cell lineage of EBV-infected
cells, paraffin sections were applied to double staining with
EBER ISH and immunochistochemistry,

Tissue samples were fixed in 10% buffered

Detection of EBV-specific T cell response.  Enzyme-linked
immunospot (ELISPOT) assay was performed with the Im-
munocyto IFN-y ELISPOT Kit (MBL), in accordance with
the instructions supplied by the manufacturer, Briefly, CD8 *
T cells were isolated from PBMCs from EBV-infected hNOG
mice with the IMag anti-human CD8 Particles-DM (BD Bio-
sciences), Mixture of these CD8* T cells and an autologous
LCL were incubated with interleukin (IL)-2 in microplates
coated with antibody to interferon (IFN)—y for 17 h. Cap-
tured IFN-y was detected by use of biotinated antibody to
IFN-y and alkaline phosphatase-conjugated streptavidin
and was visualized by reaction with the BCIP/NBT chromo-
gen substrate, The unpaired Student's ¢ test was used for sta-
tistical analysis. [FN-y secretion in response to EBV was also
examined by flow cytometry, as described elsewhere [25].
Briefly, aliquots of murine splenocytes and an LCL were
mixed in 6-well plates in the presence of brefeldin A (10 g/
mL) and incubated at 37°C in 5% CO, for 17 h. After incuba-
tion, the cell suspensions were stained with phycoerythrin-
conjugated anti-human CD69, phycoerythrin-Texas red-
conjugated anti-human CD45, and phycoerythrin-cyanin
5-conjugated anti-human CD8 for 30 min at 4°C and were
fixed with 2% paraformaldehyde. Cells were then permeabil-
ized and stained with BD Perm/Wash buffer (BD Biosciences)
containing fluorescein isothiocyanate- conjugated anti-human
IFN-y for 30 min at 4°C. Stained cells were analyzed using an
EpicsXL flow cytometer (Beckman Coulter).
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Figure 2 Pathological and virological analyses of Epstein-Barr virus (EBVH-nfected humanized NOG (hNOG) mice. A, Photograph of an EBV-infected mouse
showing tumors in the cervical area. B, Photographs of spleens, fiver, lymph node, and kidney from EBV-infected mice with lymphoproliferative disorder. The
upper left panel shows the spleen from an uninfected mouse. €, Photomicrographs of hematoxylin-eosin—stained tissues from mice with lymphopraliferative
disorder The arrow indicates a Reed-Stemberg—like cell, and the arowheads indicate Hodgkin-like cells. Original magnifications, X 1000 for spleen, 400 for
lymph node. and X200 for liver, lung, kidney, and adrenal gland. D, immunohistochemical staining for lymphocyte surface markers (CD3, CD20, CD23, and
Mum?1) and EBV-encoded proteins (latent membrane protein [LMP] 1 and Epstein-Barr nuclear antigen [EBNA] 2), as well as in situ hybridization for EBV-encoded
small ANA (EBER), in a lymph node from a mouse with lymphoproliferative disorder. The bottom nght panel represents double staining for EBER and CD20
Original magnifications, %200 for all except EBER/CD20, which is >400. £ and £, Reverse-transcription polymerase chain reaction detection of latent-cycle (£)
and Iytic-cycle (F) EBV gene expression in tumors from EBV-infected hNOG mice. Spleen wmoars from 3 different mice were examined for the expression of
EBNAI, EBNA2. LMP1, LMP2A, LMPZB, EBER1, BZLF1, BMRF1. and BLLF1. RNA samples from a lymphoblastoid cell ling (LCL) () and anti-lgG-treated Akata
cells (F)were used as positive controls, and an ANA sample from EBV-negative Akata cells (£ and F) was used as a negative control. Assays were done with
(+] or without { —) reverse transcriptase (RT) in panel F. Expression of GAPDH was examined as a reference. G, Double staining of EBER and CO20 in the liver
of an hNOG mouse that was persistently infected with EBV without developing lymphoproliferative disorder. EBER is stained navy in the nucleus, and CO20
Is stained brown in the membrane. Original magnification, %1000
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Table 2. Quantification of Epstein-Barr virus
(EBV) DNA in persistently infected humanized NOG

mice.
Mouse

Organ N35-1* N35-
Bone marow © . ND = T4ixho
Spleen B2 x 100 67 x10°
Liver - ND 2.7 x 10
Lymph node (neck) 16x10° 69 x10°
Lymph node (axilla) ND 26 %107
Lymph node {mesentery) ND 4.1 %108
Lungs 27 %100 10xI10¢
Kidnays 1.2x10° 48x10¢
Adrenal gland 44 10" 80x10°

NOTE. Data are the amounts of EBV DNA measwed 22
weeks after mfection, n copres per microgram of DNA. ND,

not detectable
* Infected at 1 ~ 10" TDg
B infected at | < 10" TDy

Detection of antibodies specific to EBV. IgM antibody to
the EBV BFRF3 protein was detected by immunoblotting essen-
tially as described elsewhere [24], except that horseradish per-
oxidase—conjugated antibody specific to human IgM (Beckman
Coulter) was used as secondary antibody. To prepare the gluta-
thione s-transferase (GST)-BFRF3 fusion protein, a DNA frag-
ment spanning the entire coding region of BFRF3 was amplified
by PCR (sense primer, 5-GGCTCGAATTCATGGCACGCCG-
GCTGCCC-3"; antisense primer, 5'-GGCTCGGATCCATAC-
ACCATGTTTCGTGCCC-3') and inserted to the GST fusion
vector pSGENT2, to yield the plasmid pSGENT2-BFRF3. Esch-
erichia coli cells harboring pSGENT2-BFRF3 were stimulated
with isopropyl B-D-1-thiogalactopyranoside to induce the ex-
pression of GST-BFRF3, which was subsequently purified by use
of the Bulk GST Purification Module (GE Healthcare).

RESULTS

EBV infection in hNOG mice. Transplantation of human
CD34* HSCs in NOG mice and reconstitution of the human
hematoimmune system were done as described elsewhere [18,
20]. In the initial attempts at infection, 1 X 10* TDy of the
Akata strain of EBV was inoculated into 6 hNOG mice, and EBV
DNA was demonstrated in the peripheral blood of all of them
(figure 1A4), EBV DNA was first evident at 3—4 weeks after inoc-
ulation and reached peak levels of ~1 X 10® EBV DNA cop-
ies/pg of DNA. All 6 mice became seriously ill between 5 and 10
weeks after inoculation, with signs of weight loss (figure 14),
general inactivity, and piloerection. In contrast, EBV DNA was
not detected in the peripheral blood, bone marrow, thymus,
spleen, lymph nodes, liver, kidneys, and lungs of 3 control NOG
mice that were not transplanted with HSCs but were inoculated

with the virus (data not shown). Similarly, no signs of EBV in-
fection were observed in 3 control ANOG mice that were not
inoculated with the virus (data not shown). In total, 43 NOG
mice that had been humanized with H5Cs from 9 different cord
blood samples were inoculated with 1 X 10° TDy, of EBV, and
in 38 of them the results were similar to those observed in the
initial 6 mice, with high blood EBV load and severe deterioration
in their general condition. Ten of them died and could not be
examined further. The remaining 28 mice were killed, and signs
of lymphopraoliferative disorder were found at autopsy (see the
below). These results demonstrate that h(NOG mice can be in-
fected with EBV, with a mostly fatal outcome at this virus dose.

EBV-induced lymphoproliferative disorder in ANOG mice.
Autopsy of killed mice showed signs of lymphoproliferative dis-
order typically represented by an overt tumor in the spleen (fig-
ure 2B). In ~70% (20/28) of the mice autopsied, macroscopical
signs of disseminated disease were found in the liver, lymph
nodes, or kidneys (figure 24 and 2B). Seventeen mice were ex-
amined pathologically, and 15 of them showed typical histology
of diffuse large B cell lymphoma, with remarkable similarity to
the human lymphoproliferative disorder in the immunocom-
promised hosts (figure 2C). The tissues contained occasional
immunoblasts, Reed-Sternberg-like cells, and Hodgkin-like
cells (figure 2C). Marked infiltration of large transformed lym-
phoid cells was also demonstrated in liver, lymph nodes, kid-
neys, adrenal glands, and lungs (figure 2C). Real-time PCR de-
tected high levels (~1 X 10° to ~1 X 10* EBV DNA copies/pg
of DNA) of EBV DNA in these organs, and the large transformed
lymphoid cells were universally ERV positive by ERER ISH (fig-
ure 2D). Immunohistochemical analysis showed that the large
transformed lymphoid cells were of the activated B cell pheno-
type, being reactive for CD20 and CD23 and not reactive for
CD3 and CD10 (figure 2D and data not shown). They were also
positive for Mum-1, a late- and postgerminal center cell marker.
The EBER-positive cells were CD20-positive B cells (figure 2D),
and no EBER-paositive T cells were identified. Immunostaining
revealed that most proliferating cells expressed EBNA2, whereas
LMP1 was expressed in only a fraction of them (figure 2D). RT-
PCR analysis of typical spleen tumors obtained from 3 different
mice showed the expression of EBNAI, EBNA2, LMP1, LMP2A,
LMP2B; and EBER, consistent with the latency [l program of
EBV gene expression (figure 2E). In addition, transcripts from
Iytic-cycle EBV genes, including BZLF1 (immediate-early),
BMRF] (early), and BLLF1 (late, encoding gp350/220), were
identified {(figure 2F).

Virus dose—dependent outcome of EBV infection in hNOG
mice. To examine the influence of virus dose on the outcome
of EBV infection, we inoculated serial dilutions of EBV prepara-
tion into 2 lots of hNOG mice, each consisting of 5 mice that had
been humanized with the same HSC preparation. Consistent
with the results described above, the 4 mice (2 from each lot) that
received the higher doses (1 X 10* and 1 X 10? TDy,) of the
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Figure 3. Surface marker expression by peripheral blood T cells in Epstein-Barr virus (EBV}-infected humanized NOG (hNOG) mice. A Changes in
the percentages of CO3* T cells and CD19* B cells amang human CD45* leukocytes (upper panels) and in the percentages of CDB* cells and COD4*
cells among CD3* cells (lower panels) after infection with EBV, Results obtained from 3 EBV-infected mice and an uninfected mice are shown. White
symbols indicate the percentage of CD19* cells (upper panels/or CD4* cells (lower panels) black symbols indicate the percentage of CO3* cells (upper
panels) or CO8* cells (lower panels) A vertical arrow in the graph area shows the time point at which EBV DNA was first detected in peripheral blood.
B, Changes in the no. of COB* T cells in the peripheral blood of EBV-infected hNOG mice. White symbals indicate uninfected mice, and black symbols
indicate infected mice. Note that cell no. is plotted in a logarithmic scale. C, Viral dose—dependent T cell responses in hNOG mice inoculated with
serially diluted EBV. Ten-fold serial dilutions of an EBV sample starting from 1 X 10° TDy, per inoculate were injected intravenously into NOG mice
that had undergone transplantation with the same lot of human hematopoietic stem cells (HSCs). Changes in the percentages of CD3* T cells among
human CD45* leukocytes (upper panel) and in the percentages of CD8* cells among CO3* cells lower panel) after inoculation with EBV are shown.
The viral dose for each mouse is shown in the key. D, Comparison of surface marker expression between EBV-infected mice and control mice. Two
mice that underwent transplantation with the same lot of human HSCs were either inoculated with EBV or left uninfected; 10 weeks after inoculation,
maononuclear cells obtained from peripheral blood or spleen were gated for the expression of human CD3 and then examined for the expression of CD8
and CD4 (rop panels), CDASRO and CDASRA (second from top), HLA-DR and CDA4 (second from bottom), and HLA-DR and CD8 (bottom)
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Figure 4. Epstein-Barr virus (EBV)-specific T cell response in humanized NOG {(hNOG) mice. A, Enzyme-linked immunospot assay for the detection
of human T cells producing interferon (IFN}—y after stimylation with an EBV-positive lymphoblastoid cell line (LCL). CDB* cells isolated from EBV-infected
hNOG mice were cocultured with an autologous LCL. and IFN-y-secreting cells were counted (3, 5, 6, 7, and 8] To analyze restriction by major
histocompatibility complex (MHC), antibody to HLA class | (anti-human HLA-ABC clone W6/32: eBiosciencel (5), antibodies to both HLA class | and class
Il {6). antibody to HLA class |l (anti—human HLA-DP,D0.DR clone CR3/43; Dako) (7), or isotype-matched control antibody (8) were added to the culture
Control experiments included coculture of CDB* cells with an MHC-mismatched LCL (1), culture of the autologous LCL only (2), and culture of CO8*
cells only (4). Results from 2 infected mice are shown. Five hundred CD8"* cells per well were cultured in the experiment shown on the left. and 250
CDB" cells per well were cultured in that shown on the right. Spats were counted in triplicate in each of the 8 experimental groups, and the bars
represent mean values and SEs. The unpaired Student’s I test was used for statistical analysis. *P < .01 and **P < .02. B, Detection of human CD8*
cells that produce IFN-v in response to stimulation with an EBV-positive LCL by flow cytometry. CD8* cells were isolated from the spleen of an

EBV-infected mouse and cocultured with the autologous LCL Intracellular IFN-y was stained and analyzed as described in Methods.

virus died of lymphoproliferative disorder —5-10 weeks after
inoculation. The remaining mice in both of the lots that received
lower doses (1 X 10', 1 X 10% and 1 X 10! TDs,) survived
acute infection and appeared normal throughout the observa-
tion period of 22 weeks, Although EBV DNA was detected at
variable levels in their peripheral blood several weeks after inoc-
ulation, it returned to undetectable levels thereafter (figure 1B),
suggesting that a certain protection mechanism worked to con-
trol EBV infection. Importantly, EBV DNA could be still de-
tected in various organs, including spleen, liver, lungs, kidneys,
and adrenal glands, at the end of the observation period (22
weeks), indicating that EBV persisted in these mice (table 2).
Double staining for EBER and CD20 showed that EBV persisted
in B cells ( figure 2G). Macroscopical examination by autopsy at
the end of the observation period did not reveal abnormality in

these mice, except for moderate splenomegaly found in a mouse
that received | X 10' TDy,. These results indicate that the out-
come of EBV infection in hNOG mice varies with the virus dose;
high doses of virus tend to cause fatal lymphoproliferative dis-
order, whereas lower doses induce apparently asymptomatic
persistent infection,

EBV-specific T cell response in ANOG mice.
etry analysis demonstrated a dramatic increase in the percentage
of CD3* T cells among the human CD45* leukocytes after in-
fection with EBV. This increase in T cells was accompanied by an
increase in the percentage of CD8 * cells among human CD3* T
cells. These changes were seen in virtually all infected mice, and
the results from 3 mice are shown in figure 34, The slow increase

Flow cytom-

in the percentage of CD3 " cells in the uninfected mouse repre-
sents the process of humanization (i.e., the development of hu-
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Figure 5. Demonstration of IgM antibody to the Epstein-Barr virus (EBV) BFRF3 protein in the serum of humanized NOG (hNOG) mice. A, Immunoblot
with the glutathione s-transferase [GST}-BFRF3 fusion protein. Purified GST-BFRF3 fusion protein was examined with serum from an EBV-uninfected
person fa) an EBV-infected person (b) EBV-infected hNOG mice (¢ and d), and an uninfected h(NOG mice (e and f). B Immunoblot with the lysate of
EBV-producing Akata cells. Lysate of anti-lgG—treated Akata cells, labeled Akatal+), and of EBV-negative Akata cells, labeled Akatal—), was examined
using serum from an EBV-uninfected person (a), an EBV-infected person (b), EBV-infected hNOG mice (¢ and d), and uninfected hNOG mice (e and f).

man T cells). This increase in CD8* cells were even more con-
spicuous when their definite number was counted (figure 3B).
When hNOG mice were inoculated with serially diluted virus
samples, a striking dose response was evident; mice inoculated
with higher doses exhibited a more profound increase in CD8 *
cells at earlier time points (figure 3C). Further flow cytometry
analyses showed that CD45RO * memory T cells, compared with
CD45RA " T cells, increased in infected hNOG mice (figure 3D).
Expression of a T cell activation marker, HLA-DR, was observed
mainly in CD8* cells rather than in CD4 " cells (figure 3D).

To demonstrate that these CD8 * T cells were directed against
EBV-infected cells, we examined IFN-v secretion after stimula-
tion with EBV-transformed cells. For this purpose, we first es-
tablished an LCL using B cells isolated from the same cord blood
that was used to isolate HSCs for transplantation. CD8* T cells,
isolated from the peripheral blood of EBV-infected hNOG mice,
were incubated with this autologous LCL, and cells secreting
IFN-vy were detected by ELISPOT assay. For all 3 EBV-infected
hNOG mice (which had been infected at 1 X 10 TDy) thus
examined, a significant number of spots were recognized in the
wells in which CD8* T cells were mixed with the autologous
LCL, whereas those cells incubated with unrelated LCL had
many fewer spots (data from 2 mice are shown in figure 4A).
CD8" T cells isolated from uninfected hNOG mice did not give
a significant number of spots (data not shown). Release of IFN-y
was blocked by antibody specific to human major histocompat-
ibility complex (MHC) class | but not by that specific to human
MHC class I1 (figure 4A). These results clearly show that a T cell
response restricted by human MHC class | was mounted against

EBV-infected cells. In addition, in 5 of the 6 EBV-infected
hNOG mice examined (infected at 1 X 10° TDy), flow cytom-
etry also demonstrated production of IFN-y by CD8* T cells
isolated from the spleen and stimulated with an autologous LCL
(figure 4B).

EBV-specific antibody response in hNOG mice. Serum
samples from 30 EBV-infected hNOG mice were examined by
Western blotting for IgM antibodies reactive with a bacterially
expressed GST-BFRF3 fusion protein. The BFRF3 protein is a
major component of the virus capsid antigen of EBV [26]. The
results are shown in figure 54 and indicated that four serum
samples (from mice infected at 1 X 10" or | X 10 TDy;) con-
tained IgM antibody reactive with it. These serum samples re-
acted also with the 18-kDa BFRF3-encoded protein in the lysate
of Akata cells stimulated with IgG antibody to activate virus pro-
duction (figure 5B). Similar experiments with human IgG-spe-
cific secondary antibody did not show a positive reaction with
either GST-BFRF or p18"*, Six serum samples collected from
uninfected hNOG mice reacted with neither the 18-kDa protein
nor GST-BFRF3 (figure 5 and data not shown). These results
indicate that hNOG mice have the ability to mount an IgM re-
sponse to EBV.

DISCUSSION

The lymphoproliferative disease induced in hNOG mice is re-
markably similar to the human lymphoproliferative disorder
seen in immunocompromised hosts [27] with respect to histol-
ogy, surface phenotype, and the type of EBV gene expression
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(latency [II). Reproduction of latency 111 in the present study
makes for an interesting contrast with the previous model using
NOD/scid mice, which exhibited the latency Il pattern [10].

EBV infection in Jower doses resulted in a transient increase in
EBV DNA load in the peripheral blood, followed by apparently
asymptomatic infection that persisted for at least 22 weeks. This
type of asymptomatic EBV infection has not been described in
nonprimate models of EBV infection and may be regarded as a
model of human EBV latency. To compare this condition in
NOG mice with EBV latency in humans predsely, we need to
further investigate the nature of host cells (i.e., whether they are
memory B cells), the pattern of EBV gene expression in them,
and the involvement of anti-EBV immune responses in its main-
tenance.

In hNOG mice, human T cells develop in thymus tissue, in
which epithelial cells are of murine origin [16]. It is therefore
interesting that they could mount a T cell response restricted by
human MHC class I. Although this suggests that positive selec-
tionofhuman T cells occurred in ANOG mice, the mechanism of
T cell education remains unclear. Alloantigen-specific and hu-
man MHC class [-restricted T cell cytotoxicity has been reported
in ANOG mice [15, 16]. An EBV-induced T cell response was
evident in mice that received high doses of virus and developed
lymphoproliferative disorder, suggesting that the T cell response
in hNOG mice was not sufficient to control EBV-induced lym-
phoproliferation when they were infected at high doses. That
only a minor fraction of CD8* T cells appeared to be EBV spe-
cific, as evidenced by ELISPOT assay and flow cytometry, may
explain this result, at least partially. A humoral immune re-
sponse to EBV has not been documented in previous mouse
models of EBV infection, and therefore the NOG mouse may
provide a valuable tool to analyze the mechanism and the pro-
tective roles of antibody response in EBV infection. We have to
date clearly identified only IgM antibody to the 18-kDa compo-
nentof virus capsid antigen in a minor fraction (4/30) of infected
mice. We are currently attempting to improve sensitivity and to
see whether hANOG mice can mount a more efficient and diver-
gentantibody response to the virus, possibly including the pro-
duction of IgG antibodies. Because both the T cell-mediated and
the humoral immune response are elicited in hNOG mice, they
may be useful in the evaluation of candidate EBV vaccines.

Very recently, humanized mice based on other immunodefi-
cient mouse strains were prepared, and EBV was used as a typical
pathogen to analyze their immune functions. Traggiai et al. [12]
infected humanized Rag2 =/~ IL-2Ry~'" mice with EBV and doc-
umented an in vitro proliferative response by CD8 * T cells to an
autologous LCL. Melkus et al. [11], on the other hand, human-
ized NOD/ scid mice by transplanting human fetal liver, thymus,
and H5Cs and succeeded in inducing an EBV-specific T cell im-
mune response as well as an innate immune response to toxic
shock syndrome toxin 1. These 2 studies were performed mainly
using immunological standpoints and did not provide detailed

data from virological investigations. An advantage of the NOG
mouse model described here is that it does not require a fine
surgical procedure using human fetal tissue; therefore, NOG
muce can be easily provided in large quantities.

In immunocompromised humans, failure of immunosurveil-
lance may lead to the development of lymphoproliferative dis-
order. We expect that the NOG mouse model can be used to
analyze the exact relationship between immunodeficiency and
the development of lymphoproliferative disorder. Immune re-
sponses in the (NOG mouse can be modulated by immunosup-
pressive drugs (such as cyclosporine A) or HIV, and the devel-
opment of lymphoproliferative disorder can be analyzed with
special reference to the nature and level of immunodeficiency.
This kind of study, which has not been possible with conven-
tional scid mice, may reveal an exact condition in which lympho-
proliferative disorder develops and may thereby aid the develop-
ment of a specified immunosuppressive procedure that evades
this condition and precludes the risk of lymphoproliferative dis-
order.

In summary, the NOG mouse is able to recapitulate various
essential elements of human EBV infection and is therefore, to
our knowledge, the most comprehensive small-animal model of
EBV infection described to date. It should be a valuable tool for
the study of the pathogenesis, prevention, and treatment of EBV
infection.
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Severe acute respiratory syndrome coronavirus (SARS-CaV) is a high-
risk infectious pathogen. In the proposed model of respiratory failure,
SARS-CoV down-regulates its receptor, angiotensin-converting en-
zyme 2 (ACE2), but the mechanism involved is unknown. We found
that the spike protein of SARS-CoV (SARS-S) induced TNF-a-convert-
ing enzyme (TACE)-dependent shedding of the ACE2 ectodomain. The
modulation of TACE activity by SARS-S depended on the cytoplasmi
domain of ACE2, because deletion mutants of ACE2 lacking the
carboxyl-terminal region did not induce ACE2 shedding or TNF-a
production. In trast, the spike protein of HNL63-CoV [NL63-5), a
CoV that uses ACE2 as a receptor and mainly induces the common
cold, caused neither of these cellular responses. Intriguingly, viral
infection, judged by real-time RT-PCR analysis of SARS-CoV mRNA
expression, was significantly attenuated by deletion of the cytoplas-
mic tail of ACE2 or knock-down of TACE expression by siRNA. These
data suggest that cellular signals triggered by the interaction of
SARS-CoV with ACE2 are positively involved in viral entry but lead to
tissue damage. These findings may lead to the development of
anti-SARS-CoV agents.

shedding | cytoplasmic tail | HNLE3-CoV | TNF-«

S evere acute respiratory syndrome coronavirus (SARS-CoV) is
an infectious pathogen known to have caused acute respiratory
distress in =8,000 patients with a mortality rate of =107 (1).
Although outbreaks of SARS-CoV are now well controlled, the
mechanism of severe respiratory failure in infected patients is
unknown, Angiotensin-converting enzyme 2 (ACE2), an ACE
homolog that functions as a positive regulator of the renin-
angiotensin system (RAS) (2, 3), was identified as a receptor of
SARS-CoV (4). A possible indicator of a severe clinical outcome,
the spike protein of SARS-CoV (SARS-S) was found to down-
regulate ACE2 expression (5). ACE2 knockout (KO) mice were
also shown to be susceptible 10 severe respiratory failure after
chemical challenge (5, 6), and ACE2 has been shown to moderate
ACE-induced intracellular inflammation, suggesting that the mech-
anism of ACE2 down-regulation may explain the molecular basis of
SARS-CoV-related severe respiratory distress.

HNL63-CoV, a CoV (7) that causes the common cold, was
recently found to use ACE2 for viral infection (8), and it was further
shown that the spike protein of HNL63-CoV (NL63-S) binds ACE2
directly (9). NL63-S and SARS-S show 21% identity (10), whereas
that between NL63-5 and the spike protein of HCoV-229E, which
uses CDI3 [a completely different carboxy (C)-peptidase] as a
cellular receptor (11), is 55%. It is important to note that, despite
their phylogenetically distinct properties and their producing dif-
ferent clinical outcomes, SARS-CoV and HNL63-CoV both use
ACEL

Based on these observations, we hypothesized that the functional
modulation of ACE2 may be differentially induced by SARS-S and
NL63-S. To test this prediction, we first clarified the mechanism of

www.pnas.org/cgl/dol/10.1073/pnas.0711241105

SARS-S-induced ACE2 down-regulation, and then compared the
cellular responses induced by each protein. We found that SARS-S
induced TNF-a-converting enzyme (TACE)-dependent shedding
of the ectodomain of ACEZ2, and that the process was coupled with
TNF-a production (12). Experiments using deletion mutants of
ACEZ2 revealed that the cytoplasmic tail of ACE2 is required for
shedding. Furthermore, viral infection with SARS-CoV was signif-
icantly decreased in cells expressing mutant versions of ACE2
lacking the cytoplasmic domain, In addition, siRNAs of TACE and
ACE2 blocked viral infection. These observations suggest that
TACE activity is modulated by SARS-CoV via the cytoplasmic
domain of ACE2, and that it facilitates viral entry but also causes
tissue damage through TNF-a production. Together with data
showing that NL63-S does not evoke these cellular responses, our
results indicate that the cellular components involved in SARS-5-
induced ACE2 shedding are good targets for anti-SARS-CoV
therapeutics.

Results

5ARS-5 Induces Shedding of the Ectod of ACE2. We first
examined the mechanism of ACE2 down-regulation after SARS-S
binding. In total cellular extracts prepared from Vero E6 cells
infected with a pseudotyped virus expressing S protein (S-virus),
ACE2 expression was reduced, whereas the expression of an
80-kDa protein in the supernatants was increased (Fig, la, lanes 4
and 5). Interestingly, this 80-kDa peptide was not detected by an
antibody raised against the cytoplasmic domain of ACE2 (Fig. la,
lanes 4 and 5, middle row in Lower). Conversely, a control
pseudotyped lentivirus expressing vesicular stomatitis virus G pro-
tein (VSV-G) did not induce any change in ACE2 expression (Fig.
la, lanes 6-10). Moreaver, recombinant SARS-S showed the same
effects (Fig. 1b, lanes 4-6, arrows), whereas binding-defective
mutants of the protein (Fig. 1c, AC and AN) did not (Fig, 1d, lanes
2-4). Consistent with a report showing that the secreted form of
ACE2 is the active form (shed form) (2), C-peptidase activity was
detected in the supernatants of cultured cells treated with SARS-S
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Fig. 1.

(Fig, le). Therefore, we concluded that SARS-S down-regulates
ACEZ2 by inducing shedding of the ACE2 ectodomain.

TACE Is a Critical Cellular Factor in SARS-S-Induced ACE2 Shedding. [i
has been shown that TACE and ADAMI7, a member of the
ADAM (a disintegrin and metalloprotease) family (12, 13), are
required for the induction of ACE2 shedding by phorbol esters
[phorbol-12-myristate-13-acetate (PMA)] (14). Therefore, we ex-
amined the effects of TAPI-0, an inhibitor of TACE (15), on
SARS-S-induced ACE2 shedding. As shown in Fig. 2a, TAPI-0
efficiently attenuated C-peptidase activity in the culture superna-
tant. Western blot analysis also indicated that TAPI-0 inhibited
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Induction of ACE2 shedding by the specific binding of SARS-S and ACE2. (a) ACE2 shedding is induced by SARS-S. After infection with SARS-S, total extracts
(Upper) or the supernatants (Lower) of cultured Vero E6 cells were analyzed. The thin arrow and arrowhead indicate the 120-kDa ACE2 protein detected by antibodies
against the ectodomain and cytoplasmic domain, respectively, The bold arrow indicates the 80-kDa ACE2 detected by an antibody againstthe ACE2 cytoplasmic domain
(lanes 2-5), which was not generated by control VSV-G virus (lanes 6-10), The proteins present in the culture supernatants were recovered with OVA by TCA
precipitation, 5-Tubulin was used as a loading control. (b) Recombinant SARS-S induces ACE2 shedding. Cells were treated with 100 ug/ml SARS-S (residues 284 -541),
and ACE2 In the culture supernatant was examined as described in a. (¢) Binding of the SARS-S mutants to ACE2. Two SARS-5 mutants, AN (residues 332-541) and AC
(residues 284-490), were prepared according to a report showing the minimum reglon of SARS-S required for ACE2 binding (27), and their binding activities to ACE2
were examined (see also Materials and Methods). (o) Specific binding to ACE2 isrequired for ACE2 shedding. After treatment with the AN and AC SARS-5s, the amount
of ACE2 in the culture supernatant was examined as described In a. () C-peptidase activity of the shed ACE2. The C-peptidase activity in the culture supernatant of
SARS-S-treated Vero E6 cells was measured (filled diamonds) (see Materials and Methods). GAPDH was used as a negative control (filled squares)

SARS-S-induced ACE2 shedding (Fig. 2b, lanes 5 and 6). To
further determine the involvement of TACE, ACE2 shedding was
examined by forced expression of TACE cDNA in transformed
mouse fibroblasts derived from face-KO mouse fibroblasts
(tace-KO cells) (16). As shown in Fig. 2c, the tace-KO cells exhibited
SARS-S-induced ACE2 shedding when both TACE and ACE2
c¢DNA was introduced (Fig. 2c, lanes 4 and 5). To obtain direct
evidence that TACE plays an important role in ACE2 shedding,
TACE siRNA was introduced into Huh-7 cells and SARS-S-
induced ACE2 shedding was examined. Huh-7 is a human hepa-
toma cell line permissive for SARS-CoV infection (17, 18). As
shown in Fig. 24, ACE2 shedding by SARS-S was significantly

Fig. 2. ACE2shedding depends on TACE. (a) Inhibitory
effects of TAPI-0 on ACE2 shedding. Vero E6 cells were
cultured with or without 100 nM TAPI-0, and the
amounts of C-peptidase activity in the culture supermna-
tants were measured. SARS-S was used ata concentration
of 100 pg/mi. (B) TACE inhibitor blocked SARS-S-induced
ACE2 shedding. The experiments described in a were
carried out and ACE2 was detected by Western blot
analysis. (c) ACE2 shedding depends on TACE activity.
tace-KO cells were transfected with ¢cDNAs encoding
ACE2 or TACE and then treated with 100 ug/mi SARS-S
for 6 h. Shed ACE2 was then detected (bold arrow). (d)
The effects of TACE siRNA on ACE2 shedding. After the
introduction of TACE or control siRNA, SARS-S-induced
ACE2 shedding was examined by measuring the amount

5 trwntmant {min)

of C-peptidase activity in the culture supernatant. Huh-7
cells, a human cell line that expresses endogenous ACE2
and TACE (see Fig. Sc), were analyzed
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Fig. 3. ACE2 shedding by SARS-S requires the cytoplasmic domain of ACE2. (a) Schematic diagrams of the ACE2 cytoplasmic domaln mutants. ATMC-ACE2 contains
only the ectodomain of ACE2 with the transmembrane domain of PDGF receptor. (b) Expression of the ACE2 cytoplasmic domain mutants. The molecular welights of
full-length ACE2 (lane 3) and all mutants except ATMC-ACE2 (lanes 6-8) were ~ 120 kDa. The molecular weight of ATMC-ACE2 was =95 kDa (lane 2). (c) ATMC-ACE2
did not show ectodomain shedding with SARS-5. After treatment with SARS-S, the amounts of C-peptidase activity in the culture supernatant of cells expressing WT
(filled sqaures) or ATMC-ACE2 (filled diamonds) were examined. (o) Binding of ATMC-ACEZ to SARS-S. Recombinant SARS-S was expressad and purified as a chimeric
protein with the Fe portion of human igG (Fc), and bound SARS-S was detected by FACS analysis, using FITC-labeled anti-human IgG (9). Each line indicates the cells that
were positive Tor bound SARS-S. Solid peaks depict cells bound nonspecifically with control IgG-Fe. (e) ATMC-ACE2 was competent for ectodomain shedding by PMA.
After treatment with PMA for 1 h, :hr amounts of C-peptidase activity in the culture supernatant of cells expressing WT (filled squares) or ATMC-ACEZ (filled diamonads)
were examined. (/) The ectod shedding of ACE2 depends on the cytoplasmic domain, The levels of C-peptidase activity in the culture supernatant of cells
expressing various ACE2 mutants wera meawm:l (g) TACE activation requires the cytoplasmic domain of ACE2. TACE activation, judged by the production of TNF-«

in the culture supernatant, was induced by both WT and AC17-ACE2. TNF-«« was detected 20 h after SARS-S treatment

attenuated by TACE siRNA. As shown in Fig. 5¢, TACE siRNA
successfully reduced endogenous TACE expression,

The ACE2Z Cytoplasmic Domain Is Required for SARS-5-Induced ACE2
Shedding. Cellular TACE was activated by the interaction of
SARS-S with ACEZ, strongly suggesting the invalvement of the
cytoplasmic domain of ACE2 in this phenomenon. To confirm this
suggestion, we prepared several mutants lacking the C-terminal
region of ACE2 (Fig. 3a). After confirming the expression of each
mutant protein (Fig. 3b), we examined shedding of the ectodomain
by SARS-S. SARS-S-induced ACE2 shedding was not observed
with a chimeric mutant in which the transmembrane and cytoplas-
mic domains of ACE2 were eliminated [transmembrane and cyto-
plasmic domains (ATMC) Fig. 3c]. This mutant was able to bind
SARS-S (Fig. 3d), and it was susceptible 1o ectodomain shedding
when the cells were stimulated with PMA (Fig. 3¢). Experiments
with additional deletion mutants revealed that the last 17 aa of the
ACE2 C rermuinus were dispensable for ACE2 shedding (Fig. 3f).
Similar to ACE2 shedding, the production of TNF-a was detected
in the cullure supernatants of cells expressing WT and AC17-ACE2
(Fig. 3g). In contrast, no TNF-a production was observed in cells
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expressing deletion mutants of the cytoplasmic tail of ACE2 (Fig,
3¢, P < 001).

The ACE2 Cytoplasmic Domain and TACE Are Positively Involved in
Virus Entry, We investigated the role of the cytoplasmic tail of ACE2
and TACE in viral infection. In a reporter assay based on a
pseudotyped lentiviral system, no difference in infection was de-
tected between cells expressing WT and ATMC-ACE2 (Fig. 4a).
Although this observation is consistent with previous reports, we
observed a reproducible difference in viral entry based on the
intracellular p24 concentration after infection with the same virus
(Fig. 4b). To obtain conclusive evidence, we infected the cells with
SARS-CoV and quantified SARS-CoV mRNA by real-time RT-
PCR. As shown in Fig. 4¢, deletion of the cytoplasmic tail greatly
reduced viral infection. The efficiency of infection was also mark-
edly reduced in cells infected with AC21 or AC32-ACE2 (Fig. 4d),
even with ACI17-ACE2.

We next examined the role of TACE in viral infection, using
TACE siRNA. As shown in Fig. de, viral entry was significantly
attenuated (P < (L05) by the siRNA, whereas control or ADAMI0
(control metalloprotease) siRNA did not decrease the incidence of
viral infection. It is important to note that ACE2 siRNA signifi-
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Fig. 4. The cytoplasmic tail of ACE2 and TACE promote infection by SARS-CoV. (a) No difference in infection efficency was detected by reporter assay, using a
pseudotyped lentivirus system. After infection of HEK293T cells expressing WT or ATMC-ACE2 with a pseudotyped lentivirus encoding luciferase, luciferase activity was
measured. Luciferase activity was assayed in triplicate. (b) Detection of differences in viral infection efficiency based on the intracellular p24 level, The experiment in
a was followed by measurement of the intracellular p24 level, using an ELISA kit. (c) A marked difference in viral infection efficiency detected by real-time RT-PCR. Each
cell was harvested and analyzed 2 h after Infection with SARS-CoV. The data were normalized by 185 ribosomal RNA. (o) The cytoplasmic tail is required for efficient
viral infection. SARS-CoV was used to infect cells expressing deletion mutants of the cytoplasmic tail of ACE2 (Fig. 33). Then, real-time RT-PCR was carried out as described
In ¢. (@) TACE is required for afficient viral entry. The efficiency of viral entry into Huh-7 cells was examined before and after the introduction of TACE or ACE2 siRNAs,
TACE siRNA [but not ADAMI0 (metalloprotease control) siRMA] significantly attenuated viral entry (P < 0.05). ACE2 siRNA also decreased viral infection (P < 0.01).

cantly decreased the SARS-CoV mRNA copy number (Fig. 4e, P < Discussion
0.01), indicating that infection by SARS-CoV via ACE2 was  Down-regulation of ACE2 was proposed to be associated with a
successfully detected by real-time RT-PCR. As shown in Fig. 5¢,  severe clinical outcome in cases of SARS-CoV infection, but the
cach siRNA efficiently blocked expression of the target protein.  mechanism remained to be clarified. In the present study, we found
These observations indicate that the cytoplasmic tail of ACE2 and  that SARS-S induces ACE2 shedding via a process that is tightly
TACE are positively involved in SARS-5-dependent viral infection.  coupled with TNF-a production. In contrast, the spike protein of
In addition. the level of intracellular p24 after infection with  HNL63-CoV,a CoV and etiological pathogen of the common cold
pseudotyped lentivirus is a good indicator of viral entry. that uses ACE2 as its cellular receptor, did not induce such cellular
responses. These observations suggest that ACE2 shedding and its
causative cellular signals are attributable to SARS-CoV-induced
tissue damage.

As shown in Fig. 3g, the induction of TNF-a production by
SARS-S depends on the cytoplasmic tail of ACE2Z and TACE

HNL63-CoV Spike Protein Does Not Induce ACE2 Shedding or TACE
Activation. To determine the specificity of the ACE2 shedding and
TNF-a production induced by SARS-CoV, we investigated the
f_"—'“"‘"o‘?s of HNLF"‘.;C‘N' n kied qenirat 10 SRS, N]fﬁj's activity. Because treatment with SARS-S did not increase the
did r.mz mdu;:c ACE2 shedding (Fig. Sr_:.lanc 4), although it was ahle expression of the membrane-bound precursor of TNF-a [support-
to use ACE2 as a cellular receptor (Fig. 5d). Furthermore, NL63-S ;0 in6oemation (SI) Fig. S1], it seems that TACE activity is directly
did not induce TNF-a production (Fig. 5h). To characterize the affected by the attachment of SARS-S to ACE2, Lambert ef al. (14)
differential mode of infection berween SARS-S and NL63-§, we proposed that PMA-driven ACE2 shedding solely depended on
examined the effects of siRNAs against ACE2, TACE, and TACE. In addition, the results of our experiments using siRNAs
ADAMI0, and we examined viral entry h_V m-:usuring the level of ﬂgﬂiﬂﬂl TACE and ADAM10 revealed that SARS-S-induced ACE2
intracellular p24. We began by confirming that each siRNA or  ¢hedding depends on TACE activity. Interestingly, however, the
combination of siIRNAs successfully interfered with expression of  forced expression of ADAMS or 10 rendered tace-KO cells com-
the endogenaus gene products (Fig. 5¢). As shown in Fig. 5d, the  pajent for SARS-S-dependent viral infection (Fig. $2), implying
ACE2 and TACE siRNAs efficiently blocked viral entry (P < 005 that TACE may be complemented by the overexpression of other
and (.01, respectively), whereas the ADAMI0 siRNA did not. ADAMs. We also observed that rottlerin, a PKC inhibitor (19),
However, we detected no definite effect of TACE siRNA on  partially blocked the phenomenon (Fig. S3). It is likely that func-
NL63-S infection. The ACE2 and TACE or ADAMI0 siRNAs,  tional modulation of the cytoplasmic tail of ACE2 triggers multiple
however, did significantly inhibit NL63-S viral entry. cellular signals involving PKC activation.

Taken together, these observations suggest that ACE2 and Intriguingly, we found that the entry of SARS-CoV depends on
TACE are differently required for infection by SARS-Sand NL63-S  the cytoplasmic tail of ACE2 and TACE activity, which was
and that the functional role of TACE is more prominent for  inconsistent with previous reports indicating that the cytoplasmic
SARS-S than for NL63-S, tail of ACE2 is dispensable for viral infection (18, 20). However,
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Fig. 5. NL63-5 does not induce ACE2 shedding. (a) No ACE2 shedding was observed when using NL-63-5. After infection of Vero E6 cells with NL63-S or SARS-S, ACE2
was examined as described in Fig. 1a. (b) NL63-5 does not induce TNF-« production. TNF-o was measured in the culture supernatants of ACE2-expressing HEK 2837 cells
The supernatants were collected 12 h after infection with NL63-S or SARS-S. (c) Effects of siRNAs on the expression of endogenous gene products. Huh-7 cells were
transduced with siRNAs against TACE, ACE2, and ADAM10, and the expression of each protein was examined. Lanes 3, 4, and 5 indicate the endogenous expression
of ACE2, ADAM10, and TACE, respectively. Lanes 6 and 7 depict the effects of the combined wuse of siRNAs on protein expression. (d) The differential requirements of
TACE for viral entry by NL63-5 and SARS-5. Huh-7 cells were infected with SARS-5 and NLE3-5 viruses for 4 h, and the efficiency of viral entry was examined by measuring

the intracellular p24 level, Note that the entry of SARS-S was reduced by siRNAs against ACE2 and TACE, whereas NL63-5 was not

these previous studies were performed by using pseudotyped
lentiviruses. As shown in Fig. 4a, we also detected no differences in
reporter gene expression in cells expressing WT-ACE2 and ATMC-
ACE2. However, viral entry, as judged by the amount of p24, a
component of the HIV-I-based lentivirus (Fig. 4b), was signifi-
cantly higher in cells expressing WT-ACE2 than in those expressing
ATMC-ACEZ. Because the replication of SARS-CoV does not
require viral integration into the host genome, we assumed that a
reporter assay based on a pseudotyped lentivirus was not relevant
for evaluating the roles of the factors involved in SARS-CoV
infection. Given these expectations, we measured viral entry based
on real-time RT-PCR detection of SARS-CoV mRNA. As shown
in Fig. 4¢, we successfully detected a difference in copy number of
the viral mRNA in these cells (P < 0.01). The introduction of an

ACE2 siRNA also reduced the copy number of SARS-CoV mRNA

(Fig. 4¢), indicating that this method actually detects viral infection
via ACE2. In addition, TACE siRNA reduced SARS-CoV infec-
tion, indicating that TACE plays an important role in the entry of
SARS-CoV. Consistent with these data, TAPI-), a TACE inhibitor,
specifically inhibited the entry of SARS-S (Fig. 54). In addition,
although ATMC-ACE2 was defective in terms of viral infection, it
restored receptor function when TACE was activated by addition of
PMA (Fig. S5).

It is unclear how TACE facilitates viral entry. Our observations
indicated that the TACE requirement is stronger for SARS-S than

Haga et al

for NL63-S (Fig. 5d). Recent studies, using peptidases and their
inhibitors, suggested that SARS-S is processed in a stepwise fashion
(21, 22). Peptidase inhibitors of cathepsin L (23) or Ben-HCI (24)
blocked viral infection, whereas the addition of cathepsin L or
Factor Xa enhanced viral infection (23-25). The peptidase activity
of cathepsin L, which is critical for the fusion of viral particles and
cytoplasmic membranes, depends on a low endosomal pH (26).
Interestingly, SARS-CoV depends on both cathepsin L (25) and a
low endosomal pH (26), whereas HNL63-CoV (25) does not,
indicating a possible functional link between TACE and the com-
ponents required for fusion of viral and plasma membranes.

Because the shed form of ACE2 is catalytically active (Figs. 1-3)
and would counteract ACE-induced cellular signals, it is debatable
whether ACE2 shedding by itself is a key event leading to tissue
damage. Itis plausible that prolonged low-level expression of ACE2
is required for the up-regulation of ACE activity in tissue injury.
Although it is important to characterize the temporal changes in
ACE2 expression after shedding, the results of the present study
suggest that the cytoplasmic tail of ACE2 and a cellular response
triggered by the interaction between ACE2 and SARS-S are
candidate targets for anti-SARS-CoV therapeutics.

Materials and Methods

Cell Culture and Chemicals. Vero E6, HEK293T, and Huh-7 cells were obtained
from the Riken BRC Cell Bank. These cells and NIH 373 cells were maintained in
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Dulbecco’s modified Eagle’s medium supplemented with 10% FCS. tace-K0O cells
(16) were provided by R. A. Black (Amgen) and maintained in Ham's F-12 sup-
plemented with 2% FCS. Phorbol-12-myristate-13-acetate (PMA) (Sigma) was
used as a positive control for ACE2 shedding.

Plasmid Construction. Plasmids encoding full-length hACE2 (4) and residues
12-672(27) of SARS-S were provided by H. Choe (Harvard Medical School, Boston,
MA). Plasmid DNAs encoding the ACE2 mutants or part of SARS-S were con-
structed by using PCR-based techniques. Each mutant was confirmed by
swquencing.

Preparation and Infection of SARS-S and NL63-5. Pseudotyped lentiviruses were
prepared as described in ref, 28. HEK293T cells were cotransfected with HIV-1-
based lentiviral DNA and plasmids encoding full-length SARS-S (G. J. Nabel,
National Institutes of Health, Bethesda, MA) (26), NL&3-S (S. Pahimann, Friedrich
Alexander U y of Erlangen-N berg, Erlangen, Germany) (8, 9), or
VSV-G (29). p24 of gag protein was measured by using a Retro-Tek HIV-1 p24
ELISA Kit (ZeptoMetrix) in accordance with the manufacturer’s instructions.
ACEZ-expressing HEK 2937 cells were infected with 100 ng/mi p24 in SARS-S. After
4 h (before integration of the lentiviral DNA into the host genome) (C. N.-M.,
unpublished data), the cells were treated with trypsin-EDTA to degrade all
unincorporated virus,

siRNA and Protein Analyses. siRNAs against ACE2, ADAM10, and TACE were
purchased from Ambion and transfected by wsing Oligofectamine Reagent (In-
vitrogen) in accordance with the manufacturer's instructions. The sequences are
summarized In Fig. §7. The cells were assayed 48 h after transfection.

Moneconal antibodies against the ACE2 ectedomain (R&D Systems) and
polydeonal antibodies against the cytoplasmic tail of TACE (Chemicon), ADAMS
(5anta Cruz Biotechnology). ADAM10 (Chemicon), and g-tubulin (loading con-
trol) (NeoMarker) were used for Wmm blot analysis. Rabbit polydonal anti-
bedies against the ACE2 cytopl in were produced by MBL Corp. To
examine ACE2 shedding, cells were treated with SARS-S, and the culture super-
natants were precipitated with trichloroacetic acid (TCA). As a control, 10 ug of
ovalbumin (OVA) was added to each sample and the recovered precipitates were
probed with anti-OVA antibodies (Chemicon).

Real-Time PCR Analysis of SARS-CoV mRNA Expression. HEK293T cells or Huh-7
cells in 24-well plates were infected with SARS-CoV FFM-1 strain at an MOl of 1.
Four hours after infection, total RNA was purified by ISOGEN (NIPPONGENE), For
quantification of SARS-CoV RNA, real time RT-PCR was performed. As a loading
control for no lization, 185rik | RINA was o ified. Primers and probes

1. Kaiazek TG et 2/, (2003) A novel coronavirus associated with severs acute respiratory
syndrome. N Engl J Med 15:1953-1965.

Tipnis 5R, et al. (2000) A human h log of angi i ing enzyme. Cloning
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275:33238-33243.
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used in the analysis were summarized in Fig. 56. For all of quantification, a
one-step RT-PCR kit (Applied Biosysterns) was used and the fluorescence intensity
generated from the probe was detected by ABI-7700 sequence detector system
(Applied Biosystems).

ACE2 Activity Assay. The enzymatic activity of ACE2 was assayed by using 10 uM
?meMcwnaﬂn-WADAPK 2, Hinl‘uoptwml}-ok (R&D Systemns) as a flu-
orogenic FiL was itored at an excitation wavelength of
320 nm and an emission wavelength of 450 nm.

FACS Analysis. SARS-S was expressed as a chimeric protein with IgG-Fe using
pAB61 (5. Pahimann). 293F5 cells (Invitrogen) were used for protein expression.
The recombinant protein was purified by using G-agarose beads (GE Healthcare).
Cells expressing WT-ACE2 or ATMC-ACE2 were incubated with the Fe-SARS-S
protein, and the bound SARS-S was detected by using FITC-labeled a-IgG.

Solid-Phase Assay to Detect the Binding of SARS-S and ACEZ Recombinant
SARS-S and glyceraldehyde dehydrogenase (GAPDH) were expressed and puri-
fied by using a pET vector system (Novagen), ACE2 was partially purified from the
supernatants of cultured ACE2-expressing 293FS cells by DEAE column chroma-
tography. ELISA plates (Nunc) were coated with viral mutants, and protein and
ACE2 was reacted. After incubation o-ACE2 labeled with Alexa Fluor 555 (Mo-
lecular Probes), the bound ACE2 was detected by measuring the fluorescence,
using Safire 2 (Tecan).

TNF-o Production Assay. TNF-o production was measured by using a human
TNF-a ELISA Kit (R&D Systems) in accordance with the manufacturer's
instructions.

Statistical Analysis. Statistical significance was evaluated by using Student's t

test based on tripli ples unless otherwise stated.
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Abstract

Ezrin, radixin, and moesin (ERM) proteins supply functional linkage between integral membrane proteins and cytoskeleton in mammalian cells
to regulate membrane protein dynamisms and cytoskel rearrang . To assess patential role of the ERM proteins in HIV-1 lifecycle, we
examined il suppression of ERM function in human cells expressing HIV-1 infection receptors influences HIV-1 envelope (Env)-mediated HIV-1-
vector transduction and cell-cell fusion. Expression of an ezrin dominant negative mutant or knockdown of eznin. radixin, or moesin with SiRNA
uniformly decreased transduction titers of HIV-1 vectors having X4-tropic Env. In contrast, transduction titers of R5-tropic Env HIV-1 vectors
were decreased only by radixin knockdown: ezrin knockdown had no detectable effects and moesin knockdown rather increased transduction fiter.
Each of the ERM suppressions had no detectable effects on cell surface expression of CD4, CCRS, and CXCR4 or VSV-Env-mediated HIV-1
vector transductions, Finally, the individual knockdown of ERM mRNAs uniformly decreased efficiency of cell-cell fusion mediated by X4- or
R5-tropic Env and HIV-] infection receptors, These results suggest that (i) the ERM proteins function as positive regulators of infection by X4-
tropic HIV-1, (ii) moesin additionally functions as a negative regulator of RS5-tropic HIV-1 virus infection at the early step(s) after the membrane
fusion, and (iii) receptor protein dynamisms are regulated differently in R3- and X4-tropic HIV-] infections.

© 2008 Elsevier Inc. All nghts reserved.

Kevwords: HIV-1; Ezrin; Radixin; Moesin

Introduction with CD4 triggers the formation and exposure of the co-
receptor binding domain. The binding of SU subunit to the co-
receptor molecule activates the membrane fusion capability of
the viral TM subunit required for the HIV-1 entry into host
cells,

After the HIV-1 Env protein binds to host cells, the HIV-1

infection receptors are clustered (Jolly and Sattentau, 2005;

Human immunodeficiency virus type | (HIV-1) enters into
host cells by fusion between viral envelope and host cell
membrane following the binding of HIV-1 envelope glyco-
protein (Env) to the cell surface receptors, CD4 and co-
receptor (CXCR4 or CCR5). The HIV-1 Env glycoprotein is

synthesized as a precursor polyprotein, and cleaved to surface
(SU) and transmembrane (TM) subunits by a cellular protease.
The conformational change of SU subunit by its interaction
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Nguyen et al., 2005; Viard et al., 2002). The receptor clustering
requires cytoskeletal functions (lyengar et al., 1998; Jolly et al.,
2004; Kizhatil and Albritton, 1997; Lehmann et al., 2005;
Pontow et al., 2004; Steffens and Hope, 2003). This results in
multiple interactions between the viral Env proteins and the host
receptor molecules on the interacting site between host cell and
virion (Jimenez-Baranda et al., 2007; Plau et al. 1998).
Although accumulating evidence indicates that the cytoskele-
ton-dependent clustering of infection receptors are essential for



¥ Kubo et al

efficient membrane fusion and subsequent entry of HIV-1 into
the target cells, there 15 no evidence that the receptor proteins,
CD4, CXCR4, and CCRS, directly bind to the cytoskeleton.
This suggests that some linker molecules between the receptor
and cytoskeleton is involved in the HIV-1 entry.

Ezrin, radixin, and moesin are the cytosolic proteins called
ERM family that supplies functional linkage between integral
membrane proteins and cytoskeleton (Algrain et al., 1993; Fievet
et al., 2006; Tsukita et al., 1997). They are highly homologous
cach other, sharing about 70-80% amino acid identity. The ERM
plays key roles in cell morphogenesis and communication via
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regulating membrane protein dynamisms and cytoskeleton
rearrangement (Tsukita et al., 1997). The ERM, particularly
ezrin, is imponant for reconstructing cell-surface architecture
during T cell activation (Das et al , 2002; Faure et al., 2004; Gupta
et al., 2006; Roumier et al., 2001). Despite the general similarity
in structure and function, individual function of the three proteins
appears to be specialized (Doi et al., 1999; Kikuchi et al., 2002;
Saotome et al., 2004; Takeuchi et al., 1994), Ezrin is crucial for
formation of local architecture, called immunological synapse, at
the contact site of antigen-presenting and T cells (Gupta et al.,
2006; Roumier et al., 2001 ). Dephosphorylation and relocation of
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Fig. 1. Effect of ezrin dominant negative mutant on vector transduction. Panel A. Cell lysates prepared from cells expressing the VSV-G epitope-tagged ezrin dominant
negative mutant (EZ-N) were subjected to Western immunoblotting using the anti-VSV-G epitope antibody. Molecular size markers are indicated in left side of the
panel. Panel B, Transduction titers of the HIV-1 vector having VSV-G (open bar) or NDK HIV-1 Env (closed bar) protein were measured in the control and EZ-N-
expressing cells. Relative values to the titer in the control cells are shown, Three independent expenments were perfonmed. Error bars indicate standard deviations.
Panel C. Cell surface expression of C4 and CXCR4 in the control and the EZ-N-expressing cells was analysed by FACS, Closed areas indicate cells stained without
the first antibody. Open arcas indicate cells stained with the anti-CD4 or anti-CXCR4 antibody
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eznn tnigger transient uncoupling of lipid rafts or plasma mem-
brane from the actin cytoskeleton, which presumably increases
lipid raft dynamics and T cell receptor clustering (Gupta et al.,
2006). The immunological synapse contains CD4 and CXCR4
(Roumier et al., 2001), the HIV-1 infection receptors, and its
formation requires cytoskeleton rearrangement ( Das et al., 2002).
In addition, the HIV-1 receptors have been reported to co-localize
with ezrin (Steffens and Hope, 2003).

In this study, we examined potential roles of the ERM proteins
in the HIV-1 infection. We prepared HIV-1-susceptible human
cells in which function or expression of the ERM family proteins
were suppressed by either ezrin dominant negative mutant
(Algrain et al., 1993) or by RNA interference technique (Rana,
2007). Suppression of individual ERM in the target cells yielded
distinct effects on HIV-1 vector transductions mediated by the
X4- and R5-tropic Env proteins, The ERM suppressions
uniformly inhibited cell-cell fusion mediated by the X4- and
R3-tropic envelope proteins, Our findings provide for the first
time the evidence that the ERM family proteins function as
pleiotropic regulators of HIV-1 infection.

Results

Ezrin dominant negative mutant inhibits X4-tropic HIV-I vector
infection

The N-terminal and C-terminal domains of ezrin bind mem-
brane proteins and cytoskeleton, respectively (Tsukita et al.,
1997). Expression of an ezrin N-terminal domain has been
reported to interfere with the endogenous ezrin function as a
dominant negative mutant (Algrain et al., 1993; Roumier et al.,
2001). To examine if the ezrin influences HIV-1 infection, we
prepared human cells expressing the ezrin dominant negative
mutant (EZ-N) that is C-terminally tagged with the VSV-G

Virology 375 (2005) 130140

epitope (Algrain et al., 1993). A murine leukemia virus (MLV)
vector carrying the EZ-N was inoculated into 293T and TE671
cells expressing CD4 (293T/CD4 and TE671/CD4), and the
cells were selected by puromycin. Because the MLV vector
genome contained both of the EZ-N and puromycin-resistant
genes, it was thought that almost all of the puromycin-resistant
cells expressed the EZ-N protein. Western immunoblotting
using the anti-VSV-G epitope antibody indicates that the
puromycin-resistant cell pools expressed the VSV-G-tagged
EZ-N protein as the predicted size (Fig. 1A).

The parental TE671/CD4 and 293T/CD4 cells were suscep-
tible to HIV-1 vector having the X4-tropic NDK HIV-1 Eny
protein, because the cells endogenously express CXCR4. Trans-
duction titers of the HIV-1 NDK Env vector in TE&71/CD4
and 293T/CD4 cells expressing the EZ-N were constantly
decreased (Fig. 1B). Such reduction in virus titer was observed
when HIV-1 vector having Env protein of a CD4-independent
X4-tropic virus strain, mNDK (Dumonceaux et al., 1998), was
used as a transduction source (data not shown). In contrast, the
EZ-N expression had little effects on the infection of HIV-I1
vector having VSV-G protein. Expression of the EZ-N had liule
effects on cell surface expression of the HIV-1 receptors, CD4
and CXCR4, as monitored by FACS analysis (Fig. 1C). These
results suggest that ezrin functions as a positive regulator of
HIV-1 infection mediated by the X4-tropic HIV-1 Env but not by
the VSV-Env.

To assess whether the EZ-N affects R3-tropic HIV-1 vector
ransduction, transduction titers of the HIV-1 vector having the
R5-tropic JRFL HIV-1 Env protein were measured in target cells
transiently transfected with the VSV-G-tagged wild type ezrin
(EZ-Wt) or the EZ-N expression plasmid. TE671 cells
expressing CD4 and CCRS (TE671/CD4/R5) were used as the
target cells, The EZ-N reduced transduction titer of the X4-tropic
NDK HIV-1 vector in the TE6TI/CD4/R5 cells (Fig. 2A)
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Fig. 2. Effect of ezrin dominant negative mutant on RS-tropic HIV-1 vector transduction, Panel A, Transduction titers of the HIV-1 vector having the X4-tropic NDK (open
bar) or RS-tropic JRFL (closed bar) Env protein were measured in TE6T/CD4/R S cells transiently transfected with the wild type ezrin (EZ-Wt) or ezrin dominant negative
mutant (EZ-N) expression plasmid. Relative titers to that in the EZ-Wi-trans fected cells were indicated. This experiment was repeated three omes. and error bars indicate
standard deviatons, Panel B, Western inumunoblotting of the transfected cells was perforned using the anti-VSV-G epitope antibody. The EZ-Wt and EZ-N proteins are

estimated by their molecular sizes, and are shown by armows




