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Abstract

Transcriptional activation of gene expression directed by the long terminal repeat (LTR) of HIV-1 requires
both the transactivation response element (TAR) and Tat protein. HIV-1 mutants lacking a functional tat gene are
not able to proliferate. Here we take a genetic approach to suppress HIV-1 replication based on Tat-dependent
production of MazF, an ACA-specific endoribonuclease (nRNA interferase) from Escherichia coli. When induced,
MazF is known to cause Bak- and NBK-dependent apoptotic cell death in mammalian cells. We first constructed
a retroviral vector, in which the mazF (ACA-less) gene was inserted under the control of the HIV-1 LTR, which
was then transduced into CD4-+ T-lymphoid CEM-SS cells in such a way that, upon HIV-1 infection, the mazF
gene is induced to destroy the infecting HIV-1 mRNA, preventing HIV-1 replication. Indeed, when the trans-
duced cells were infected with HIV-1 IIIB, the viral replication was effectively inhibited, as HIV-1 IlIIB p24 could
not be detected in the culture medium. Consistently, not only cell growth but also the CD4 level was not affected
by the infection. These resulis suggest that the HIV-1-LTR-regulated mazF gene was effectively induced upon
HIV-1 IIIB infection, which is sufficient enough to destroy the viral mRNA from the infected HIV-1 IIIB to
completely block viral proliferation in the cells, but not to affect normal cell growth. These results indicate that
the T cells transduced with the HIV-1-LTR-regulated mazF gene acquire HIV-1 resistance, providing an in-
triguing potential for the use of the HIV-1-LTR-regulated mazF gene in anti-HIV gene therapy.

Introduction regulation (Zhu et al., 2009), and obligatory programmed cell
death (Nariya and Inouye, 2008). Induction of E. coli MazF
NASE-BASED STRATEGIES for anti-human immunodefi- mRNA interferase in mammalian cells has been demonstrated
ciency virus (HIV) gene therapy may be superior to RNA-  to effectively induce Bak- and NBK-dependent apoptotic cell
based (antisense, ribozyme, or siRNAs) strategies, because the  death (Shimazu ef al., 2007), indicating that MazF mRNA in-
former strategies evade the effects of frequent resistant mu- terferase may be a new and effective tool for gene therapy.
tations in HIV-1. MazF is a unique sequence-specific en- In the HIV-1 life cycle immediately after HIV-1 infection,
doribonuclease, or mRNA interferase, encoded by the Tat (transactivator of transcription), an early regulatory
Escherichia coli genome (Zhang et al., 2003). It cleavesmRINA at  protein encoded by the HIV-1 genome, is produced, which
ACA-specific sequences and effectively inhibits protein syn-  subsequently binds to the TAR (transactivation response)
thesis. To date, a number of MazF homologues have been sequence to induce the transcription of the HIV-1 genome
found in various bacteria. These homologues have a wide leading to the expression of other HIV-1 proteins (Berkhout
range of sequence specificities and cleave three- to five-nu- et al., 1989). Therefore, for prevention of HIV-1 infection, it
cleotide RNA sequences in transcripts that play diverse roles would be a best strategy to preferentially destroy the HIV-1
in bacterial physiology (Zhu et al., 2006, Yamaguchi and In-  transcript upon HIV-1 infection. For this purpose, we con-
ouye, 2009), including cell-growth regulation, specific gene structed a Tat-dependent MazF expression system in a
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retroviral vector, in which the mazF gene was fused down-
stream of the TAR sequence. As the E. coli mazF open-reading
frame contains nine ACA sequences, all of them were en-
gineered to MazF-uncleavable sequences without changing
the amino acid sequence of MazF. This vector was then
transduced into T cells so that MazF production is expected
to be induced upon HIV-1 infection. Note that Tat protein
produced upon HIV-1 infection induces not only the tran-
scription of infected HIV-1, but also the transcription of the
HIV-1 long terminal repeat (LTR)-regulated mazF (ACA-less)
gene integrated into the genome of the T cells. In the present
article, CD4+ T lymphoid line CEM-SS cells were used as T
cells, which were transduced with the retroviral vector con-
taining the Tat-inducible mazF (ACA-less) gene under the
HIV-1-LTR promoter. When the transduced cells were in-
fected with HIV-1 IIIB, the replication of the infected virus
was effectively inhibited without affecting cell growth. No-
tably, the CD4 level after HIV-1 IIIB infection was not
affected either. These results suggest that the HIV-1-LTR-
regulated mazF (ACA-less) gene was effectively induced
upon HIV-1 IIIB infection, which is sufficient enough to de-
stroy the viral mRNA from the infected HIV-1 IIIB to com-
pletely block viral proliferation in the cells. However, the
level of MazF induced is not enough to cause any serious
cellular damage, thus maintaining normal cell growth and
the CD4 level. These results suggest an intriguing potential
for the use of the HIV-1-LTR-regulated mazF (ACA-less) gene
in anti-HIV gene therapy.

Materials and Methods
Cell lines

293T (ATCC no. CRL-11268) cells were cultured in Dul-
becco’s modified Eagle medium (DMEM; Sigma-Aldrich,
Steinheim, Germany) supplemented with 10% (v/v) fetal
bovine serum (FBS; Invitrogen, Carlsbad, CA). CEM-SS cells
(Kim et al, 1989) were cultured in RPMI-1640 (Sigma-
Aldrich) containing 10% (v/v) FBS (Invitrogen). The doubling
time of the cells for each culture condition was calculated by
linear regression analysis using Microsoft Excel software
(Microsoft, Seattle, WA).

Retroviral vectors

The self-inactivating retroviral vector pMTD3 was con-
structed by deleting a segment consisting of 267 nucleotides
from the 3'LTR U3 region of pMT (Lee ef al., 2004). An ACA-
less mazF gene was synthesized by engineering all nine ACA
sequences in the original E. coli mazF gene to MazF-
uncleavable sequences without changing the amino acid se-
quence of MazF. The HIV-LTR fragment was obtained from
pQBI-LTRgagGFP (Quantum Biotechnologies Inc., Montreal,
QC, Canada). To minimize the HIV-LTR sequence, U3-TAR
fragments were obtained by PCR. The ACA-less mazF gene
was inserted downstream of U3-TAR to obtain the final self-
inactivating retroviral vector plasmid, pMTD3-U3TAR-
MazF. As a control, the green fluorescent protein (GFP) gene
was inserted into the vector to obtain pMTD3-U3TAR-GFP.

To mimic HIV replication, two kinds of retroviral vectors
that express the HIV-1 Tat protein were constructed as
follows: (1) Constitutitve Tat expression system from
MLV-LTR. The HIV-1 tat gene was synthesized and inserted

CHONO ET AL.

at the multiple-cloning site of pMT. To easily monitor the
gene expression in transduced cells, an internal ribosome
eniry site (IRES) and a coding region for a fluorescent pro-
tein, ZsGreen, were fused downstream of the tat gene. Thus,
the resulting plasmid, pM-LTR-Tat-ZG, expresses Tat as well
as ZsGreen from MLV-LTR. (2) Tat expression system from
the HIV-1 LTR. The HIV-LTR-tat-poly A cassette was inserted
in the opposite direction of pMT, and the ZsGreen marker
gene was expressed from a phosphoglycerate kinase (PGK)
promoter in the normal orientation of pMT. The resulting
vector plasmid was designated as pH-LTR-Tat-ZG.

To enhance the viral titer for efficient mazF gene trans-
duction, the HIV-LTR-MazF-polyA cassette was introduced
in the opposite direction of the MOMLV-LTR at the multi-
cloning site of pMT plasmid (Lee et al., 2004). A truncated
form of the human low-affinity nerve growth factor gene
(ALNGFR) (Verzeletti et al., 1998) was also introduced
into the retrovirus vector as a surface marker. The ALNGFR
gene is under the control of human PGK promoter. The re-
sultant vector plasmid was designated as pMT-MFR-PL2
(Fig. 1B).

Preparation of refroviral vectors

The self-inactivating retroviral vector was generated by
the transient transfection method as follows: The GALV-env
expression vector plasmid, pVM-GeR, was constructed by
replacing the amphotropic-env gene of pVM-AE (Yu et al.,
2003) with the gibbon ape leukemia virus envelope gene. The
GALV-env retroviral vector was produced by co-transfecting
293T cells with the retroviral gag-pol expression vector plas-
mid, pVM-GP (Yu et al, 2003), pVM-GeR, and the self-
inactivating retroviral vector plasmid. Two days after
transfection, viral supernatant was harvested by filtration of
the culture fluid from 293T cells with use of a 0.45-um filter.

GALV-enveloped retroviral Tat expression vectors and
MazF expression vector were also generated as follows: Eco-
tropic retroviral vectors were generated by the transient
transfection method using the packaging plasmids pGP (MLV-
gag-pol; Takara Bio, Otsu, Shiga, Japan) and pE-eco (ecotropic
env; Takara Bio) with the retroviral vector plasmid pM-LTR-
Tat-ZG, pH-LTR-Tat-ZG, or pMT-MFR-PL2. This was per-
formed with use of human embryonic kidney 293T-derived
G3T-hi cells (Takara Bio) by using the calcium phosphate co-
transfection method. The GALV-env retroviral vector was ob-
tained from PG13 packaging cells (ATCC no. CRL-10686) by
infection with the ecotropic retrovirus vector as prepared
above. After selection of the infected PG13 cells, the virus was
collected from the growth medium by filtration of the super-
natant with use of a low-protein binding filter (0.45 um).

Retroviral transduction into CEM-SS cells

CEM-SS cells were infected with self-inactivating ret-
roviral vectors in the presence of 8ug/ml Polybrene
(hexadimethrine bromide; Sigma-Aldrich). Polyclonal gene-
transduced cell populations were obtained by selecting the
cells with G418 (Invitrogen) at a concentration of 1mg/ml.

CEM-SS cells or CEM-5S cells transduced with MTD3-
U3TAR-MazF were infected with Tat expression retroviral
vectors M-LTR-Tat-ZG or H-LTR-Tat-ZG in the presence of
RetroNectin (Takara Bio) according to the manufacturer’s
protocol.
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FIG. 1. Construction of ret-
roviral vector under the con-
trol of HIV-LTR promoter. To
remove promoter activity of
the MoMLV LTR, the self-

Viral structure of HIV-1

inactivating retroviral vector
pMTD3 was constructed
based on pMT (Lee et al,
2004) by deleting a 276-bp
fragment from its 3'LTR U3 us
region. A synthetic ACA-less
mazF gene was then inserted
downstream of HIV-1 U3-
TAR resulting in the self-
inactivating retroviral vector,

HIVLTR

-MazF. As
pMTD3-U3TAR-MazF 2 | pMTD3-U3TAR-MazF

control, the GFP gene was
inserted in place of the mazF
gene, which resulted in
pMTD3-U3TAR-GFP. The self-
inactivating retroviral vectors
were generated using the
transient transfection method
with the packaging plasmids

pMTD3-USTAR-GFP

pMT-MFR-PL2
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MoMLV-gag-pol, GALV-env,

and the self-inactivating retroviral vector in 293T cells. The viral preparation was obtained 2 days after transfection by
filtering the culture supernatant. To improve the viral titer for efficient gene transduction over an initial vector, HIV-LTR-
MazF-polyA cassette was inserted in the opposite direction of the MOMLV-LTR at the multi-cloning site of pMT. A truncated
form of the human low-affinity nerve growth factor gene (ALNGEFR) (Verzeletti et al., 1998) was used as a surface marker. The
resultant vector plasmid was designated pMT-MFR-PL2. GALV-env retroviral vector was generated as described in Materials

and Methods.

Retroviral transduction into primary rhesus
macaque CD4+ T cells

Rhesus macaque CD4+- T cells were isolated from peripheral
blood mononuclear cells (PBMC) using anti-CD4 monoclo-
nal antibody-conjugated beads (Dynal CD4 Positive Isolation
Kit; Invitrogen). Prior to gene transduction, the isolated CD4+
T cells were activated for 3 days with a combination of anti-
monkey-CD3 clone FN-18 (BioSource, Camarillo, CA) and
anti-human-CD28 monoclonal antibody clone L293 (BD Bio-
sciences, Franklin Lakes, NJ)-conjugated beads at a cell-to-bead
ratio of 1:1 in GT-T503 (Takara Bio) supplemented with 10%
FBS and 2001U of interleukin-2 (Chiron, Emeryville, CA). On
day 3, activated CD4+ T cells were infected with the MazF
retroviral vector (MT-MFR-PL2) in the presence of RetroNectin
(Takara Bio) as per the manufacturer’s instructions. The
transduction was repeated again on day 4. The cells were
further incubated for another 3 days. The genetically modified
cells marked with the ALNGFR+ were concentrated with anti-
CD271 monoclonal antibody-conjugated beads (CD271
MicroBeads; Miltenyi Biotec, Bergisch Gladbach, Germany).
Aliquots of the mazF gene-modified cells (designated as MazF-
Tmac cells) were collected and cryopreserved until use. As a
control, the nontransduced CD4+ T cells were also prepared
using the same method as used above.

HIV infection

CEM-SS cells and CEM-SS cells transduced with MTD3-
U3TAR-MazF or MTD3-U3TAR-GFP were infected with
HIV-1 HIB at the different multiplicities of infection (MOIs)
of 0.07, 0.0007, and 0.00007. After infection, cells were wa-
shed with PBS and subsequently cultured in 10ml of RPMI

1640 containing 10% FBS. HIV-1 p24 levels in the culture
supernatant were calculated using the p24 ELISA kit
(PerkinElmer, Waltham, MA). Viable cell numbers were
measured using the trypan blue exclusion assay. The dou-
bling time of cells was calculated by logistic regression
analysis of each growth curve for the HIV-1 infection sets.

SHIV infection

The cryopreserved cells of the control CD4+ T and MazF-
Tmac cells were recovered in GT-T503 medium supplemented
with 10% FBS and 200U of interleukin-2 and reactivated with
anti-monkey-CD3 and anti-human-CD28 monoclonal anti-
body-conjugated beads at a cell-to-bead ratio of 5:1. After a 6-
day incubation, the cells were infected with simian/human
immunodeficiency virus (SHIV) 89.6P (Reimann ef al., 1996) at
the MOI of 0.01 and cultured for 6 more days. SHIV RNA levels
in the culture supernatant and intracellular RNAs were deter-
mined by using quantitative real-time PCR (Thermal Cycler
Dice Real Time System; Takara Bio Inc.) with a set of specific
primers designed in the SHIV gag region (Miyake ef al., 2006).

Flow cytometry

Flow cytometry was used for the analysis of surface CD4
expression and transduction efficiency. Endogenous expres-
sion levels of CD4 in CEM-SS cells and CEM-SS cells trans-
duced with MTD3-U3TAR-MazF were analyzed using
phycoerythrin (PE)-labeled anti-human CD4 antibody (Beck-
man Coulter, Fullerton, CA). Intracellular p24 levels were
analyzed using fluorescein isothiocyanate-labeled anti-p24
antibody (Beckman Coulter) after the cells were fixed and
permeabilized for flow cytometric analysis.
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Gene transfer efficiencies of the retroviral Tat expres-
sion vector into CEM-5S cells and CEM-5S cells transduced
with MTD3-U3TAR-MazF were analyzed by detecting the
ZsGreen marker fluorescence. Immediately before flow
cytometry, propidium iodide (PI) was added at the concen-
tration of 100ng/ml to stain dead cells. Samples were run
through a FACSCantoll flow cytometer (BD Biosciences),
and data were analyzed using the FACSDiva software (BD
Biosciences).

Genomic DNA analysis

Genomic DNA was extracted by phenol/chloroform ex-
traction from CEM-SS cells and CEM-SS cells transduced
with MTD3-U3TAR-MazF cells infected with HIV-1 IIIB at
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the MOI of 0.007. Two different regions of the HIV-1 gag
gene (246-467 and 905-1046) were amplified by PCR at 14
days after HIV-1 IIIB infection. As a positive control, geno-
mic DNA was amplified from H9 cells chronically infected
with HIV-1 HIB. Human mitochondrial DNA (mtDNA) was
amplified as a control for the PCR.

Co-culture with chronically infected cells

The CEM-S5S cell line chronically infected with HIV-1 [IIB
(CH-1) was mixed with CEM-SS cells or CEM-SS cells
transduced with MTD3-U3TAR-MazF. CH-1 cells were
mixed at different ratios of 10, 1, or 0.1%. After 6 and 14 days
of infection, intracellular p24 levels were analyzed by flow
cytometric analyses.
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FIG. 2. Analysis of MazF-transduced CEM-SS cells after HIV-1 infection. (A) CEM-SS cells transduced with either the mazF
gene or the GFP gene were infected with HIV-1 IIIB at an MOI of 0.07. After infection, the doubling time of the cells for each
culture condition was calculated using linear regression analysis using Microsoft Excel software. The square of the correlation
coefficient (R?) between culture day and log (cell number) values was observed to be >0.97. (B) HIV-1 p24 levels in the
culture supernatant were estimated using the p24 ELISA kit. Filled circles indicate p24 levels in the supernatant of CEM-SS
cells transduced with MTD3-U3TAR-MazF. Open circles indicate p24 levels in the supernatant of CEM-SS cells transduced
with MTD3-U3TAR-GFP. (C) Genomic DNA PCR analysis of CEM-SS cells and MazF-transduced CEM-SS cells infected with
HIV-1 IIIB at an MOI of 0.007. Two different regions of the HIV-1 gag gene (246467 and 905-1046) were amplified by PCR at
14 days after HIV-1 IIIB infection. As a positive control, the genomic DNA was amplified from H9 cells chronically infected
with HIV-1 [IIB. Human mtDNA was amplified as a control for the PCR reaction. (D) Intracellular p24 levels were analyzed
in the mixtures of CEM-55 cell lines chronically infected with HIV-1 HIB (CH-1) using CEM-SS cells or MazF-transduced
CEM-SS cells. CH-1 cells were mixed at different ratios of 10, 1, or 0.1%. After 6 and 14 days of infection, cells were stained
with an anti-HIV-1 p24 antibody and subjected to flow cytometric analysis.
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Results

We first constructed the retroviral vector system in which
the gene for MazF was inserted downstream of the HIV-1
TAR sequence (Fig. 1). As the E. coli mazF gene contains nine
ACA sequences in its open-reading frame, all of these ACA
sequences were first engineered to other MazF-uncleavable
sequences without altering the amino acid sequence of MazF
to make the mazF mRNA resistant to MazF. The resulting
self-inactivating retroviral vector (MTD3-U3TAR-MazF) was
used to transduce CD4+ T lymphoid CEM-SS cells to create
a system in which MazF induction in CEM-SS cells upon
infection with HIV-1 effectively suppressed HIV-1 replica-
tion without causing apoptosis of infected T cells. The MTD3
retroviral vector contained an intact 5 LTR and a mutated 3’
LTR that lacks most of the transcriptional elements present in
U3. Cells transduced with the resulting retroviral vector
contained the defective LTR at both ends (Yu ef al., 1986). The
self-inactivating retroviral vector was transiently produced
and subsequently transduced into the human T lymphoid
line CEM-SS cells, which are highly susceptible to HIV in-
fection. Transduced cells were subjected to G418 selection to
obtain drug-resistant populations. A GFP-expressing retro-
viral vector under the control of HIV-LTR (MTD3-U3TAR-
GFP) was also used as a control.

The growth rate of CEM-5S cells transduced with MTD3-
U3TAR-MazF was comparable to that of the parental CEM-
S5 line (Fig. 2A), suggesting that MazF expression was
tightly controlled and did not inhibit cell growth. Further-
more, the CD4 levels of MTD3-U3TAR-MazF-transduced
CEM-SS cells were identical to those of the parental CEM-S5
cells (Fig. 3A).

To investigate the effects of HIV-1 infection, MazF-trans-
duced or GFP-transduced CEM-5S cells were infected with
HIV-1 IIB at different MOIs, specifically 0.07, 0.0007, and
0.00007 (Fig. 4). Levels of the HIV-1 p24 antigen in the culture
media were examined 16 days post infection. As shown in Fig.
4, in MazF-transduced CEM-SS cells, HIV-1 replication was
effectively suppressed. To more precisely investigate the an-
tiviral effects of MazF, viral production and cell growth were
measured every other day after HIV-1 IIIB infection at the MOI
of 0.07. As shown in Fig. 24, in the beginning of the culture
from day 0 to day 4, cell growth was similar among CEM-SS
cells, MazF-transduced CEM-SS cells, and GFP-transduced
CEM-SS cells, as well as uninfected CEM-SS cells. CEM-S5
cells harboring the mazF (ACA-less) gene grew at a normal
rate throughout the time course of HIV-1 IIB infection,
whereas both GFP-transduced CEM-SS cells and the parental
cell line showed aberrant growth rates due to HIV-1 infection
in late cultures after day 8 (Fig. 2A). Indeed, a high level of
p24 was detected in the GFP-transduced cell populations
during the course of infection (Fig. 2B). In the case of MazF-
transduced cells, however, levels of p24 were three orders of
magnitude lower than those of GFP-transduced cells
throughout the experiment (Fig. 2B). Notably, CD4 levels of
MazF-transduced cells infected with HIV-1 IIIB were largely
unaffected (Fig. 3B). Together with the fact that the HIV-1 IIIB
infected cells harboring the mazF gene grew normally (Fig.
2A), these results suggest that HIV-1 IIIB gene expression in
the HIV-1-LTR-regulated mazF (ACA-less)-transduced cells is
effectively inhibited by blocking HIV-1 replication with little
damage to cellular function.
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FIG. 3. CD4 levels in MazF-transduced cells. (A) En-
dogenous expression levels of CD4 were analyzed using PE-
labeled anti-human CD4 antibody following flow cytometric
analysis. (B) CEM-SS control cells and CEM-SS cells trans-
duced with MTD3-U3TAR-MazF were infected with HIV-1
B at an MOI of 0.007. After infection, the cells were
maintained for 5 weeks and CD4 expression levels were
analyzed using PE-labeled anti-human CD4 antibody fol-
lowing flow cytometric analysis.

Next, we examined if HIV-1 IIIB was integrated into the
genome of MazF-transduced CEM-55 cells upon HIV-1 in-
fection. Two different regions of the HIV-1 gag gene were
amplified by PCR using genomic DNA 14 days after HIV-1
HIB infection. As shown in Fig. 2C, both regions of the gag
gene were detected in the genome of MazF-transduced CEM-
SS cells, which were resistant to HIV-1 replication (lane 3).
Similarly, HIV-1 DNA was detected in the genomes of CEM-
SS cells (lane 2) and HI-IIIB cells (lane 4) (positive control H9
cells chronically infected with HIV-1 IIIB), whereas no bands
were detected in noninfected cells (lane 1). We also estab-
lished a CEM-SS cell line chronically infected with HIV-1 I1IB
(CH-1). When this cell line was mixed with CEM-SS cells or
MazF-transduced CEM-SS cells at a ratio of 10, 1, or 0.1%,
CEM-SS cells were gradually infected with HIV-1 produced
from CH-1 cells (Fig. 2D) and their cell growth was sup-
pressed. Alternatively, MazF-transduced CEM-SS cells
showed no growth inhibition (data not shown), indicating
that HIV-1 replication was suppressed in MazF-transduced
CEM-SS cells. As a result, the culture was eventually taken
over by normally growing MazF-transduced CEM-SS cells
over the slow-growing CH-1 cells. These data demonstrate
that MazF-transduced cells are resistant to HIV-1 IIIB infec-
tion by blocking HIV-1 IIIB replication.

To investigate the mazF gene expression and subsequent
effects more precisely, CEM-SS cells and CEM-SS cells
transduced with MTD3-U3TAR-MazF were infected with the
Tat-expressing retroviral vectors, M-LTR-Tat-ZG or H-LTR-
Tat-ZG (Fig. 5A). Induction of the mazF gene in CEM-SS cells
transduced with MTD3-U3TAR-MazF was monitored by
real-time PCR, and the relative ratios were compared with
mock infection (Fig. 5B). Infected cells were also subjected to
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flow cytometry, and both Tat-positive (ZsGreen-positive)
cells and dead cells (PI-positive) were monitored (Fig. 5B). As
shown in Fig. 5B, strong induction of mazF expression was
observed upon constitutive M-LTR-Tat-ZG vector transduc-
tion, and there was a significant decline in Tat-positive
(ZsGreen-positive) cell population. On the other hand, mazF
induction in HIV-LTR-driven Tat expression was lower, and
the influence on cell death was also less than by MLV-LTR-
driven Tat expression as observed in the Pl-positive popu-

lation. Although these experiments do not directly reflect
HIV-1 replication, these data support the hypothesis that
only low levels of MazF are expressed upon HIV-1 infection
and MazF-positive cells can survive with HIV-1 provirus.
As the SIN-based retroviral vector contains the mazF gene
in the normal orientation, the mazF gene is expressed from
viral mRNA, resulting in the degradation of the viral RNA
and thus significantly reducing the viral titer from this vec-
tor. On the other hand, when the MazF expression cassette is

Tat expression vector from MLLTR (M-LTR.Tat-ZG) B
9
L 4
[ mvur f— 7ar HiRES| zaGreen H mviTr | 8
7
Tat expression vector from HOLLTR (HALTR-Tat-ZG) 6
o
| mvue }L{pﬂ Tat hPGK > ZsGreon [ mLvLTR | B
pum— %‘
3
2 4
Analysis of 14
* MazF mRNA Induction
« Tatpositive populations 0 -
* Deed cell populations
B ML TR ] 5

FIG.5. Analysis of MazF induction upon Tat expression. (A) Outline of experimental procedure to analyze MazF induction
upon Tat expression. (B) MazF mRNA levels were analyzed in MTD3-U3TAR-MazF transduced CEM-SS cells after Tat-
expressing retroviral vector infection using real-time RT-PCR. The relative fold change is shown compared with that of mock
infections. Tat-positive (ZsGreen-positive) cell populations and dead (PI-positive) cell populations in MTD3-U3TAR-MazF-
transduced CEM-SS cells were analyzed by flow cytometry 2 days after different Tat retroviral vector transduction. The

relative ratio is shown compared with that of CEM-5S cells.
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inserted in the opposite direction from the retroviral genome,
the viral titer increased and the gene transfer efficiency was
improved more than 10 times (data not shown). To investi-
gate the antiviral effect of the TAR-mazF system in the
primary CD4+ T lymphocytes, the reversely orienting MT-
MFR-PL2 vector was introduced into rhesus macaque pri-
mary CD4+ T cells from two individual monkeys (#14 and
#15). The resulting mazF-containing cells were then infected
with SIV/HIV-1 chimeric virus SHIV 89.6P. As the SHIV
89.6P harbors HIV-1-derived env, rev, vpu, and tat genes, the
TAR-mazF system is expected to function when MazF-Tmac
cells are infected with SHIV 89.6P. Indeed, efficient sup-
pression of SHIV 89.6P replication was observed for both
primary cell lines, #14 and #15 (Fig. 6A).

To evaluate further how well the retroviral mazF system
is able to suppress viral RNA production, total cellular
RNAs were extracted from MazF-Tmac cells to estimate
quantitatively the amounts of SHIV RNA, as well as the
mRNAs for ribosomal protein L13a (RPL13a, XM_
001093017) and f-actin (NM_001033084), by real-time PCR.
The relative ratios were normalized by using 185 rRNA
(FJ436026), which is protected from MazF cleavage in ri-
bosomes (Shimazu ef 4l., 2007). We obtained similar results
in MazF-Tmac cells from both #14 and #15 primary cell
lines. Representative results from MazF-Tmac cells from #14
are shown in Fig. 6B, where one can see that SHIV RNA
was preferentially cleaved, whereas the cellular mRNAs
were not affected. These results clearly demonstrate that
MazF induction from the Tat system upon SHIV 89.6P in-
fection leads to severe defect in maintaining SHIV 89.6P
RNA but does not affect cellular mRNAs in SHIV-infected
CD4+ T cells.

Discussion

This study demonstrates the distinct feasibility of RNase-
based strategies for gene therapy. RNase-based strategies
may be preferred over RNA-based strategies for HIV ther-
apy, because RNases cleave HIV-RNA to cause permanent
damage to HIV RNA function. Additionally, as RNases
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function as an enzymatic catalyst, they are required only at
low concentrations in the cells to effectively block HIV pro-
liferation. In the present study, the gene for MazF, an ACA-
specific mRNA interferase, was engineered under the HIV-1
LTR promoter and inserted in the genome of the CD4+ T
lymphoid cells so that MazF is expected to be produced only
when the cells are infected with HIV-1 to produce the Tat
protein. We demonstrated that mazF-Tmac cells indeed ac-
quired resistance against SHIV replication, but cell growth
was not inhibited after SHIV infection (data not shown),
indicating that cellular mRNAs were not significantly af-
fected. Notably, MazF was also able to function against the
expression of SHIV proviral genome, because the production
of SHIV in the culture supernatant was dramatically re-
duced.

Acquisition of HIV-1 resistance, and more remarkably
the ability of MazF-transduced cells to suppress HIV-1
replication, may be explained as follows: Upon HIV-1 in-
fection, Tat expression is first induced from the HIV-1
proviral genome. Tat then triggers the transcription of the
mazF gene under the LTR promoter, as well as the full-
length HIV proviral genome. The resulting induction of
MazF expression leads to the cleavage of newly emerged
HIV-1 mRNAs so that Tat protein synthesis is no longer
sustainable. However, it is important to note that HIV-1
infection does not hamper cell growth and that the HIV-1
provirus genome is retained in the MazF-transduced cells.
Therefore, the cellular level of Tat appears to be maintained
at a very low level so that the level of MazF induction is
also kept very low enough to cleave HIV-1 mRNAs, but
not cellular mRNAs. Depending on the integration site
and proviral copy number, there might be some MazF-
transduced cells that were not resistant to HIV-1 replication.
However, these cells could not survive due to HIV-i-
induced cell death.

In mammals, virus infection is known to activate the
interferon response to induce RNaseL, which mediates
degradation of 285 and 18S ribosomal RNAs. This results in
inhibition of protein synthesis as part of the host antiviral
response (Silverman, 2003). An amphibian ribonuclease,

FIG. 6. Effect of MazF-

=

B s

induction into rhesus ma-
caque primary CD4+ T cells
on SHIV 89.6P replication.
(A) Rhesus macaque pri-
mary CD4 T cells from two

100

monkeys (#14 and #15) were
activated and transduced
with MT-MFR-PL2 vector.
The MazF-transduced cells
(MazF-Tmac cells) were re-
activated with CD3/28
beads followed by infection
with SHIV 89.6P. On days 3
and 6 post infection, culture
supernatants were collected
and evaluated for SHIV
RNA copy by using the
quantitative real-time PCR
method. (B) Total cellular
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RNAs exiracted from MazF-Tmac cells at 6 days post SHIV 89.6P infection were used to measure the amounts of SHIV RNA,
as well as cellular housekeeping mRNAs, by using the quantitative real-time PCR method.
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Onconase, is able to inhibit protein synthesis in mammalian
cells and has been used as a protein drug. When it was
added to the culture media of H9 cells persistently infected
with HIV-1, HIV-1 replication was inhibited without
blocking cell growth, as degradations of 18S and 28S rRNAs
and cellular mRNAs were prevented (Saxena et al., 1996).
MazF induction in mammalian cells has shown to cause
apoptotic cell death as a result of degradation of cellular
mRNAs (Shimazu et al., 2007). However, in the present
study, MazF expression induced by HIV-1 Tat appears to be
maintained at very low levels, just enough to cleave HIV-1
RNA but not cellular mRNAs, so that cells were able to
grow normally. MazF expression may be autoregulated in
the cell in such a way that when Tat-induced MazF elimi-
nates invading HIV-1 RNA, Tat expression from the HIV-1
provirus is simultaneously stopped, resulting in simultaneous
arrest of MazF production to recover normal cellular functions.

Targeting HIV RNA as a therapeutic strategy using an-
tisense RNA (Levine ef al., 2006), ribonucleases (Agarwal
et al., 2006), and RNA interference (RNAi) technology
(Morris and Rossi, 2004) has been attempted. However, the
use of antisense RNA and RNAi technology has not been
effective as an anti-HIV technology, as HIV can easily cir-
cumvent these RNA inhibitors by creating mutations at the
target sequence regions (Lee and Rossi, 2004). On the other
hand, the present strategy using MazF targets abundant
ACA sequences in HIV-1 RNA (>240), so that it is not
possible for HIV-1 to escape from MazF attack by muta-
tions. Furthermore, because MazF has no homology to any
mammalian ribonucleases, MazF mRNA interferase activity
cannot be inhibited by ribonuclease inhibitors existing in
mammalian cells.

In summary, the use of MazF appears to be a novel and
highly effective tool for anti-HIV gene therapy. It is effec-
tively able to suppress HIV-1 replication, preventing the
emergence of mutated HIV-1. Importantly, MazF induction
by invading HIV-1 shows little toxicity to host cells while it
efficiently suppresses HIV-1 replication. Specific inhibition
of HIV-1 replication by MazF without affecting cell growth
is the key feature of MazF-based HIV-1 gene therapy. This
may be the first step for RNase-based HIV-1 gene therapy
with efficacy in vitro. The feasibility of the MazF-based
ex vivo gene therapy may be verified using autologous
CD4-+ T lymphocytes from HIV-1 patients. To use our mazF
vector system for gene therapy, its safety has to be critically
evaluated and it should not have any negative impacts on
T-cell function. For example, it needs to be shown that there
is no alteration in the secretion of functionally important
cytokines even though it was observed that MazF expres-
sion in HIV-infected CD4+ T cells does not inhibit cell
growth. We are currently addressing this question.
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Periventricular Leucomalacia (PVL)-like Lesions in
Two Neonatal Cynomolgus Monkeys
- (Macaca fascicularis)
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I. Goto” and Y. Yasutomi’
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* Tsukuba Primate Research Center, National Institute of Biomedical Innovation, Hachimandai 1-1, Tsukuba-ski, Ibaraki
305-0843 and * Laboratory of Veterinary Pathology, Graduate School of Agricultural and Life Sciences, The University of
Tokyo, Yayoi 1-1-1, Bunkyo-ku, Tokyo 113-8657, Fapan

Summary

Periventricular leucomalacia {PVL} is a lesion of immature cerebral white matter that occurs in the perinatal
period. In man, PVL is the predominant form of brain injury and a cause of cerebral palsy and cognitive def-
icits in premature infants. PVL affects fetuses and newborns, particularly those who have undergone oxygen
deprivation as may occur in premature birth. Many clinical and pathological studies of PV'L have been per-
formed in man, but there is no clear definition of PVL in animals. A few spontaneous PV L-like cases in puppies
or experimental cases in other animal species have been reported. The present study reports the histopatholog-
ical and immunohistochemical features of PV'L-like lesions in two neonatal cynomolgus monkeys. In both
cases, there was cerebral white matter necrosis with marked infiltration of lipid-laden phagocytes and a reduc-
tion of neurons in the cerebral cortex. In case 1 there was extensive cavitation of the cerebral white matter. In
case 2 there was reactive astrocytosis associated with a decrease in oligodendroglial cells and a decrease in
cerebral white matter mvelin. To our knowledge, this is the first report of PVL-like leucoencephalomalacia
in non-human primates.

© 2010 Elsevier Ltd. All rights reserved.

Keywords: cynomolgus monkey; histopathology: immunohistochemistry: periventricular leucomalacia

Cerebral white matter injury in premature human in-
fants is a problem of major clinical importance. These
injuries take the form of multiple different lesions
including intraventricular haemorrhage, post-haemor-
rhagic hydrocephalus and periventricular leucomalacia
(PVL). PVL is the major form of cerebral white matter
injury that affects premature infants and is associated
with the subsequent development of cerebral palsy.
The characteristic lesion of PVL consists of focal periven-
tricular necrosis, with subsequent cyst formation and
more diffuse cerebral white matter injury (Khwaja and
Volpe, 2008). Although the pathogenesis of PVL
remains to be completely elucidated, it is likely that the
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necrosis of white matter relates to impaired perfusion re-
sulting from hypoxia—ischaemia {Khwaja and Volpe,
2008). An alternative hypothesis proposes that the le-
stons result from intrauterine infection with direct toxic
effects on fetal oligodendrocytes and astrocytes by cvto-
kines {Damman and Levinton, 1997}. Risk factors for
PVL include prematurity, asphyxia, respiratory distress,
septicaemia, chorioamnionitis, arterial hvpotension and
hypocarbia {Resch et al., 2004).

There is no clear definition of PVL in animals; how-
ever, animal models are necessary for understanding
the mechanism of PVL in man. Although a few spon-
taneous PVL-like cases have been described in
puppies {Rentmeister ef al., 2004) and several experi-
mental cases {Young et al., 1982; Levison et al., 2001;
Brazel et al., 2004} have been reported, no model

© 2010 Elsevier Ltd. All rights reserved.
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reliably replicates all aspects of human PVL. Non-
human primates have motor functions and cognitive
abilities similar to man and have therefore become
increasingly important as experimental models for
the study of human central nervous system {CNS)
disease. However, PVL-like disease has vet to be
described in non-human primates. Here, we report
two spontaneously arising cases of PVL-like lesions
in neonatal cynomolgus monkeys (Macaca fascicularis).

Case 1 was a neonatal female cynomolgus monkey
from the Tsukuba Primate Research Center {TPRC)
that was delivered by caesarean section at 163 davs of
gestation as the mother had difficulties in parturition
associated with profuse vaginal haemorrhage. The
neonate did not breathe for several minutes, but was
successfully resuscitated. The body weight of the mon-
key was 290 g and the animal was artificially nursed.
Three days later, paralysis of the limbs was observed
and the monkey became progressively debilitated
due to insufficient sucking of milk. Despite treatment
with subcutaneous infusion of 5% glucose solution
and emergency medical care, the monkey died natu-
rally 21 days after birth.

Case 2 was a neonatal male cynomolgus monkey
born in the TPRC 16 days prior to the expected date
of confinement. The mother rejected the neonate
and artificial nursing was conducted. Despite the pre-
term birth, the body weight of this monkey was 290 g
(the average weight of neonatal cynomolgus monkeys
in the TPRC is approximately 300—350 g). The next
day, paralysis of the limbs was observed and the mon-
key could not suck sufficient milk. Because this mon-
key had abnormal breath sounds 3 days after birth,
the veterinarian continued treatment with subcutane-
ous infusion of 5% glucose solution and antibiotics.
However, the monkey died naturally 7 dayvs after
birth.

Necropsy examination was performed in each case.
Tissues were fixed in 10% neutral buffered formalin,
processed routinely and embedded in paraffin wax.
Sections (3 pm) were stained with haematoxylin
and eosin (HE). For immunohistochemistry {IHC),
dewaxed sections were pretreated with HoOy 0.5%
in methanol and then subjected to antigen retrieval
by immersion in citric acid buffer (pH 6.0) and heat-
ing in an autoclave for 10 min at 121°C. Sections were
then incubated free floating in primary antibody solu-
tion overnight at 4°C. Primary antibodies were mouse
monoclonal antibodies specific for glial fibrillary
acidic protein (GFAP, clone LF2, Dako, Glostrup,
Denmark; 1 in 200 dilution), CD68 (clone KPI,
Dako; 1 in 100 dilution), vimentin (clone 3B4,
Dako; ! in 200 dilution}, neurofilament (NF, clone
2F11, Dako; 1 in 100 dilution) and active-caspase-3
(Cas3; Chemicon, Temecula, California; 1 in 100

dilution). Following brief washes with buffer, the sec-
tions were incubated sequentially with polymer
immunocomplex (Dako) for 30 min. Immunoreactive
elements were ‘visualized’ by treating the sections
with 3, 3'-diaminobenzidine tetroxide {Dojin Ka-
gaku, Kunamoto, Japan) followed by counterstaining
with haematoxylin.

For double immunolabelling, sections were dew-
axed and then stained with 1% Sudan black B to re-
duce autofluorescence. Following brief washes,
sections were incubated free floating overnight at
4°C in solutions containing mouse monoclonal anti-
body for myelin basic protein {MBP; Chemicon; 1
in 500 dilution) and rabbit polyclonal antibody spe-
cific for oligodendrocvtes {olig2; IBL, Takasaki,
Gunma, Japan; 1 in 500 dilution!. Sections were
then incubated with AlexaFluor 488-conjugated
goat anti-mouse IgG {Invitrogen, Carlsbad, Califor-
nia; | in 1,000 dilution} and AlexaFluor 355-conju-
gated goat ant-rabbit IgG (Invitrogen; 1 in 1,000
dilution} for 1 h at room temperature. The sections
were examined with a Digital Eclipse C1 confocal mi-
croscope {INikon, Kanagawa, Japan). Neonatal mon-
key brain sections {0-dav-old animals} were used as
normal controls.

Grossly, the neonatal monkeys were emaciated, de-
hvdrated and had pale mucous membranes. Both
limbs and the tail had a decreased range of motion
and atrophy of limb muscles was observed in each
case. Both tracheas were filled with mucus mixed
with milk. The lungs were oedematous and hyperae-
mic and there were several small white nodules
(2—3 mm diameter) in all pulmonary lobes in case
2. In case 1, an excessive quantity of cerebrospinal
fluid {CSF) had accumulated in the cranial cavity
and the volume of the cerebrum appeared reduced.
After formalin fixation, cross sections of the cerebrum
in case 1 revealed the presence of marked cavitation of
the white matter and atrophy of the cortical region
(Fig. 1A}, whereas multple foci of softening of the
white matter were found in cross sections of the cere-
brum in case 2 {Fig. 1B).

Microscopically, in case 1 areas of cavitation or foci
of liquefactive necrosis were widespread with loss of
all cellular elements from white matter to deep gray
matter, with many lipid-filled phagocvtes aggregated
within the necrotic foci (Fig. 2A). Residual cerebral
cortex showed marked reduction in the number of
neural cells. The lateral ventricle was enlarged, with
hyperaemia of the choroid plexus, and the ependymal
layers showed glial cell infiltration and partial exfoli-
ation. Glial cell infiltration, glial nodules and aggre-
gation of lipid-filled phagocytes with formation of
cholesterol clefts were found in the periventricular re-
gions of the lateral ventricle. However, the
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Fig. 1. (A} Cerebrum of a 21-day-old cynomolgus monkey {case 1}. Marked cavitation of the white matter and atrophy of the cortical
region arc present in the tempaoral lobe. (B} Cerebrum in a 7-day-old cynomolgus monkey {case 2). Multiple foci of white matter

softening are present in the temporal lobe.

periventricular regions and ependymal layers of the
third ventricle appeared to be largely normal, except
for a slight infiltration of glial cells. In case 2, the ce-
rebrum showed massive liquefactive necrosis, with in-
filtration of lipid-filled phagocytes bilaterally in the
temporal white matter and particularly in the peri-
ventricular areas of the lateral ventricle. Further-
more, there was diffuse reactive astrocytosis with
gemistocytes (Fig. 3A) in various white matter areas
and focally in the temporal deep gray matter. The
density of neuronal cells was significantly reduced in
the lesional sites. Periventricular areas of the third
ventricle and thalamus also showed a decrease in neu-
rons infiltration of lipid-filled phagocytes and astrocy-
tosis. Examination of the brainstem, cerebellum,
spinal cord and optic nerves did not reveal any abnor-
malities in either case.

In case 1, immunohistochemical labelling tor expres-
sion of GFAP revealed apparent proliferation of glial fi-
brils in the cerebral cortex around cavitations or foci of
liquefactive necrosis consistent with glial scar formation
(Fig. 2B). In case 2, gemistocytes in the cerebral white
matter displayed strong cytoplasmic immunoreactivity
for GFAP (Fig. 3A). Immature astrocytes with narrow

cytoplasm and long processes were immunolabelled for
GFAP and vimentin {Fig. 3B) in the cerebral cortex
and the cerebral white matter. Lipid-filled phagocytes
in necrotic foci displayed granular cytoplasmic immu-
noreactivity for CD68 in both cases (Fig. 2A). Neurons
displaying immunoreactivity for NF were significantly
reduced in number in each case. Both cases were nega-
tive for Cas3 expression, suggesting that the lesions were
a result of necrosis rather than apoptosis. Double im-
munohistochemical labelling with ant-MBP and
anti-olig2 was also performed. In normal neonatal
monkey brains, some oligodendroglial cells and
many myelin sheaths were observed in the white mat-
ter (Fig. 4). In contrast, the white matter in case 2
showed a marked decrease in oligodendroglial cells
and myelin sheaths (Fig. 4). The white matter in
case 1 was unlabelled due to loss of all cellular elements
within the areas of cavitation.

In case 1, the lung showed alveolar collapse with pro-
liferation of type II alveolar epithelial cells (AEC 1) and
infiltration of macrophages into the alveolar space. In
case 2, the lung showed severe diffuse pneumonia with
mnfiltration of neutrophils and macrophages into the al-
veolar space and exfoliation of the alveolar epithelium.
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Fig.2. Cercbrum ofa21i-day-old cynomolgus monkey {case 1}. {A) Thereis cavitation or foci of liquefactive necrosis with loss of all cellular
clements from white matter to deep gray matter, with aggregation of many lipid-filled phagocytes expressing CD68 in the necrotic
foci. IHC. Bar, 200 pm. (B} Therc is apparent proliferation of glial fibrils around these areas of cavitation or iquefactive necrosis.

THC. Bar, 200 um.

Some colonies of gram-positive bacteria with morphol-
ogy consistent with Staphylococcus were also observed
within the white nodules in the lungs. Additionally, gas-
tric contents, including milk, were found in the trachea of
both cases. Atrophy of femoral muscles was observed
with proliferation of stromal connective tissue in each
case, and this change was particularly severe in case 1.
The sciatic nerves of both monkeys appeared almost nor-
mal, but there was proliferation of surrounding perineu-
ral connective tissue.

Brain injury in the premature human infant consists
of multiple lesions, principally germinal intraventricu-
lar haemorrhage, post-haemorrhagic hydrocephalus
and PVL (Volpe, 2003). PVL refers to injury of the ce-
rebral white matter that occurs with characteristic dis-
tribution and consists of focal periventricular necrosis
with subsequent cyst formation {(cystic PVL) and
more diftuse cerebral white matter necrosis with subse-
quent glial scaring (non-cystic PVL). A third form of
cerebral white matter abnormality (the third form of
PVL) consists of diffuse astrogliosis without necrosis
{Khwaja and Volpe, 2008). PVL is the major form
of brain white matter injury that affects premature

human infants and is associated with subsequent devel-
opment of cerebral palsy, intellectual impairment and
visual disturbances. There is currently no specific ther-
apy for PVL (Pierson ¢t al., 2007). The diagnostic hall-
marks of PVL are periventricular echodensities or cysts
detected by cranial ultrasonography (Deng et al.,
2008). Two major factors appear to be involved in
the development of PVL. The first involves fetal or
neonatal hypoxia—ischaemia that can be a conse-
quence of reduced blood flow to the umbilicus, uterus
or placenta in the prenatal or perinatal period. Recent
studies suggest that a disturbance of circulation, such
as severe hypotension, or cardiogenic shock in preterm
infants, such as caused by severe perinatal asphyxia,
plays a decisive role in the formation of PVL-lesions
(Shankaran et al., 2006; Khwaja and Volpe, 2008).
Moreover, experimental studies in which hypoxia is
induced artificially have been also conducted in
animals for exploration of the pathophysiology of
PVL (Painter, 1995; Kohlhauser et al.. 2000).
Anatomically, early in development, the deep
penetrating arteries of the middle cerecbral artery
that supply the periventricular white matter lack the
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Fig. 3. Cerchrum of a 7-day-old cynomolgus monkey {casc 2}. (A) Large numbers of reactive astroeytes are present in the cercbral white
matter. The cvtoplasm of these cells labels for expression of GFAP, an astrocyte-specific marker. THC. Bar, 50 um. (B Premature
astrocytes are also present in the cerebral cortex. The narrow cytoplasm and long processes of these cells were immunolabelied for

expression of vimentin. IHC. Bar, 50 um.

vascular anastomoses that help maintain perfusion
during periods of hypotension {Takashima et al.,
1978; Rorke, 1992; Inage et af., 2000). Therefore, as
cerebral autoregulation begins to fail following
severe hypotension in neonatal infants, particularly
in preterm infants, blood flow is selectively impaired
and initially in  the white matter of the
periventricular region. Furthermore, there is recent
evidence that the brain of sick preterm infants often
shows impaired cerebrovascular autoregulation in
response to change in blood pressure (Soul et al.,
2007). This selective hypopertusion of cerebral white
matter during severe hypotension provides a mecha-
nistic explanation for the pathogenesis of PVL. Mean-
while, microglia are activated by the release of reactive
oxygen species {ROS) and reactive nitrogen species
(RNS), which may mediate cell death. The reactive
astrocytes in diffuse lesions could also contribute to
the formation of RNS. The release of ROS and RNS
by microglia seems likely to result in death of premye-
linating oligodendrocytes (pre-OLs) or prevent pre-
OLs from differentiating to mature myelin-producing
cells in the injured cercbral white matter (Volpe, 2003;
Khwaja and Volpe, 2008).

The second major factor contributing to the devel-
opment of PVL is thought to be maternal intrauterine
{or neonatal) infection and fetal {or neonatal) sys-
temic inflammation. Increasing numbers of studies
have implicated intrauterine infection in the genesis
of PVL. Recent investigations have shown that intra-
venous injection of the bacterial endotoxin lipopoly-
saccharide (LPS) can produce selective white matter
injury in the neonatal CNS (Painthia et al., 2008},
whereas induction of intrauterine infection can pro-
duce diffuse glial cell death and cavitation in fetal
white matter (Sherwin and Fern, 2005). The
secretion of proinflammatory cytokines such as inter-
leukin (IL)-1, IL-6, and tumor necrosis factor
{TNF)-a is known to be toxic to the developing fetal
brain (Damman and Levinton, 1997} and may lead
to astrogliosis affecting the maturation of myelin-
forming oligodendrocytes {Leviton and Gilles, 1996).

The gestation period of the cynomolgus monkey
averages 165 days in the TPRC. Case 1 was born on
day 163 of gestation and was thus of normal gesta-
tional age; however, this animal suffered from a period
of asphyxia duc to perinatal dystocia. Perinatal as-
phyxia results from oxygen deprivation that may
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Fig. 4. Cerebrum ofa 7-day-old cynomolgus monkey {case 2). Sections were double labelled with antibodies specific for MBP (green} and
olig2 {redj. There is reduction in cells expressing olig2 and almost no expression of MBP in the cerebral white matter. IHC. Bar,
10 pm. Inset: cerebrum of a normal 0-day-old cynomolgus monkey double labelled as above {control). Within the white matter,
oligodendroglial cells express olig2 and many myelin sheaths express MBP. THC. Bar, 10 um.

cause harm to the nconatal infant. The condition oc-
curs most commonly due to a drop in maternal blood
pressure or interference with blood flow to the brain of
the infant during delivery. This was likely to have
been the actiology of the lesions observed in the brain
- of case 1.

Case 2 was born 16 days before the expected date of
confinement. Although PVL may occurin term infants,
the injury is more common in premature infants, espe-
cially those born between 26 and 34 weeks of gestation
{Locatelli ez al., 2005}. The brain injury in preterm in-
fants is mainly due to the oxidative stress placed on the
neonate during delivery {Robles et al., 2001; Haynes
et al., 2005), the immaturity of the developing nervous
system, and the immaturity of the cerebrovascular
supply {Khwaja and Volpe, 2008). Robles et al.
{2001) investigated the concentration of hydroperox-
ides, which are measures of oxidative stress. These au-
thors demonstrated that full-term neonates had levels
of hydroperoxides that dropped sharply in the first
few hours following birth. However, in premature in-
fants the concentration of hydroperoxides remained
at near birth levels for as long as a weck and at

dangerously high levels for even longer. Therefore, pre-
term nconates are at risk of free-radical injury during
this period. In addition to these underlying factors,
hypoxia—ischaemia can lead to more free-radical pro-
duction, which can then damage the pre-Ols
{Yoshida-Shuto et al., 1992; Robles ¢t al., 2001). Thus,
case 2 was at risk ol a nervous system disorder and
was of especially high risk for developing PVL. A
genetic susceptibility to PVL has been proposed with
cytokine genes acting as risk modifiers (Baier, 2006,
but there was no familial association between the two
animals of the present report.

Case 1 had marked cavitation with loss of cellular
elements in the cerebral white matter. These changes
are similar to cystic PVL and the cavitations may be
formed by fusion of multiple cystic foci. Case 2 did not
show cavitation, despite the presence of diffuse necro-
sis of the cerebral white matter, astroghosis, decreased
oligodendroglial cells and marked dysmyelination.
These changes are similar to non-cystic PVL or the
third form of PVL, and dysmyelination must have
been caused by a decrease of myelin-producing oligo-
dendrocytes and disturbance of pre-OL maturation.
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The pathological differences between the two mon-
keys may also have been influenced by the duration
of ischaemia or other factors such as fetal age or the
length of survival. In general, it is said that microglial
reactivity is apparent within 24 h, peaks at 7 days and
remains present for weeks following the ischaemia.
Phenotypic changes in resident astrocytes occur at
24 h, and these cells proliferate between 48 h and 7
days after ischaemia. Over the ensuing weeks and
months, astrocytes increase in number and in fibril-
lary appearance, eventually resulting in a glial scar
or cavitation (Cervés-Navarro and Lafuente, 1991;
Williams et al., 2007). Case 1| had widespread
cavitation and severe glial scarring, while case 2
showed neuronal decrease, infiltration of lipid-filled
phagocytes and astrocytosis in the cerebral white
matter and the thalamus. The thalamus is
commonly affected in premature infants with PVL
(Volpe, 2009), therefore the thalamic lesion in case
2 may have been linked to preterm birth. Further-
more, in each case the femoral muscles showed appar-
ent neurogenic atrophy, likely secondarv 1o
dysfunction of the cerebral white matter.

Both monkeys had diffuse pulmonary lesions. In
case 1, alveolar collapse was observed with prolifera-
tion of AEC II. This may have been caused by artifi-
cial ventlation and inhalation of highly concentrated
oxygen administered as part of the medical care of the
animal. Hyperoxia or hypocarbia results in the death
of AEC I and subsequent proliferation of AEC II that
differentiate to AEC I to replace the injured or dead
AECs during the recovery stages (Takemura and
Akamatsu, 1987). Case 2 showed severe purulent al-
veolar pneumonia with bacterial infection. This bac-
terial pneumonia may have been due to compromise
of the immune system or decreased strength in this
premature infant. Both tracheas were filled with
a mixture of milk and mucus, suggesting that the an-
imals may have terminally aspirated gastric contents.

Criteria for PVL in animals have not been defined,
but the clinical and pathological features of our cases
were very similar to those of PVL in man. TPRC has
alarge-scale breeding colony of experimental cvnomol-
gus monkeys, with about 200 births each vear. How-
ever, these are the first cases experienced in the
TPRC and the first from any primate centre. Future
cases should also be subject to ultrasonographic or mag-
netic resonance imaging investigation. Brain injury in
premature infants has an enormous importance to pub-
lic health because of the large number of such infants
who survive with serious neurodevelopmental disabil-
ity, including major cognitive deficits and motor
disability. Because man and monkeys are very similar
in anatomy, motor function and cognitive ability, mon-
keys are favoured as non-human primate models for the

study of post-injury changes in the CNS. These sponta-
neously arising cases in non-human primates will con-
tribute greatly to understanding the pathophysiology
of PVL and to the development of an effective therapy
for PVL or cerebral palsy.
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Abstract CD16 is a major molecule expressed on NK
cells. To directly assess the role of natural killer (NK) cells
in dengue virus (DENV) infection in vivo, CD16 antibody-
treated tamarins were inoculated with a DENV-2 strain.
This resulted in the transient depletion of CD16% NK cells,
whereas no significant effects on the overall levels or
kinetics of plasma viral loads and antiviral antibodies were
observed in the treated monkeys when compared to control
monkeys. It remains elusive whether the CD16™ NK sub-
population could play an important role in the control of
primary DENV infection.
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DENV is one of the most serious mosquito-borne virus
affecting humans, with 2.5 billion people at risk in tropical
and subtropical regions around the world each year [12]. A
wide variety of clinical manifestations have been noted,
which range from asymptomatic, mild febrile illness
(dengue fever [DF]) to dengue hemorrhagic fever (DHF)/
dengue shock syndrome (DSS), a life-threatening illness. It
has been shown that humans with a secondary heterologous
DENV infection are at a higher risk of contracting severe
dengue disease [10, 26]. DHF/DSS occurs in infants during
primary DENV infection, predominantly in the second half
of the first year of life, when maternal antibodies have low
residual neutralizing activity [11, 17].

NK cells are a component of the innate immune system
that plays a central role in host defense against viral
infection and tumor cells. It has been shown that infection
by some viruses, such as herpes simplex virus-1, influenza
virus or ectromelia poxvirus, can be controlled by NK cells
in mice [15]. Yet the most compelling evidence for a role
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of NK cells in early defense against viruses was obtained
in a study showing increased susceptibility to murine
cytomegalovirus (MCMYV) after NK cell depletion and
increased resistance after adoptive transfer of NK cells [23].
Defects in NK cell activity, such as decreased production of
interferon (IFN)-y or cytotoxicity, render mice more sus-
ceptible to MCMYV infection [23]. NK cells can kill virus-
infected cells by using cytotoxic granules or by recognizing
and inducing lysis of antibody-coated target cells (antibody-
dependent cell cytotoxicity) via an Fc-binding receptor such
as CD16 [21].

Early activity of NK cells may be important for clearing
primary DENV infection [24]. In a DENV mouse model,
mice experimentally infected with DENV showed
increased NK cell levels [24]. A significant increase in the
frequency of NK cell circulation was also shown in patients
who developed an acute dengue disease [2]. In addition,
patients with a mild dengue disease have elevated NK cell
rates when compared to those with severe dengue diseases
[9, 27]. Moreover, Kurane ef al. [14] reported that human
blood NK cells are cytotoxic against DENV-infected cells
in target organs via direct cytolysis and antibody-depen-
dent cell-mediated cytotoxicity. It was also shown that the
intracellular cytotoxic granule, TIA-1, was up-regulated
early in NK cells in the acute phase of DENV infection and
that NK-activating receptor NKp44 was involved in virus-
mediated NK activation through direct interaction with
DENYV envelope protein [2, 13]. These results suggest that
the early activation of NK cells contributes to the preven-
tion of the severe dengue disease. However, based on
quantitative and functional analyses in animal models in
vivo, defining the contribution of NK cells to suppression
of DENYV replication in vivo has been necessary.

We have recently reported that common marmosets
(Callithrix jacchus) are highly permissive to DENV
infection [22]. These New World monkeys, being nonhu-
man primates, are considered to have an immune system
similar to that of humans [28, 29]. The present study was
initiated to investigate the role of NK cells in controlling
DENV during primary infection in our nonhuman primate
model.

The animals were cared for in accordance with National
Institute of Biomedical Innovation rules and guidelines for
experimental animal welfare, and all protocols were
approved by our Institutional Animal Study Committee.
Eight tamarins (Saguinus midas and Saguinus labiatus)
were used in this study. As marmosets and tamarins are
closely related monkey species and are classified as
members of the Callitrichinae, we expected that tamarins
would also be permissive to DENV infection, like mar-
mosets. To check the permissiveness of tamarins to DENV,
2 tamarins were infected with DENV-2 (DHF0663 strain:
6.7x10” PFU/ml) subcutaneously or intravenously (Fig. 1).
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Fig. 1 Levels of vRNA in DENV-infected tamarins. Tamarins were
infected subcutaneously or intravenously with DENV at a dose of
6.7x107 PFU/ml. The vVRNAs were detected in plasma by real-time
PCR. Tm03-011, subcutaneous infection; Tm06-017, intravenous
infection

Dengue viral RNA (vVRNA), which was quantified using
real-time PCR as previously described [22], was detected
in plasma samples from the tamarins on day 1 post-infec-
tion. For each of the two tamarins (Tm03-011, Tm06-017),
the plasma VRNA levels reached 2.7x10° copies/ml and
2.0x10” copies/ml on day 1 post-infection, respectively,
and were detectable on days 3-and 5. These results indicate
that tamarins are also permissive to DENV infection, which
is consistent with the results obtained by using marmosets
[22].

Next, we sought to assess the role of NK cells in DENV
infection in vivo. In this regard, in vivo depletion of NK
cells by the administration of NK-specific monoclonal
antibody (mAb) was considered to be straightforward to
directly address the question. We employed a new method
by which an anti-CD16 mAb 3G8 [7] but not a control
mAb MOPC-21 efficiently depleted a major NK popula-
tion expressing CD16 in tamarins, as we recently reported
[29]. The mouse anti-human CD16 mAb 3G8 was pro-
duced in serum-free medium and purified using protein A
affinity chromatography. Endotoxin levels were confirmed
to be lower than 1 EU/mg. Four red-handed tamarins and
two white-lipped tamarins (Saguinus labiatus) were used
in this experiment. Three tamarins were intravenously
administered 3G8 at a dose of 50 mg/kg, while others were
given a control mAb MOPC-21. One day later, both mAb-
treated tamarins were subcutaneously inoculated with
3x10° PEU/ml of DENV-2 DHF0663 strain on the basis of
a previous report that a single mosquito might inject
between 10* and 10° PFU of DENV into a human [20]. It
was confirmed that at 1-3 days after the 3G8 mAb treat-
ment, CD16™ cells were almost completely depleted in the
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