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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 PVL have been per-
formed in man, but there is no clear definition of PVL in animals. A few spontaneous PVL-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 | 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 myelin. To our knowledge, this is the first report of PVL-like leucoencephalomalacia

in non-human primates.

© 2010 Elsevier Ltd. All rights reserved.
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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-
sions 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 et al., 2004) and several experi-
mental cases {Young et al., 1982; Levison ef 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-
kev could not suck sufficient milk. Because this mon-
kev 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 days 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 um) were stained with haematoxylin
and eosin (HE). For immunohistochemistry {IHC),
dewaxed sections were pretreated with HoO9 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 dilutionj, CD68 (clone KPI,
Dako; 1 in 100 dilution), vimentin (clone 3B4,
Dako; 1 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 300 dilution) and rabbit polyclonal antibody spe-
cific for oligodendrocytes {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; 1 in 1,000 dilution) and AlexaFluor 355-conju-
gated goat anti-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 (Nikon, Kanagawa, Japan). Neonatal mon-
key brain sections {0-day-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 multiple 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 phagocytes 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
lavers showed glial cell infiltration and partial exfoli-
ation. Glial cell infiltration, glial nodules and aggre-
gation of lipid-filled phagocvtes 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 13. Marked cavitation of the white matter and atrophy of the cortical
region arc present in the temporal lobe. (B} Cercbrum in a 7-day-old cynomoelgus 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 for 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 (Tig. 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 anti-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 | was unlabelled due toloss ofall cellular elements
within the areas of cavitation.

In case 1, the lung showed alveolar collapse with pro-
liferation of type IT alveolar epithelial cells (AEC I1) and
infiltration of macrophages into the alveolar space. In
case 2, the lung showed severe diffuse pneumonia with
infiltration of neutrophils and macrophages into the al-
veolar space and exfoliation of the alveolar epithelium.
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Fig. 2. Cerebrum ofa 21-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
foct. IHC. Bar, 200 um. (B} There is apparent proliferation of glial fibrils around these arcas of cavitation or liquefactive necrosis.
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ITHC. 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 tssue 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 diffuse 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 et al., 2007). The diagnostic hall-
marks of PVL are periventricular echodensities or cysts
detected by cranial ultrasonography (Deng ef 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 PV L-lesions
{Shankaran ef 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 e al., 2000).
Anatomically, early in development, the deep
penctrating arteries of the middle cerebral artery
that supply the periventricular white matter lack the
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Fig. 3. Cerebrum ofa 7-day-old cynomolgus monkey {case 2). (A} Large numbers of reactive astrocytes are present in the cerchral white
matter. The cytoplasm of these cells labels for expression of GFAP, an astrocyte-specific marker. IHC. Bar, 530 pm. (B) Premature
astrocytes are also present in the cerebral cortex. The narrow cyvtoplasm and long processes of thesc cells were immunolabelled for

expression of vimentin. IHC. Bar, 50 um.

vascular anastomoses that help maintain perfusion
during periods of hypotension (Takashima ef al.,
1978; Rorke, 1992; Inage ¢t al., 2000). Therefore, as
cerebral autoregulation begins to fail following
severe hypotension in neonatal infants, particularly
in preterm infants, blood flow is selectively impaired
and inigally i the white wmatter 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 e al.,
2007). This selective hypoperfusion 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 RINS. The release of ROS and RNS
by microgha seems likely to result in death of premve-
linating oligodendrocytes (pre-OLs) or prevent pre-
OLs from differentiating to mature myelin-producing
cells in the injured cerebral 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 (Paintlia e af., 2008),
whereas induction of intrauterine infection can pro-
duce diffuse glial cell death and cavitation in fetal
white matter [(Sherwin and Fern, 2003). The
secretion of proinflammatory cytokines such as inter-
teukin (IL}-1, IL-6, and tumor necrosis factor
(TNF}-o 1s 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, 19967,

The gestation period of the cynomolgus monkey
averages 165 days in the TPRC. Case | was born on
day 163 of gestation and was thus of normal gesta-
tional age; however, this animal suffered from a perio
of asphyxia due 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

olig? (red). 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 pum.

cause harm to the neonatal 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 aetiology 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 occur in 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 ef @/, 2001; Haynes
ei al., 2005), the immaturity of the developing nervous
system, and the immaturity of the cerebrovascular
supply (Khwaja and Volpe, 2008). Robles ef al
(2001} investigated the concentration of hvdroperox-
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 week and at

dangerously high levels for even longer. Therefore, pre-
term neonates are at risk of free-radical injury during
this period. In additon to these underlying factors,
hypoxia—ischaemia can lead to more {ree-radical pro-
duction, which can then damage the pre-OLs
{Yoshida-Shuto ¢t al., 1992; Robles ¢f al., 2001). Thus,
case 2 was at risk of 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, astrogliosis, 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 bv 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 secondary to
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 ventilation 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
AEGCs 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
a large-scale breeding colony of experimental cynomol-
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
inanatomy, 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

Human immunodeficiency virus type 1 (HIV-1) hardly replicates in Old World monkeys. Recently, a mutant HIV-1 clone, NL-DT5R, in
which a small part of gag and the entire vif gene are replaced with STVmac239-derived ones, was shown to be able to replicate in pigtail monkeys
but not in thesus monkeys (RM). In the present study, we found that a modified monkey-tropic HIV-1 (HIV-1mt), MN4-58S, acquired the ability
to replicate efficiently in cynomolgus monkeys as compared with the NL-DTSR, while neither NL-DT5R nor MN4-5S replicated in RM cells.
These results suggest that multiple determinants may be involved in the restriction of HIV-1 replication in macaques, depending on the species of
macaques. The new HIV-1mt clone will be useful for studying molecular mechanisms by which anti-viral host factors regulate HIV-1 replication

in macaques.

© 2010 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: HIV-1; Old World monkey; TRIM5a.

1. Introduction

Human immunodeficiency virus type 1 (HIV-1) produc-
tively infects only humans but not Old World monkeys
(OWM) such as cynomolgus monkeys (CM) or rhesus
monkeys (RM), whereas RM-derived simian immunodefi-
ciency virus (SIVmac) can efficiently replicate in OWM.
Because of this species barrier, alternative monkey models
using SIVmac or simian‘human immunodeficiency viruses
(SHIV) have been used for AIDS research [1—4]. However,

* Corresponding author. Primate Research Institute, Kyoto University,
Inuyama 484-8506, Japan. Tel.: +81 568 63 0440; fax: +81 568 63 0459.
E-mail address: akari@pri.kyoto-u.ac.jp (H. Akari).
! A.S. and M.N. contributed equally to this work.

detailed analyses of molecular mechanisms of the pathogen-
esis of HIV-1 have been hampered by the lack of appropriate
non-human primate models for HIV-1 infection.

The mechanistic basis for the inability of HIV-1 to replicate
in OWM cells has remained unclear. Recently, a number of
intrinsic anti-HIV-1 cellular factors, including tripartite motif
protein Sa. (TRIMS5a), Cyclophilin A (CypA), apolipoprotein B
mRNA-editing catalytic polypeptide (APOBEC3) family and
Tetherin were discovered in OWM cells [5,6]. TRIM5«
strongly suppresses HIV-1 replication, mainly by affecting the
viral disassembly step, resulting in a decrease of reverse tran-
scription products [7,8]. CypA acts as a regulator promoting
TRIMS5a-mediated restriction of HIV-1 [8]. APOBEC3 is also
amajor regulator of HIV-1 replication [9,10]. APOBEC3 exerts
its inhibitory effect mainly by inducing G to A hypermutation

1286-4579/$ - see front matter © 2010 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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into the viral genome due to its cytidine deaminase activity,
while hypermutation-independent inhibitory activity at the
stage of reverse transcription is also evident [11]. Tetherin, also
referred to as a BST-2, was identified as an intrinsic anti-viral
factor that restricts the egress of HIV-1 by tethering virions to
the host cell surface [12,13]. Importantly, HIV-1 can counteract
human APOBEC3 activity by utilizing the viral accessory
protein Vif, whereas it cannot counteract OWM APOBEC3
[14]. Similarly, HIV-1 counteracts human Tetherin activity by
utilizing another viral accessory protein Vpu, whereas HIV-1
does not counteract OWM Tetherin activity [15].

In an attempt to generate a monkey-tropic HIV-1 (HIV-
Imt), Kamada et al. constructed an HIV-1 variant carrying
minimal SIVmac-derived sequences to overcome the restric-
tion factors [16]. The prototype HIV-1 clone NL-DT5R had
a sequence encoding an SIVmac loop between alpha belices 4
and 5 (L4/5) of capsid gene (CA) and the entire vif gene,
which relieved the inhibitory effects on viral replication by
restriction factors CypA, TRIMSa and APOBEC3. NL-DTSR
was able to replicate in pigtail monkeys (PM) in vivo as well
as in vitro, as reported by Igarashi et al. [17]. Although NL-
DT5R induced immune responses in infected animals, the
virus did not establish persistent infection.

In the present study, we sought to adapt NL-DT5R to CM
by performing long-term passage in CM-derived HSC-F cells.
We successfully obtained a modified HIV-1mt clone having
several mutations. Additionally, we inserted an SIVmac loop
between alpha helices 6 and 7 (L6/7) of CA [18]. The resultant
clone named MN4-5S was found to replicate efficiently and to
induce strong immune responses in infected CM, suggesting
the impact of viral adaptation.
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2. Materials and methods
2.1. Plasmid construction

The HIV-1 derivatives were constructed on a background of
an infectious molecular clone, NL4-3 [19]. NL-DT5R, a cloned
virus containing SIVmac239 1.4/5 and the entire vif gene, was
reported previously by Kamada et al. [16]. In addition,
NL-DT562, a virus having an RS5-tropic SF162-derived env
gene on a background of NL-DT5R, was used in this study [20].
After long passage of NL-DT5R and NL-DT562 in cynomolgus
T cell line HSC-F [21], several mutations were appeared in both
viral genomes, and then all of them were inserted into
NL-DT5R by gene-engineering techniques. Consequently,
a clone having 14 nucleotide substitutions in its genome was
constructed and named MN4-5. Among these substitutions, 7
were non-synonymous mutations. The structure of the clone is
shown in Fig. 1. A part of L6/7 of CA (aa residues 120—122;
HNP) of MN4-5 was also replaced with the corresponding
segment of STVmac239 CA (aa residues 120—123; RQQN) by
means of site-directed mutagenesis as described previously in
Ref. [18]. The resultant construct was designated MN4-5S.

2.2. Cells and viruses

Human embryonic kidney cell line HEK293T was main-
tained in DMEM supplemented with 10% fetal bovine serum,
100 units/ml of penicillin and 100 pg/ml of streptomycin
(Sigma). Monkey peripheral blood mononuclear cells
(PBMCs) were separated with a standard Ficoll density
gradient separation method and cultured in R-10 composed of
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Fig. 1. Structure of HIV-1mt clones used in this study. The positions of nucleotide mutations are indicated by arrows in this figure. Among nucleotide substitutions,

the positions of non-synonymous mutations are indicated in red.
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RPMI-1640 medium supplemented with 10% fetal bovine
serum, 100 units/ml of penicillin and 100 pg/ml of strepto-
mycin (Sigma). The growth kinetics of each HIV-1 clone were
examined in activated CD8" cell-depleted PBMCs. Briefly,
separated PBMCs were reacted with a PE-labeled anti-CD8
antibody and then treated with anti-PE magnetic beads. After
washing, CD8" cell-depleted PBMCs were negatively sepa-
rated by using MACS columns (Miltenyi Biotec). For stimu-
lation, CD8™ cell-depleted PBMCs were first cultured in R-10
containing 1 pg/ml of concanavalin A (Sigma) for 2 days
followed by culture in R-10 supplemented with 100 U/ml IL-2
(Shionogi) for more 2 days. The cells were then infected with
100 ng of p24 of HIV-1 and the culture supernatant was
collected periodically. HSC-F, a cynomolgus monkey-derived
CD4™ T cell line [21], was cultured in R-10.

Virus stocks were prepared as follows: sub-confluent
HEK293T cells were transfected with proviral DNA using
Lipofectamine2000 reagent according to the manufacturer’s
instructions. At 42 h after transfection, culture supernatants
were centrifuged, filtrated with a 0.45 um filter, and aliquoted
as virus stocks for in vitro experiments. For preparation of
viral stocks for in vivo experiments, CD8" cell-depleted
PBMCs were infected with the HEK293T-derived stocks as
described above. After washing, the cells were maintained for
several days and the culture supernatants were collected and
stored as described above.

2.3. Reverse transcription (RT) assay

Virion-associated RT activity was measured as described
previously in Ref. [22]. HSC-F cells (1 x 106) were infected
with equal amounts of viruses (1 x 107 RT units). Viral growth
kinetics was determined by RT production in the culture
supernatants.

2.4. Animal experiments

Healthy adult cynomolgus monkeys were used in this study.
All animals were confirmed to be negative for simian retro-
virus and were housed in individual isolators in a biosafety
level 3 facility and maintained according to the National
Institute of Biomedical Innovation rules and guidelines for
experimental animal welfare. Bleeding and viral inoculation
were performed under ketamine hydrochloride anesthesia.
Viral stocks for inoculation were inoculated into each animal.
The profiles of plasma viral RNA loads, circulating CD4" and
CD8*' T lymphocytes were evaluated as described below.

2.5. Flow cytometry and immunophenotyping of
peripheral blood lymphocytes

Immunophenotyping of freshly isolated PBMCs was per-
formed according to standard procedures using multicolor
flow cytometry performed with a FACSCantoll (Becton
Dickinson). CD4" and CD8"* T cells were identified using
monoclonal antibodies (mAbs) to CD3 (clone SP34-2, BD
Pharmingen), CD4 (clone L200, BD Pharmingen) and CD8

(clone DK25, DAKO). Flow cytometric acquisition and anal-
ysis of samples was performed on at least 10,000 events
collected by a flow cytometer driven by FACSDiVa software.

2.6. Analysis of anti-viral antibody response

Plasma samples from infected animals were first heat-
inactivated at 56 °C for 30 min. Then, 100-fold diluted
samples were reacted with commercially available anti-HIV-1
antibody detection strips (New LAV Blot I, Bio-Rad)
according to the manufacture’s instructions.

2.7. In vivo depletion of CD8" lymphocytes

Infected animals received an anti-CD8 mAb (cM-T807) as
follows: 10 mg/kg (body weight) inoculation subcutaneously
at 42 days post infection (DPI), followed by 5 mg/kg inocu-
lation intravenously at 45, 49, and 52 DPI. The cM-T807 mAb
was provided by the NIH Nonhuman Primate Reagent
Resource. To repeatedly confirm the depletion of CD8™ cells
in the presence of cM-T807, an anti-CD8 mAb (clone DK25,
DAKO) was used as reported previously in Ref. [23].

2.8. Quantification of viral RNA

Total RNA was collected from monkey plasma using a High
Pure Viral RNA Kit (Roche Diagnostics) according to the
manufacturer’s instructions. Viral RNA was quantified with
a quantitative real-time PCR system using TagMan One-Step
RT-PCR Master Mix Reagents (Applied Biosystems). The
primers and probe used in this study were as follows: Forward
primer: HIVgag683 (+) (5-CTCTCGACGCAGGACTCGGC-
TTGCT-3'); Reverse primer: HIVgag803 (-) (5-GCTCT-
CGCACCCATCTCTCTCCTTCTAGCC-3'); Probe: HIVgag
TagMan 720R748 (FAM-GCAAGAGGCGAGRGGCGGC-
GACTGGTGAG-TAMRA). The quantification and data anal-
ysis were performed using the iQ5 Real-Time PCR Detection
System (Bio-Rad). The detection limit of this assay was 400-
copies/ml plasma.

3. Results

3.1. Growth properties of prototype HIV-Imt clone,
NL-DT5R in macaques in vitro and in vivo

We first examined the replication properties of prototype
HIV-1mt NL-DT5R in CD8™ cell-depleted PBMCs of CM and
RM. NL-DTS5R replicated in the cells of CM but not in those
of RM (Fig. 2). We next examined the in vivo replication
properties of NL-DT5R in CM. Viral stocks for inoculation
were prepared with CD8" cell-depleted CM PBMCs as
described above. Then, two monkeys were infected with
NL-DT5R intravenously and bled periodically. As shown in
Fig. 3A, NL-DT5R established infection as indicated by
detectable levels of plasma viremia and an anti-HIV-1 anti-
body response, although the viral level was marginal (about
1 x 10? copies/ml) and disappeared at 4 weeks post infection.
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Fig. 2. Growth properties of the NL-DTSR in CD8" cell-depleted PBMCs
from CM (A) and RM (B). The cells were infected with NL-DT5R and the
viral replication was monitored by p24 antigen in the culture supernatants
using a p24 quantitative ELISA kit. Animal identifications are indicated at the
top of each panel.

These results indicated that although CM appeared permissive
for NL-DT5R as compared with RM, the mutations introduced
in NL-DT5R were not still sufficient to overcome the
restriction by host factor(s) of these macaques.

3.2. MN4-5S showed improved replication capability in
CM CD8" cell-depleted PBMCs

In order to improve the replication capability of HIV-1mt in
CM, we conducted long-term passage of NL-DT5R in HSC-F
cells. Additionally, NL-DT562, having an R5-tropic env gene
on a background of NL-DT5R, was also passaged long-term in
HSC-F cells. We found that the passaging improved the growth
of the viruses (data not shown), and then viral clones were
obtained after the long-term passaging and sequenced. Ten
nucleotide substitutions were identified in the NL-DT5R-
derived clone and 4 nucleotide substitutions (except for the env
gene) in the NL-DT562-derived clone. These 14 nucleotide
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substitutions (7 of which were non-synonymous mutations)
were assembled and introduced into NL-DT5R. The resultant
clone was named MN4-5, and its structure is shown in Fig. 1.
We previously found that insertion of an SIVmac loop between
alpha helices 6 and 7 (L6/7) of CA into the corresponding
region in HIV-1 significantly enhanced the viral replication in
HSC-F cells and PBMCs of CM by relieving the inhibitory
effect of TRIM5a. [18]. We therefore inserted an SIVmac-
derived L6/7 sequence into MN4-5. The resultant clone was
named MN4-5S (Fig. 1). In order to examine the impact of these
modifications on the viral replication, we analyzed the repli-
cation properties of this “adapted” virus in HSC-F cells and
CD8™" cell-depleted PBMCs of CM. MN4-5 showed higher
replication as compared with NL-DT5R in both types of cells
(Figs. 4 and 5). Moreover, MN4-5S showed enhanced growth
capability in the cells as compared with the parental clones,
NL-DT5R and MN4-5 (Figs. 4 and 5).

Notably, MN4-5S did not show any replication in RM cells
(data not shown), indicating that the combination of the
mutations introduced in NL-DT5R may be effective for escape
from the restriction in CM cells but not in RM cells.

3.3. MN4-58 induced greater viremia in CM as
compared with parental clone, NL-DT5R

Since MN4-5S showed enhanced ability to replicate in CM
cells, we next examined the viral replication in vivo. The stock
of MN4-5S virus was inoculated into 3 CM. MN4-5S induced
10-fold higher viremia in infected animals at 2—3 weeks after
infection (Fig. 6A), as compared with that induced by
NL-DT5R (see Fig. 3). This result was consistent with the in
vitro result (Fig. 5) and demonstrated that the mutations
inserted into NL-DT5R contributed to enhancement of viral
replication in vivo. In addition, at the acute phase of infection
a slight decrease of CD4™" T cells was observed (Fig. 6B). The
viremia became undetectable at 6 weeks after infection.

Mf97-108 Mf 97-070

233323233

Fig. 3. Profiles of plasma viral RNA loads (A) and anti-HIV-1 antibody responses (B) in CM infected with NL-DT5R. Mf97-108 (open circles) and Mf97-070
(closed diamonds) were used in this study. Viral stocks for inoculation were prepared in CD8" cell-depleted PBMCs, and then 6.1 ng p24 of HIV-1 were inoculated
into each animal. Commercially available diagnostic HIV-1 Western blotting strips were reacted with 100-fold diluted monkey plasma. Plasma from HIV-1-
infected or uninfected individuals was used as a positive or a negative control, respectively.
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with a series of HIV-1mt derivatives. The viral replication was monitored by
RT activity in the culture supernatants.

Thereafter, antibody response against MN4-5S was observed
in infected animals (Fig. 6C). As indicated by comparison
with the lane of the positive control as a standard, the degree
of antibody response seemed to be stronger than that against
NL-DT5R (see Figs. 3B and 6C). Next we attempted to clarify
the role of CD8% lymphocytes in the disappearance of
viremia. We conducted in vivo depletion of CD8™ cells by
using a method reported previously [23]. We found that the
reappearance of viremia was observed in all monkeys tested in
parallel with the decline of CD8" T cells after the anti-CD8
mADb administration (Fig. 6A and D). This result indicated that
CD8* T cells had a critical role in the control of HIV-1mt
replication and suggested that the virus was able to infect
latently in vivo.

4. Discussion

In the present study, we found that a modified HIV-1mt,
MN4-5S, acquired greater ability to replicate in CM than
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NL-DT5R, and that both the SIVmac-derived L6/7 (HNP120-
122 > RQQN120-123 of CA) and a series of substitutions
identified by long-term passage of NL-DTSR in HSC-F cells
contributed to this ability (Fig. 1). We recently showed that the
substitution of L6/7 relieved the inhibitory effect of TRIMS5a
[18]. Additionally, our preliminary data suggest that non-
synonymous mutations in the infegrase and env genes are
likely to be critical for the improved activity (Nomaguchi
et al., manuscript in preparation). It is possible that these
adaptive mutations may optimize the interaction between host
and viral proteins.

It seemed that the growth kinetics of NL-DTSR in PM were
comparable with those of MN4-5S in CM, which had peak
levels in acute viremia of approximately 10* copies/ml [17]. It
is therefore likely that PM may exhibit better susceptibility to
HIV-1mt than CM. It is possible that the greater susceptibility
of PM to HIV-1mt replication could be due to the genotype of
TRIMS, because PM usually expresses a chimera between
TRIM5a and CypA, so-called TRIM-Cyp, whose anti-HIV-1
activity is defective [24].

One unexpected finding in this study was that MN4-5S was
unable to replicate in PBMCs of RM (data not shown), which
was in contrast with the greater susceptibility of RM to SIV-
mac infection. Our results suggested that RM was most
resistant to HIV-1mt replication among the three macaque
species. Since our HIV-1mt clones (NL-DT5R and MN4-5)
were established on the basis of information obtained from
serial passages of the viruses in CM-derived cells, it may be
reasonable to consider that these viruses were consequently
optimized to CM. Alternatively, it is also possible that anti-
HIV-1 activities such as TRIM5a and APOBEC3 of RM could
be greater than those of other macaques. Further studies are in
progress to address these questions.
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Fig. 5. Growth properties of HIV-1mt in CD8 cell-depleted PBMCs from four CM. The cells were infected with a series of HIV-1mt derivatives. The viral replication
was monitored by p24 antigen in the culture supernatants using a p24 quantitative ELISA kit. Animal identifications are indicated at the top of each panel.
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Fig. 6. Profiles of plasma viral RNA loads (A), circulating CD4™ T lymphocytes (B), anti-HIV-1 antibody responses (C) and circulating CD8* T lymphocytes (D)
in CM infected with HIV-1 derivatives. Viral stocks for inoculation were prepared in CD8™" cell-depleted PBMCs and then 10 ng of p24 of HIV-1 were inoculated
into each animal. Commercially available diagnostic HIV-1 Western blotting strips were reacted with 100-fold diluted plasma of each monkey. Plasma from HIV-1
infected or uninfected individuals was used as a positive or negative control, respectively. The black arrow indicates the day of anti-CD8 mAb (cM-T807)

inoculation.

We demonstrated that the reappearance of viremia was
observed in all monkeys tested in parallel with decline of
CDS8™ T cells after anti-CD8 mAb administration (Fig. 6A and
D). This result indicated that HIV-1-specific CD8™ T cells had
a critical role in the control of HIV-1mt replication and sug-
gested that the virus may be able to infect latently in vivo. In
order to establish a set point viremia and persistent infection,
further modifications of HIV-1mt may be required to enable
potent escape from the anti-viral immune response.

Further mechanistic characterization of anti-HIV-1 restric-
tion factors will help in the construction of highly replicative
and pathogenic HIV-1mt clones. As in the case of SHIV, in
vivo passage of the virus could be a conventional and
straightforward procedure for achieving such purposes [4].
However, the results of our study demonstrate that selective
modification of HIV-1mt based on available knowledge
regarding the molecular machineries is an alternative and

powerful way. We are now in the process of developing the
next generation of HIV-1mt that will acquire growth ability
and pathogenicity in macaques as well as in humans.
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Abstract CDI16 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 CDI16™ 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 et 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
DENV 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 DENV 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 vRNAs were detected in plasma by real-time
PCR. Tm03-011, subcutaneous infection; TmO06-017, intravenous
infection

Dengue viral RNA (vRNA), 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
2.0x107 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 3GS 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° PFU/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



Role of CD16™ NK cells in dengue virus infection

tamarins followed by recovery to the initial levels at
around 2 weeks after administration, while the cells were
maintained at the initial levels in the monkeys with
MOPC-21 (Fig. 2a). In addition, it is noteworthy that the
ratios of CD4" and CD8™ T cells and CD20™ B cells were
not affected by the administration of the 3G8 mAb (Sup-
plementary Figure 1). In the case of administration of mAb
MOPC-21, we confirmed no significant effect on CD16™
cells (Supplementary Figure 2). The killing activities of
the peripheral blood mononuclear cells (PBMCs) taken
from the 3G8-treated monkeys were reduced at day 1 post-
antibody-treatment, followed by an increase irrespective of
depletion of CD16" NK cells at day 2 post-antibody-
treatment (1 day after DENV inoculation), suggesting that
the CD16~ NK population may be activated by DENV
infection (Fig. 2b). Plasma viral loads in both mAb-treated
monkeys rose to 10° copies/ml by day 1 after infection and
then reached a peak at 10° copies/ml on day 3 or day 7,
followed by a rapid decline, with values dipping below the
detectable level by day 14 after infection (Fig. 2c). These
results suggested that CD16™ NK cells apparently did not
contribute to DENV replication in the acute phase in our
tamarin model.

It was reported previously that non-structural glyco-
protein NS1 is essential for flavivirus viability and that the
NS1 protein circulates during the acute phase of disease in
the plasma of patients infected with DENV [1]. Epidemi-
ological studies have demonstrated that secreted NS1 lev-
els are correlated with viremia levels and are higher in
cases of DHF than in dengue fever (DF) early in illness
[16]. Thus, it has been suggested that NS1 might be a
useful marker as an indicator of the severity of dengue
disease. We have used the level of the NS1 antigen as an
alternative diagnostic marker to examine the effects of
CD16 antibody treatment on DENV replication. The NS1
was measured by Platelia Dengue NS1 Ag assay (BioRad).
Antigenemia was observed in these infected monkeys
between 3-14 days post-infection. Serum IgM and IgG
specific for DENV antigens were measured by ELISA.
DENV-specific IgM or IgG antibody was equally detected
in both mAb-treated monkeys (Fig. 3).

We recently demonstrated that marmosets are permis-
sive to DENV infection [22]. In this study, we found that
tamarins are also permissive to DENV infection (Fig. 1).
Moreover, we also investigated the role of NK cells against
early DENV infection using in vivo depletion of CD16™
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Fig. 2 Ratios of CD16" NK cells, killing activity of PBMCs, and
vRNA in DENV-infected tamarins after treatment with 3G8 or
MOPC-21 mAb. Tamarins were infected subcutaneously with DENV
at a dose 3x10° PFU/ml after treatment with 50 mg/kg of 3G8 or

MOPC-21 mAb. a Ratios of CD16" NK cells were determined in
whole-blood specimens. b The activities of NK cells were determined
in PBMCs of tamarins by NK cytotoxic assay. ¢ The VRNAs were
detected in plasma by real-time PCR
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Fig. 3 Levels of NSI antigen and DENV-specific IgM and IgG in
plasma samples from DENV-infected tamarins after treatment with
3G8 or MOPC-21 mAb. The levels of NS1 antigen and DENV-
specific IgM and IgG in plasma were measured by ELISA. a ELISA
index of NS1 antigen, b positive/negative (P/N) ratio of DENV-
specific IgM, ¢ P/N ratio of DENV-specific IgG in plasma samples

NK cells in tamarins and found that the depletion of
CD16" NK cells had almost no effect on DENV replication
(Fig. 2), indicating that this NK subpopulation is unlikely
to contribute to controlling DENV replication. Interest-
ingly, these results imply that the CD16~ NK subpopula-
tion may have a critical role of controlling DENYV infection
in vivo.

Using our model, we investigated the role of NK cells in
vivo against DENV infection, which remains to be eluci-
dated in several aspects. We previously reported that
almost complete in vivo depletion of the CD16™ NK sub-
population was not able to completely remove the
NK-mediated cytotoxic activity in tamarins [29]. In this
study, despite a transient but substantial reduction in the
CD16" NK cell number following 3G8 treatment in tam-
arins, DENV replication was comparable to that in mon-
keys that received the control mAb. The NK-mediated
cytotoxic activity was augmented in both study groups,
indicating that CD16~ NK cells were responsible for the
cytotoxic activity and suggesting that they might play a
role in controlling DENV replication.

The next question is how CD16~ NK cells may regulate
DENV infection. One possibility regarding CD16~ NK
cells is that CD56% or CD57" NK cells are involved in
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from DENV-infected tamarins after administration of the 3G8 or
MOPC-21 mAb. The P/N ratio was calculated as the optical density of
the test sample divided by that of a negative sample. P/N ratios <2
and >2 were considered to be negative and positive, respectively.
Top, 3G8; bottom, MOPC-21 mAb

controlling DENV infection. Human NK cells are classically
divided into two functional subsets based on their cell-surface
density of CD56 and CD16, i.e., CD56°#"CD16~ immu-
noregulatory cells and CD56“™CD16™ cytotoxic cells. Both
subsets have been characterized extensively regarding their
different functions, phenotypes, and tissue localization [8].
The NK cell number is maintained by a continuous dif-
ferentiation process associated with the expression of
CD57 that results in NK cells with poor responsiveness to
cytokine stimulation but high cytolytic capacity [3, 18].
The second possibility is that CD16™ NK cells have a non-
cytolytic helper function. Generally, it is well known that
NK cells possess both a cytolytic and a non-cytolytic
helper function. It has been suggested that cytokine pro-
duction is carried out by CD56™€™CD16~ NK cells [4-6].
Interferon (IFN)-y secreted by NK cells has shown potent
antiviral effects against DENV infection in early phases
[25]. One aspect of the NK helper function arises from
recent evidence indicating that NK cells can be induced to
function as non-cytotoxic helper cells following stimula-
tion with interleukin-18 [19]. This cytokine induces IFN-y
secretion from NK cells and thus enables dendritic cells
(DCs) to secrete 1L-12, leading to Thl polarization [19]. It
is possible that CD16~ NK cells, which have poor
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cytotoxic activity but an enhanced ability to secrete cyto-
kines and then lead to a Thl response, are preserved during
3G8 administration. The persistence of this minor CD16™
NK cell subpopulation could exert an antiviral effect
through INF-y-mediated pathways despite the depletion of
CD16™ NK cells. The third possibility is that CD16" NK
cells of tamarins play pivotal roles against bacterial
infections and cancer progression but not DENV-infected
cells. We will address these possibilities for the roles of the
NK subpopulation in the future studies.

In conclusion, this study provides a DENV in vivo
replication model in tamarins and new information on the
possible role of CD16™ NK cells in DENV replication
in vivo. It remains elusive whether the CD16% and CD16~
NK subpopulations could play an important role in the
control of primary DENV infection.
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