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Abstract

Zika virus (ZIKYV) is an enveloped, positive-
sense, single-stranded RNA virus that belongs to
the genus Flavivirus, family Flaviviridae, which
includes many human and animal pathogens,
such as dengue virus (DENYV), West Nile virus,
and Japanese encephalitis virus. In the original
as well as subsequent experimental and clinical
reports, ZIKV seems to have moderate neur-
otropism (in animal models) and neurovirulence
(in human fetuses), but no neuroinvasiveness (in
human adults). Intrauterine ZIKV infection
(viral pathology) has been linked to an increased
incidence of microcephaly, while increased Guil-
lain-Barré syndrome (GBS) following ZIKV
infection is likely immune-mediated (im-
munopathology). Clinically, in ZIKV infection,
antibodies against other flaviviruses, such as
DENYV, have been detected; these antibodies
can cross-react with ZIKV without ZIKV neu-
tralization. In theory, such non-neutralizing
antibodies are generated at the expense of de-
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ADE, antibody-dependent enhancement ;

creased production of neutralizing antibodies
(‘““antigenic sin”), leading to poor viral clear-
ance, while the non-neutralizing antibodies can
also enhance viral replication in Fc receptor
(FcR)-bearing cells via antibody-dependent en-
hancement (ADE). Here, we propose three
potential roles of the antibody-mediated path-
ogenesis of ZIKV infection: 1) cross-reactive
antibodies that recognize ZIKV and neural
antigens cause GBS; 2) ZIKV-antibody com-
plex is transported transplacentally via neonatal
FcR (FcRn), resulting in fetal infection ; and 3)
ZIKV-antibody complex is taken up at periph-
eral nerve endings and transported to neurons in
the central nervous system (CNS), by which the
virus can enter the CNS without crossing the
blood-brain barrier.
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ment ; CNS, central nervous system ; CSF, cere-
brospinal fluid ; CR, C’ receptor; CSFV, classi-
cal swine fever virus; DA, Daniels; DENV,
dengue virus ; DHF, dengue hemorrhagic fever ;
DSS, dengue shock syndrome; E, envelope;
EAN, experimental autoimmune neuritis ; ER,
endoplasmic reticulum ; FcyRs, 1gG Fc rece-
ptors ; FcR, Fc receptor; FcRn, neonatal Fc
receptor ; GBS, Guillain-Barré syndrome ;
HAM/TSP, HTLV-associated myelopathy/trop-
ical spastic paraparesis; HCV, hepatitis C
virus ; HIV, human immunodeficiency virus;
HTLV, human T-lymphotropic virus; IHR,
International Health Regulations; Ig, immunog-
lobulin ; IRES, internal ribosome entry site;
IVIG, intravenous Igs; JEV, Japanese encepha-
litis virus; mAbs, monoclonal antibodies ;
MES, Miller Fisher syndrome; MHC, major
histocompatibility complex ; MS, multiple scle-
rosis; PHEIC, Public Health Emergency of
International Concern; PML, progressive
multifocal leukoencephalopathy; PNS, periph-
eral nervous system ; SLEV, St. Louis encephali-
tis virus ; ss, single-stranded ; TBEYV, tick-borne
encephalitis virus; TDAYV, Theiler’s disease-as-
sociated virus; TMEYV, Theiler’s murine ence-
phalomyelitis virus ; WHO, World Health Orga-
nization ; WNV, West Nile virus; YFV, yellow
fever virus ; ZIKV, Zika virus

1. Introduction

1.1. Original reports of Zika virus (ZIKV)
ZIKV was first isolated in 1947 and reported
in 1952 by Dick and colleagues.>? In searching
for yellow fever virus (YFV) in a forested area
called Zika® approximately 12 kilometers north-
east of the Virus Research Institute, in Entebbe,
Uganda (Fig. 1), rhesus monkeys were housed in
cages on wooden platforms along the one-mile

Uganda

Lake Victoria

Fig.1  Zika Forest, located near Lake Victoria in Uganda.
Zika virus (ZIKV) was first isolated from a sentinel
monkey in Zika Forest in 1947.
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length of Zika Forest.! The serum from Rhesus
766, one of the sentinel monkeys, which devel-
oped transient fever without other clinical signs,
was injected intracerebrally into Swiss albino
mice. A filterable transmissible agent isolated
from brains of infected mice, designated as
ZIKYV, was neutralized by convalescent serum
from Rhesus 766. ZIKV was also isolated from
mosquitoes, Aedes africanus, caught in Zika
Forest.*

Mice experimentally infected with ZIKV ini-
tially developed inactivity and ruffled fur, and
then began to exhibit motor weakness and hind
limb paralysis, usually followed by death.? The
pathological changes in ZIKV-infected mice
were confined to the central nervous system
(CNS) : neuronal degeneration and cellular
infiltration were found in the brain and spinal
cord, and ZIKV was recovered only from the
CNS. Mice younger than 6 weeks of age were
more susceptible to ZIKV infection. Susceptibil-
ity also depended on the route of inoculation,
with the intracerebral route being more effective
than the intraperitoneal route.? The intranasal
route did not infect mice efficiently. ZIKV did
not induce clinical signs in cotton-rats and rab-
bits, but rabbits produced antibody against
ZIKV.2 ZIKYV seemed to infect guinea pigs, but
mouse-adapted ZIKV caused no disease in
guinea pigs.? Typically, experimentally infected
monkeys had no clinical signs, while viremia
and anti-virus antibodies were demonstrated in
all ZIK V-infected monkeys.?

1.2. ZIKV and the family Flaviviridae

ZIKV is an enveloped, positive-sense, single-
stranded (ss) RNA virus that belongs to the
Spondweni serocomplex within the genus
Flavivirus, family Flaviviridae® that was reclas-
sified from the family Togaviridae in 1986.° The
family Flaviviridae is composed of four genera
(Table 1): Flavivirus, Hepacivirus, Pestivirus,
and Pegivirus, which share similarities in virion
morphology and genome organization, e.g., all
members lack a 3’-terminal poly(A) tract.® Many
viruses of the family Flaviviridae are human
and/or animal pathogens. For example, the
genus Flavivirus includes the human pathogens
of YFV, dengue virus (DENV), West Nile virus
(WNYV), Japanese encephalitis virus (JEV), St.
Louis encephalitis virus (SLEV), and tick-borne
encephalitis virus (TBEV). The genus Hepacivir-
us includes hepatitis C virus (HCV) that causes
liver cirrhosis and hepatocellular carcinoma.”
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Table 1  The family Flaviviridae and its diseases
Mode of Disease
Virus Genus © E.: 9 - ; .
transmission Arthralgia Hemorrhagic fever Encephalitis
DENV O O
JEV O
SLEV . .
TBEV Flavivirus mosquito or tick 8
WNV O O
YFV O
it . ..
ZIKV mosqutto microcephaly? GBS? myelitis?
human-human
HCV Hepacivirus human-human hepatitis, liver cirrhosis, hepatocellular carcinoma
BDV sheep-sheep conjunctivitis, diarrhea, anorexia, abortion, tremor
BVDV Pestivirus cattle-cattle fetal infection, diarrhea infertility
CSFV swine-swine conjunctivitis, diarrhea, weakness, dullness
TDAV Pegivirus horse disease hepatitis

BDYV, Border disease virus ; BVDB, bovine viral diarrhea virus ; CSFV, classical swine fever virus; DENV,
dengue virus ; GBS, Guillain-Barré syndrome ; HCV, hepatitis C virus; JEV, Japanese encephalitis virus ;
SLEYV, St. Louis encephalitis virus ; TBEV, tick-borne encephalitis virus ; TDAYV, Theiler’s disease-associated

virus ; WNV, West Nile virus; YFV, yellow fever virus; ZIKV, Zika virus

The genus Pestivirus contains animal pathogens
of major economic importance, including bovine
viral diarrhea virus (BVDYV), classical swine
fever virus (CSFV),® and Border disease virus
(BDV).? The genus Pegivirus contains Theiler’s
disease-associated virus (TDAV).1011

Flaviviruses bind to the cell surface receptor
via the envelope (E) protein, leading to receptor-
mediated endocytosis. Fusion of the viral and
host membranes occurs during endosomal traf-
ficking, where E protein dimers dissociate and
become fusogenic trimers.'> Following fusion of
the viral envelope and cell membrane,'® viral
RNA genomes are delivered into the cytoplasm,
where the RN A genome has three roles: mRNA,
template during replication, and genetic material
in virion. The RNA genome is initially translat-
ed into a single polyprotein either cap-depen-
dently (in the genus Flavivirus) or using an
internal ribosome entry site (IRES) (in the other
three genera).* The polyprotein precursor is
proteolytically processed to form multiple func-
tional viral proteins.’®> Virions bud into the
endoplasmic reticulum (ER), and are released at
the cell surface by exocytosis.!®
1.3. ZIKYV infection in humans

Almost all viruses of the genus Flavivirus are
arthropod (mosquito or tick)-borne viruses (or

arboviruses) ; many are human pathogens, in-
cluding DENV, JEV, SLEV, TBEV, WNV, and
YFV. Flaviviruses cause three types of severe
diseases in humans: febrile illness with arthral-
gia by DENV and WNV ; encephalitis by JEV,
SLEV, TBEV, and WNV!7; and hemorrhagic
fevers by DENV and YFV. YFV and DENYV are
the two top viruses causing fatal hemorrhagic
fever in humans annually. YFV kills 30,000
people/year and DENV-induced dengue hemorr-
hagic fever (DHF) and dengue shock syndrome
(DSS) result in 22,000 deaths/year'® ; these num-
bers of annual deaths are much higher than more
widely publicized viruses, such as hantavirus (10,
000 deaths), Lassa virus (5,000 deaths), and
Ebola virus (less than 100, except during the
2014 outbreak with more than 10,000 deaths).
Effective vaccines have been developed for
YFV,”® JEV, and TBEV, while there is a great
need for vaccines against other flaviviruses, par-
ticularly DENV and WNYV.

Human cases of ZIKV infection were first
reported in the 1950s in Africa.?*** However,
Simpson,?? in reporting himself as the first
proven human case of ZIKV infection, contend-
ed that on closer analysis the previously reported
patients were infected instead with Spondweni
virus, a closely related mosquito-borne flavivirus
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first isolated in 1955 from Mansonia uniformis
mosquitoes, collected from Lake Simbu, located
in the Spondweni region in South Africa.?®
Outside Africa, human infection with ZIKV was
subsequently reported in the 1970s in southeast
Asia,?*? and ZIKV was isolated from Aedes
aegypti in Malaysia in 1969.26 However, no
large-scale outbreaks of ZIKV infection occurred
until 2007, when, quite unexpectedly, more than
100 inhabitants on Yap Island, in the Federated
States of Micronesia, were infected.?” The princi-
pal mosquito vector was Aedes hensilii. Subse-
quently, a much larger ZIKV outbreak, with an
attack rate of 66%, occurred in French Polynesia
in 2013.%8

Like other mosquito-borne flaviviruses, ZIKV
infects humans mainly by mosquito bites.
Mosquito-mediated transmission of ZIKV is
initiated when blood-feeding female Aedes mos-
quito injects the virus into human skin, followed
by infection of cells in the epidermis and/or
dermis via virus-specific receptor binding.
Although the ZIKV receptors in vivo are un-
known, in vitro infection of ZIK'V can be mediat-
ed by DC-SIGN and TAM receptors (Axl and
Tyro3),2%3% all of which have also been reported
to facilitate viral entry of DENV.

Unlike other flaviviruses, ZIKV is unusual in
that it can also be transmitted vertically from
mother to fetus during pregnancy,®! as well as
horizontally by sexual intercourse between either
male and female or male and male partners.3?~34
The other striking peculiarity is that the ZIKV
outbreaks in French Polynesia and Brazil have
been associated with serious neurological se-
quelae, notably microcephaly, Guillain-Barré
syndrome (GBS), and acute myelitis.?*3% As a
result, on February 1, 2016, the Director-General
of the World Health Organization (WHO)
convened an Emergency Committee, under the
International Health Regulations (IHR), and
following the Committee’s advice, declared that
the recent cluster of microcephaly cases and
other neurological disorders reported in Brazil,
following a similar cluster in French Polynesia
in 2014, constitutes a Public Health Emergency
of International Concern (PHEIC).3” The term
PHEIC is defined in the IHR as “an extraordi-
nary event that is to constitute a public health
risk to other States through the international
spread of disease and to potentially require a
coordinated international response”.

The marked rise in microcephaly among
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neonates born to ZIKV-infected mothers, espe-
cially in French Polynesia and Brazil, cannot be
ignored or dismissed.*® Preliminary data from a
case-control study in Brazil indicate that the
“microcephaly epidemic is a result of congenital
Zika virus infection”.®® Moreover, a study by the
Centers for Disease Control and Prevention
concluded that a causal relationship existed
between prenatal ZIKV infection and microce-
phaly,”® and a strong association was found
between the risk of microcephaly and ZIKV
infection risk in the first trimester.’ Despite
these reports, other factors known to cause
microcephaly and other neurological outcomes
have not been completely excluded.

2. Pathogenesis of ZIKV infection

2.1. Viral pathology versus immunopathology

Tissue injury in viral infections can be in-
duced mainly by two pathomechanisms: direct
virus infection (viral pathology) and immune-
mediated tissue damage (immunopathology)*?
(Table 2). In viral pathology, viral replication
inside host cells leads to destruction of the cell
plasma membrane and release of virions as well
as death of infected cells.”®* Cell lysis is a com-
mon outcome of infections by most
nonenveloped viruses, and some enveloped vir-
uses. In immunopathology, uncontrolled cellu-
lar and humoral immune effector cells and
molecules, such as pro-inflammatory cytokines,
result in tissue damage. The pathomechanism by
which virus infection causes histopathology is
determined by several factors, including the virus
strain, infection route, hosts’ age and genetic
background, time after virus infection, and tissue
tropism.*®

Clinically, some virus infections result in CNS
tissue damage by viral pathology ; for example,
rabies virus and poliovirus directly infect and
kill neurons, while direct infection of oligoden-
drocytes by human polyomavirus JC results in
demyelination in progressive multifocal leukoen-
cephalopathy (PML).#* In experimental Friend
virus infection, the tissue damage is caused by
viral replication (viral pathology)*®; here sup-
pression of anti-viral immune responses (anti-
viral inflammation) is detrimental, since viral
replication is enhanced when anti-viral immu-
nity is suppressed.*® On the other hand, GBS and
acute disseminated encephalomyelitis (ADEM)
are caused by pure immunopathology, and can
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Table 2 Two possible pathomechanisms of virus-induced diseases
R tati E i tal
Pathomechanism Factor EPY?SCH ative xperimenta ZIKV
disease model
Viral rabies, Friend virus,
Viral pathology replication poliomyelitis, TMEV microcephaly
and molecules PML GDVII
Immune cells
and molecules
(T cells, WNYV, GBS,
I thol - GBS, ADEM .
fMUROpAtiology antibodies, TMEV DA myelitis
cytokines,
NO)

ADEM, acute disseminated encephalomyelitis ; GBS, Guillain-Barré syndrome; NO, nitric oxide; PML,

progressive multifocal leukoencephalopathy ; TMEV DA, Daniels strain of Theiler’s murine encephalomyelitis
virus ; TMEV GDVII, GDVII strain of Theiler’s murine encephalomyelitis virus ; WNV, West Nile virus ;

ZIKV, Zika virus

be triggered even after the clearance of the path-
ogen or after vaccination with inactivated
virus.** In experimental WNV infection in mice,
the tissue damage is caused by immunopath-
ology ; here, suppression of anti-viral immune
responses reduces pathology.*®

Some viruses cause tissue damage by either
viral pathology or immunopathology as well as a
combination of the two pathomechanisms, de-
pending on extenuating conditions.*” For exam-
ple, Theiler’s murine encephalomyelitis virus
(TMEV), a positive-sense ssSRNA virus belong-
ing to the family Picornaviridae, has been used
widely for neurovirology and neuropathology
studies in mice. Intracerebral injection of the
highly virulent GDVII strain of TMEYV results in
infection of neurons, where the virus replicates in
the CNS efficiently, without induction of anti-
virus immune responses, killing mice by pure
viral pathology.*® A less virulent Daniels (DA)
strain of TMEYV also infects neurons in the brain
about | week after infection (acute phase) with
more mild viral pathology. Then, about 1
month after infection (chronic phase), the DA
strain induces an inflammatory demyelinating
disease, a viral model for multiple sclerosis
(MS), mainly by immunopathology with limited
viral replication. Host age also influences the
susceptibility and pathomechanism of TMEV
infection; neonatal mice develop fatal ence-
phalopathy (viral pathology),” young mice
develop an inflammatory demyelinating disease
(immunopathology > viral pathology), and older
mice can clear TMEV without pathology.

On the other hand, intraperitoneal injection of
TMEV can efficiently induce myocarditis,
instead of CNS disease, in some mouse strains ;
direct viral replication in the cardiomyocytes
damages the heart 4 days after infection (phase I,
viral pathology), while T-cell infiltration dam-
ages the heart 1-2 weeks after infection (phase II,
immunopathology).’® In ZIKV infection, we
propose that two different pathomechanisms
cause different neuropathology ; microcephaly is
likely caused by viral pathology in the brain (see
section 2.3), while GBS is likely caused by im-
munopathology in the peripheral nervous system
(PNS) (see section 3.4).

2.2. Neuroinvasiveness, tropism, and virulence

Defining three key categories is essential to
understanding the pathogenesis of CNS virus
infections: neuroinvasiveness, neurotropism, and
neurovirulence.”® Neuroinvasiveness is the abil-
ity of the virus to enter the CNS. Neurotropism
is the ability of the virus to infect neural cells, i.
e., any one of four major CNS parenchymal cell
types: neurons, oligodendrocytes, astrocytes, and
microglia (neuronotropism means infections spe-
cifically of neurons; e.g., poliovirus efficiently
infects only neurons). Neurovirulence is the
ability of the virus to cause CNS disease.
Mumps virus can enter the CNS easily (high
neuroinvasiveness), but infect ependymal cells,
not parenchymal cells (low neurotropism), and
cause only mild meningitis (low neurovirulence)
(Table 3). Human T-lymphotropic virus
(HTLV) 1 has low neuroinvasiveness and no
neurotropism (infects only CD4" T cells) but
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Table 3  Three viral abilities determine neuropathogenesis
Viral ability Mumps Rabies HTLV WNV TMEV ZIKV
. . — +
N P
euroinvasiveness +++ +++ + + adult* fetus* *
9
Neurotropism — +++ ++ +++ o -
mouse*** human
. — ++
Neurovirulence + +++ +++ ++ +++
adult* fetus**

HTLV, human T-lymphotropic virus; TMEV ; Theiler’s murine encephalomyelitis virus infection (in mice) ;

WNV, West Nile virus ; ZIKV, Zika virus

* in human adults

** in human fetuses

*** in mice infected with ZIKV intracerebrally

high neurovirulence, inducing severe spinal cord
damage, resulting in HTLV-associated
myelopathy/tropical spastic paraparesis (HAM/
TSP).#+52 Rabies virus can enter the CNS from
peripheral nerves, and infect CNS neurons effi-
ciently, with a 100% case fatality rate in humans
(high neuroinvasiveness, high neurotropism, and
high neurovirulence). Experimental intracere-
bral injection of TMEV results in infection of
neurons in the brain of all infected mice (high
neurotropism), and causes severe neurological
diseases, including polioencephalitis and
demyelination (high neurovirulence), while the
peripheral injection of TMEYV usually does not
cause CNS infection (low neuroinvasiveness).

To distinguish the three categories is some-
times difficult ; it is possible to dissect out three
components only in animal experiments where
animals can be infected by different routes of
inouclation. Intracerebral innoculation is the
best way to assess neurotropism, while the
peripheral innoculation, including intravenous,
intraperitoneal, intranasal, subcutaneous, and
intramuscular injections, is used to evaluate
neuroinvasiveness. For example, among flavivir-
uses, WNYV has an animal model that can be used
to determine three categories of neuropath-
ogenesis. From animal experiments as well as
epidemiological and clinical findings in humans,
WNYV seems to have low to moderate neur-
oinvasiveness, moderate neurotropism, and mod-
erate neurovirulence, since WNYV infects focal,
but not diffuse, neurons in the CNS%3-% (Fig. 2),
and causes WNV meningoencephalitis only in a
small minority of elderly patients through mos-
quito bites.®®

ZIKV seems to have no neuroinvasiveness in
adults, since infected individuals do not develop
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Fig.2  Neuropathology of West Nile virus (WNV) encepha-
litis. The brain was harvested from mice infected
with WNV subcutaneously, and embedded in paraf-
fin.® (a) Meningitis (arrowheads) and perivascular
cuffing (arrow) composed of mononuclear cells in

(b) T cells

(arrows) in the perivascular cuffing by immunohisto-

the brain (Luxol fast blue stain).

chemistry against CD3. (¢, d) Viral antigens
(arrows) in the cytoplasm and cell processes of
neurons by immunohistochemistry with rabbit anti-
WNYV antibody (1 : 4,000 dilution, 81-015, BioRelian-
ce, Rockville, Maryland, USA), following trypsin
treatment.

CNS infection following viremia or intravenous
injections, either clinically or experimentally.
On the other hand, ZIKV may have high neur-
otropism because intracerebral injection in ani-
mal models and intrauterine transmission in
fetuses result in active CNS viral replication.
Recent studies in animal models suggest that
ZIKYV first infects the placenta and then preferen-
tially neural progenitor cells of the fetal
brain.57-62

Regarding ZIKV neurovirulence, several fac-
tors appear to be important, since 1) intracere-
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bral infections with high-dose ZIKYV resulted in
severe neurological diseases depending on age
and species, and 2) only in the past few years,
ZIKYV infection has been associated with neur-
ological diseases, which may depend on virus
strains, host factors, or vectors (mosquito
species). Phylogenetic trees based on whole
genome sequences divided ZIKV isolates into
three genotypes: West African, East African,
and Asian. Although all viral isolates from
recent ZIKV epidemics belong to the Asian
genotype,5 it is unclear whether the differences
between the genotypes influence any aspects of
viral characteristics.

2.3. CNS fetal virus infections and microce-
phaly

While intrauterine infections that lead to con-
genital abnormalities are relatively rare, virus
can infect the fetus mainly from the blood across
the placenta following viremia in the mother.%*
The placental barrier excludes some substances,
while other particles, including immunoglobulin
(Ig) G, can pass the placenta with ease (ZIKV
may use this physiological transport system to
infect fetuses; see section 3.4). The placental
barrier prevents virus from fetal infections, some
viruses can infect the placenta, which may alter
its barrier function. Among viruses that can
cause human fetal infections, rubella,
cytomegalovirus, and human immunodeficiency
virus (HIV) infections of the fetus are commonly
associated with fetal CNS diseases, including
microcephaly. Here, viral infections of the fetus
result in congenital abnormalities with or with-
out cytopathic effects.

‘Microcephaly’ means small head; head cir-
cumference measurements of two or more stan-
dard deviations below the mean are abnormal.®®
Because the brain and skull usually grow in
parallel, the term ‘microcephaly’ is generally
used to indicate smallness of the brain. Microce-
phaly can be classified into two groups, with or
without associated malformations (including
genetic disorders). Microcephaly without as-
sociated malformations can be caused by virus
infections, particularly rubella virus and
cytomegalovirus. In ZIKV infection, although
the precise mechanism of microcephaly is un-
known, ZIKV RNA has been found in the
amniotic fluid and brain of fetuses and infants
with microcephaly. Also, the high rates of
microcephaly among infants born to ZIKV-in-
fected mothers linked microcephaly to maternal

ZIKYV infection.®? Oliveira Melo and colleagues
demonstrated fetal microcephaly cases with
brain calcifications using ultrasound.®® The
presence of brain calcifications has been reported
in other fetal virus infections and suggestive of
an intrauterine CNS infection. These results
suggest that microcephaly is induced by direct
ZIKYV infection in the brain of fetuses (viral
pathology).5”

3. Roles of antibody in ZIKYV infection

3.1. Antigenic sin and antibody-dependent en-
hancement (ADE)

Generally, in virus infections, anti-viral anti-
bodies bind extracellular viruses, resulting in
neutralization and clearance of viruses from the
host. For example, A-virus infection induces
anti-A-virus antibodies that bind, neutralize, and
clear the A-virus during primary infection (Fig.
3a). Then, when another irrelevant viral infec-
tion follows, the host immune system makes
antibodies to the second virus, which results in
viral neutralization and clearance. In Fig. 3c,
the second infection with irrelevant C-virus
induces anti-C-virus antibodies that neutralize
and clear the C-virus. However, sequential infec-
tions with viruses, containing epitopes that are
cross-reactive to related viruses, can induce
higher antibody titers to the first virus than to
those of the newly infecting second virus; the
antibody responses to the originally infected
virus are reinforced at the expense of response to
the newer virus.®® In Fig. 3b, the secondary
infection with B-virus that mimics A-virus
antigenically induces higher antibody responses
to A-virus than to B-virus.

Although this phenomenon is termed “origi-
nal antigenic sin”, its outcome can be a sin
(detrimental) or blessing (beneficial), which may
differ among virus infections. The outcome
depends on whether or not the cross-reactive
antibodies have neutralizing abilities. When the
antibody neutralizes the secondary infecting
virus, this means that sensitization (% vaccina-
tion) against the original virus can protect a
virus infection with the second related virus. In
Fig. 3bi, when increased anti-A-virus antibodies
neutralize B-virus, this results in efficient clear-
ance of B-virus (“antigenic blessing”). On the
other hand, as suggested in influenza virus infec-
tions, when the antibody has no neutralizing
activity to the second virus, the antibody
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response to the previous infecting virus is more
vigorous than the response to the current one,
which reduces production of the neutralizing
antibody to the newly infecting virus, resulting
in more active viral replication. In Fig. 3bii,
decreased anti-B-virus antibody production at
the expense of increased anti-A-virus antibody
production results in poor clearance of B-virus.

There is another mechanism by which non-
neutralizing anti-viral antibody can increase
pathogenesis ; in some viral infections, such as
DENYV, Ebola virus, and HIV, anti-viral anti-
body has been shown to enhance infections of
virus instead of its clearance ; this phenomenon
is termed “antibody-dependent enhancement
(ADE) of infection”®®. Both protective immu-
nity and increased pathogenesis in secondary

a. Primary A-virus infection

r Anti-A-virus Ab
A-virus

&

viral infections have been observed in flavivirus
studies.”” DENYV belongs to the family Flavivir-
idae, genus Flavivirus, the same genus as ZIKYV,
and has four serotypes. Following a primary
infection with one serotype of DENYV, patients
infected with another serotype of DENV have
been reported to develop more severe disease,
such as DHF and DSS.”%"2 One explanation of
the exacerbation of the secondary DENV infec-
tion is ADE, where antibodies generated during
the primary DENYV infection bind, but do not
neutralize, the DENV of a different serotype
during the secondary infection, then virus-anti-
body complex is captured by Fc receptor (FcR)
and/or complement (C’) and C receptor (CR)
on phagocytes, such as monocytes and macro-
phages, enhancing infection of FcR* and/or

Viral neutralization
and clearance

b. 2nd B-virus infection

i) If anti-A-virus Ab neutralizes B-virus,

- Viral clearance

Anti-A-virus Ab

N

N
e
A

Z

\

., “Antigenic blessing”

- If anti-A-virus Ab doesn’t neutralize B-virus,

ii)

Anti-B-virus Ab J - Viral replication

ﬂh “Antigenic sin”

iii)

Fcy receptor

c. 2 C-virus infection

Anti-C-virus Ab
C-virus &

Viral neutralization
and clearance

Fig. 3

Ab-dependent enhancement of infection

(ABE)

; Viral
replication
t

O A-virus . * A-virus Ab
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Clearance or enhancement of viral infections mediated by anti-viral antibodies in the sequential viral infections. (a) In the

primary infection with A-virus (e.g., dengue virus belonging to the genus Flavivirus), anti-A virus antibodies (Abs) are

produced, resulting in viral neutralization and clearance.

Here, a second infection with B-virus that is related to A-virus

(e.g., Zika virus belonging to the genus Flavivirus) (b) or with irrelevant C-virus (e.g., picornavirus) (¢) can occur. (¢) C-

virus infection induces only anti-C-virus Abs, but not anti-A-virus Ab, resulting in neutralization and clearance of the C-

virus. (b) On the other hand, since B-virus mimics A-virus antigenically containing epitopes that are cross-reactive to A-

virus, B-virus infection can induce higher Ab responses to A-virus than B-virus.

Then, if increased anti-A-virus Abs

neutralize B-virus, this results in efficient clearance of B-virus (“antigenic blessing”). On the contrary, if anti-A-virus Abs

have no neutralizing activity to B-virus, decreased anti-B-virus Ab production at the expense of increased anti-A-virus Ab

production results in poor clearance of B-virus (“antigenic sin”’). Moreover, the Fc region of the virus-antibody complex

can be captured by Fc receptor (FcR)-positive (+) cells, such as macrophages, leading to viral replication in FcR* cells,

which is termed “antibody-dependent enhancement of infection (ADE)”.
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CR* phagocytes. In Fig. 3biii, anti-A-virus
antibody binds B-virus, but does not neutralize
B-virus, and then the Fc region of the virus-
antibody complex is captured by FcR* cells.
This results in viral replication in the FcR* cells,
instead of viral clearance. It should be noted
that the anti-viral antibody class that can cause
ADE by itself is IgG, but not other classes, since
major FcRs on phagocytes are Fcy receptors;
FcuR is very rare in general and not expressed
on phagocytes in humans or mice”; IgM is not
involved in ADE by itself, but virus-IgM-C’-CR-
mediated ADE might be possible, in theory.
3.2. Neutralizing versus non-neutralizing
cross-reactive antibodies

In the original ZIKV report,! Dick and co-
workers quantified serum neutralizing titers
using an “intracerebral” neutralization test, de-
scribed by Max Theiler, in which mixtures of
serum and serially diluted virus-infected mouse
brain were intracerebrally inoculated into mice.
They demonstrated that anti-serum against
ZIKV did not neutralize YFV, DENYV, or
TMEV (FA, GDVII, and TO strains)”" ; recip-
rocally, anti-sera against the above three viruses
and other viruses, including WNV and SLEV,
did not significantly neutralize ZIKV.

On the other hand, anti-sera against ZIKV
have been shown to bind (cross-react with) other
flavivirus antigens, including DENV and YFV.
Thus, in theory, the presence of one flavivirus
antibody can lead to ADE of a secondary infec-
tion with other flaviviruses when the flavivirus
antibody cross-reacts with other flavivirus
epitopes, without having a viral neutralization
ability. Dejnirattisai and colleagues’® demon-
strated that plasma from patients infected with
DENV (any four serotype) cross-reacted with
ZIKV but without ZIKV neutralization. The
DENYV plasma increased not only ZIKV binding
to the human myeloid cell line U937, detected by
flow cytometry, but also viral titers in the super-
natant, determined by focus forming assay
(although the kinetics of intracellular viral re-
plication was not shown). Monoclonal anti-
bodies (mAbs) to DENV also enhanced ZIKV
binding to U937, while some mAbs to DENV E
protein dimer inhibited ZIKV binding. It was
not shown that the anti-DENV-dimer mAbs
inhibited the conformational change from
dimers to trimers of E protein; the confor-
mational change of E protein is necessary for
virus-cell fusion for viral genome entry into the

cytoplasm in flavivirus infections.®

The above study is somewhat inconsistent
with the study of samples from French
Polynesian patients with GBS by the same
research group.”” In the French Polynesian
patients, only 19% of anti-ZIKV IgM samples
cross-reacted with DENYV, while 100% of sera
from ZIKV patients neutralized both ZIKV and
DENYV (even five DENV IgG-negative serum
samples neutralized DENV). It is unclear: 1)
how anti-ZIKV antibodies neutralized DENV
despite the lack of cross-reactivity to DENV,”
and 2) why the majority of anti-ZIKV anti-
bodies did not cross-react with DENV in the
French Polynesian study, while anti-DENYV sera
and mAbs showed high cross-reactivity to ZIKV
without neutralizing ZIKV in another study by
the same research group.”®

The considerable cross-reactivity of flavivirus
antibodies should be taken into account when
serologic test results are interpreted. One sug-
gests that samples positive for anti-ZIKV IgM
antibody and negative for anti-DENV IgM may
be interpreted as presumptive recent ZIK'V infec-
tion.*> However, this cannot rule out the possi-
bility of other flavivirus infections, particularly
YFV, which are circulating in the areas where
ZIKYV is endemic.
3.3. Guillain-Barré syndrome in ZIKYV infec-
tion

GBS is characterized by the development of a
rapidly progressive paralytic syndrome with sev-
eral patterns of PNS involvement,”® including
acute inflammatory demyelinating polyneur-
opathy (AIDP), acute motor axonal neuropathy
(AMAN), acute motor sensory axonal neur-
opathy (AMSAN), and Miller Fisher syndrome
(MFS).”  Approximately 70% of GBS cases
occur 1-3 weeks after infections with various
microbes including Campylobacter (C.) jejuni,
Mycoplasma pneumoniae, cytomegalovirus, Ep-
stein-Barr virus, HIV, and hepatitis viruses.®°
Experimental autoimmune neuritis (EAN) has
been used for an animal model for GBS; EAN
can be induced by sensitization with PNS
antigen, and is similar to GBS, clinically, neur-
opathologically, and immunologically. Thus,
microbial infections have been proposed to cause
GBS, for example, due to molecular mimicry
between microbes and PNS antigens, which trig-
gers generation of detrimental immune responses
that recognize not only microbes but also PNS
antigens, leading to PNS pathology. In GBS
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associated with C. jejuni infection, anti-C. je-
juni antibodies, which cross-react with gang-
liosides present in a large quantity in nervous
tissues, including nodes of Ranvier, seem to play
a pathogenic role.”

Although ZIKYV infection has often been de-
scribed as a possible cause of GBS in the popular
press, there have been only a few case reports
with generally weak evidence that ZIKV is as-
sociated with GBS. Braisl and co-workers®!
reported a case report of GBS in a patient who
had DENYV infection 5 years ealier, and devel-
oped neurological signs including muscle weak-
ness and areflexia. Real-time PCR for ZIKV
RNA was positive in serum, cerebrospinal fluid
(CSF), saliva, and urine, but antibody responses
to ZIKV were not tested.

There is only one case-control study that inves-
tigated the association between ZIKYV infection
and GBS.”” Between October 2013 and April
2014, French Polynesia (which includes Tahiti)
experienced a large ZIKV outbreak with more
than 32,000 patients suspected of having ZIKV
infection. During the period, 42 GBS patients
presented to hospital, while the annual number
of cases of GBS in French Polynesia between
2009 and 2012 was 3-10. In the 42 GBS cases, of
whom 74% patients were men, the patients had
clinical signs/symptoms of viral infection, in-
cluding conjunctivitis, rash, fever, and arthral-
gia, 4-10 days before the onset of neurological
signs/symptoms, such as muscle weakness, are-
flexia, facial palsy, and paresthesia. Electro-
physiological findings were compatible with
AMAN, and the patients were treated with intra-
venous Igs (IVIG). While mechanical ventila-
tion was required in 29% of patients, no patients
died ; 3 months after discharge, 57% walked
without assistance.

There are several concerns about the above
study. First blood samples were collected from
the 42 GBS patients at hospital admission (2-8
days after the onset of neurological symptoms) ;
98% patients had antibodies against ZIKV, but
viral RNA was not detected in any of the sam-
ples.”” In the control group samples from those
with acute ZIKV infection without neurological
symptoms, viral RNA was detected in all sam-
ples, while anti-ZIKV antibodies were not
examined. In the other control group samples
from patients with non-febrile illnesses, 36% of
samples had ZIKV antibodies, while viral RNA
was not examined. This study did not set up a
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control group composed of non-GBS patients
with neurological diseases. Antibodies to
glycolipids (GM1, GA1, GM2, GDla, GDI1b, or
GQIlb) were detected in 31% of patients at the
onset of GBS, in which GA1 antibody responses
were the highest (19%). Cross-reactivity was not
found between GA1 and ZIKV in two samples
examined, while no other cross-relativities, such
as between ZIKV and other glycolipids or
flaviviruses, were examined. Thus, it is unclear
whether anti-GA1 antibodies were associated
with ZIKV infection, while anti-GA1 antibody
has been detected in other GBS, including
MFS.#2

As discussed above, the pathogenesis of ZIKV-
associated GBS remains unclear. A recent report
of 66 ZIKV-associated GBS cases in Colombia
indicated that GBS may be a heterogeneous
disease in ZIK V-infected patients.®*%* Clinical-
ly, about a half of the GBS patients developed
neurologic symptoms during or immediately
after ZIK'V infecton ; thus, this group of patients
had a “parainfectious” onset, not a postin-
fectious onset typically seen in GBS. Nerve
conduction studies showed that 78% of patients
had the AIDP subtype, and only one patient had
the AMAN subtype. Other notable findings
included : 1) 50% patients had bilateral facial
paralysis; 2) ZIKV RT-PCR was positive in
40% of urine samples, but in only three CSF
samples; and 3) an anti-DENV antibody kit
was used to examine anti-flavivirus antibody
responses, but anti-ZIKV, YFV or glycolipid
antibody responses were not tested.
3.4. Three hypothetical roles of anti-ZIKV-
antibody in GBS, placental entry, and neuronal
spread

Although the precise pathomechanisms of
microcephaly and GBS associated with ZIKV
infection are currently unknown, we hypothesize
that anti-ZIKV antibody may contribute to
neurovirulence of ZIKV in three ways: 1) cross-
reactive antibody recognizes both viral antigen
and neuroantigen ; 2) transplacental passage of
the virus; and 3) axonal transport of the virus
to the CNS. The second and third ways are
mediated by FcR expressed on the placenta and
nerve endings, respectively, resulting from the
capture of the Fc region of a virus-antibody
complex.

First, we hypothesize that anti-ZIKV antibody
may be responsible for induction of GBS (Fig.
4a). GBS usually involves only the PNS, and
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neither the CNS nor other visceral organs.®?
Interestingly, in ZIKV infection, although in-
creased GBS cases have been reported, there is no
increase in cases with other immune-mediated
diseases or CNS demyelinating diseases, includ-
ing ADEM and MS®; ADEM and MS have
been associated with virus infections and autoim-
mune responses to CNS myelin antigens, while
their precise pathomechanisms are unclear.?”
Thus, we hypothesize that ZIKV infection can
induce cross-reactive (autoimmune) responses
specific for PNS antigens, but induce neither
CNS-specific autoimmunity nor dysregulation of
autoimmune responses in general.

In GBS, autoantibodies against neural
antigens, particularly gangliosides, are present in
the sera from approximately 60% of GBS
patients, and are useful diagnostic markers and
possible pathogenic factors”8% ; the
autoantibody responses may also play a role in
ZIKV-associated GBS. Although it is unknown
how such autoantibody responses are induced in
most GBS cases, there is strong clinical and
experimental evidence that, in GBS cases with C.
Jjejuni infection, molecular mimicry between C.
jejuni and ganglioside leads to generation of
antibodies that react to both C. jejuni and gang-
liosides, particularly GM1, which induce PNS
damage.®® Such autoantibody responses may
also be induced, playing a pathogenic role in
induction of ZIKV-associated GBS (Fig. 4a),
while, so far, there has been no report on molecu-
lar mimicry between ZIKV and PNS antigens. It
should be noted that GBS following DENV
infection is uncommon, while there are several
DENV-associated GBS case reports.®*=92 Thus,
antigenic epitopes responsible for ZIKV-as-
sociated GBS may be unique in ZIKV and not
common with DENV.

Second, anti-ZIKV antibody may play a role
in transplacental transport of the virus from
maternal blood to the fetus (Fig. 4b). Among Ig
classes, only IgG can cross the placenta, allowing
transport of IgG from maternal blood to the
fetus, which is mediated by the neonatal Fc
receptor (FcRn) on the placenta. FcRn is a
major histocompatibility complex (MHC) class
I-like transmembrane protein associated with
32-microglobulin.?®* FcRn is one of subtypes of
IgG Fc receptors (FcyRs), binds to the 1gG Fc
region, and is responsible for transporting anti-
bodies of the IgG class from the mother to the
fetus.®*% While transplacental passage of IgG is

beneficial in passive transfer of humoral immu-
nity against microbes, passage of pathogenic
autoantibodies can induce transient autoimmune
diseases in neonates, such as neonatal myasth-
enia gravis and neonatal Graves’ disease.’® Thus,
when neutralizing anti-ZIKV IgG is transferred
transplacentally, it can protect the fetus from
ZIKYV infection. On the other hand, when non-
neutralizing 1gG binds ZIKV and forms ZIKV-
IgG immune complexes in the maternal blood,
these complexes can be captured by FcRn on the
placenta, and transferred to the fetus without
viral neutralization, leading to fetal infection
and microcephaly (Fig. 4b).

a. Cross-reactive antibody binds ZIKV and neurons

-

ZIKV PNS damage = GBS
b. Transplacental passage of virus-Ab ZIKV
complex

& neuron
anti-ZIKV
/ Ab
Maternal FcRn non-
blood placenta > Riutralizing

FcRn

} FcyR

Fetal infection

microcephaly

Peripheral CNS

Fig.4 Three hypothetical pathogenic roles of anti-Zika
virus (ZIKV) antibody (Ab) in Guillain-Barré syn-
drome (GBS) and microcephaly. (a) Anti-ZIKV
antibodies may cross-react with neural antigens spe-
cific to the peripheral nervous system (PNS), which
damages PNS, leading to GBS. (b) Non-neutralizing
IgG can form ZIKV-IgG immune complex, which
can be captured by the neonatal Fc receptor (FcRn)
on the placenta without viral neutralization. This
will lead to transplacental passage of the immune
complex, and infection of the fetus, causing microce-
phaly. (c) The immune complex, composed of ZIKV
and non-neutralizing IgG antibody, is taken up at the
nerve ending via Fcy receptor (FcyR) in the periph-
ery, and then transported to the cell body of neurons
in the central nervous system (CNS), using retro-
grade axonal flow. Here, by this neural route, the
virus can enter the CNS without crossing the blood-
brain barrier (BBB).
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Third, non-neutralizing anti-ZIKV antibody
can also mediate retrograde axonal transport of
the virus from the periphery to the CNS, when
the antibody binds the virus without neutraliza-
tion (Fig. 4c). We and others have demonstrated
that antibodies can be taken up at the nerve
endings of neurons, and transferred to the neur-
onal cell body by retrograde axonal flow.?”=% In
this scenario, when one neuron has a nerve
ending in the periphery and the cell body in the
CNS, the IgG is transported from the periphery
to the CNS without crossing the blood-brain
barrier (e.g., lower motor neurons have their
nerve endings at neuromuscular junctions in the
periphery with their cell bodies in the anterior
horn of the spinal cord). When the antibody is
an autoantibody to neurons, such as anti-neur-
onal Yo and Hu antibodies derived from
patients with paraneoplastic cerebellar degenera-
tion, axonal transport of neurotoxic
autoantibodies leads to neuronal cell death.
Although the precise mechanism is unclear, the
antibody seems to be taken up at the nerve
ending via FcR,' and transported to the cell
bodies of neurons via retrograde axonal flow.!%!
In theory, if the virus-antibody complex is tran-
sported to the neuronal cell body without neu-
tralization, the virus can use the neural route to
spread from the peripheral nerve endings into the
CNS within axons, and propagate in the cyto-
plasm of neurons. Alternatively, when virus-
antibody complex is incorporated into FcR*
monocyte-macrophages, the virus can hide in the
cells and is transported into the CNS (Trojan
horse theory, as proposed in HIV and TMEV
infection).10?

4. Conclusions

In this review, the virological, immunological,
and neurological aspects associated with ZIKV
infection were summarized. Although the pre-
cise pathomechanism of ZIKV-associated mi-
crocephaly and GBS is unknown, we proposed
three potential pathogenic roles of anti-ZIKV
antibody in GBS and microcephaly. Testing our
hypotheses will provide insights into ZIKV-as-
sociated pathogenesis as well as anti-viral anti-
body-mediated immunopathology in general.
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