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One of the most important and outstanding characteristics of viruses is their cellular and 
host tropism. As parasitic entities, viruses have to compromise with numbers of positive and 
negative factors present in target cells for their survival. In the absence of an appropriate 
interaction with cells, they do not replicate at all. Viral tropism can be therefore determined 
at each replication step, from the entry to progeny production in target cells. There are two 
major types of viral tropism, that is, the receptor-dependent and -independent tropisms. 
Restriction of viral replication occurs on the cell surface (receptor-dependent viral entry 
step) and/or intracellularly (receptor-independent post-entry replication steps). Viruses have 
acquired some mechanisms through adaptive mutations and/or recombinations to counteract 
a wide variety of cellular restriction factors, or to correctly interact with numerous cellular 
factors necessary for replication. They thereby can replicate, spread and survive in certain 
cell lineages, tissues, organs and finally in host individuals. This evolutional process/pressure 
would have generated profound effects on the biological properties of viruses. Recently, many 
cellular anti-viral factors with unique action mechanisms in addition to co-viral factors 
have been discovered by extensive studies on molecular genetics of viruses. Researches of 
these factors would lead to the effective clinical applications, as well as the increase of basic 
biological knowledge. 

In this Research Topic, we focus on the receptor-independent and uniquely associated viral 
tropism other than the strictly receptor-dependent or -mediated one. By presenting a series of 
centered articles, we describe here the unique properties of various virus species. Any types of 
the tier 1 article would be accepted and included in this Topic.
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The authors in this Research Topic have highlighted the 
 importance of viral tropism by presenting biological phenomena 
and their underpinning host cellular and molecular bases. The bio-
logically unique phenomenon of viral tropism is not only of interest 
to virologists to bring progress to their basic science but also highly 
relevant to clinical studies with the goal to design new anti-viral 
strategies. Accordingly, “Viral Tropism” must be considered a sibling 
to another Research Topic in Frontiers in Virology entitled “Receptor 
usage and pathogenesis in acute and chronic viral infection.”
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One of the most important and outstanding characteristics of 
viruses is their cellular and host tropism (Levine and Enquist, 2007). 
As parasitic entities, viruses have to compromise with numbers of 
positive and negative factors present in target cells for their survival. 
In the absence of an appropriate interaction with cells, they do not 
replicate at all. Viral tropism therefore can be determined at each 
replication step, beginning with the entry into cells and ending 
with the progeny production from cells. There are two major types 
of viral tropism, that is, the receptor-dependent and -independent 
tropisms. Restriction of viral replication occurs on the cell sur-
face (receptor-dependent viral entry step) and/or intracellularly 
(receptor-independent post-entry replication steps).

In this Research Topic, a number of basic studies on both types 
of animal virus tropism have been published as either reviews, 
mini-reviews, or an original research article. Kajitani et al. (2012) 
have efficiently summarized a unique and complex lifecycle of 
human papilloma viruses (double-stranded DNA virus). Ohka 
et al. (2012) have concisely described the receptor-dependent and 
-independent tropism of poliovirus (positive sense single-stranded 
RNA virus). Ramadhany et al. (2012) have presented an original 
study on the mutations in hemagglutinin gene of influenza virus 
(negative sense single-stranded and segmented RNA virus) and 
have discussed their effects on the viral tropism. Multiple cellular 
receptors for measles virus (negative sense single-stranded and 
segmented RNA virus) have been clearly described by Sato et al. 
(2012). Takada (2012) has proposed models of filovirus (ebola 
and Marburg viruses; negative sense single-stranded RNA virus) 
entry into cells. Yasuda (2012) has discussed the interaction of 
ebolavirus and anti-viral cellular factor tetherin/BST-2. Species 
tropism of human and simian immunodeficiency viruses (HIV 
and SIVs; positive sense single-stranded RNA viruses containing 
reverse transcriptase), a representative of the receptor-independ-
ent tropism, has been systematically summarized by Nakayama 
and Shioda (2012). Sakuma and Takeuchi (2012) has provided 
insight into the mechanism for species-specific SIV replication. 
Nomaguchi et al. (2012) have focused on the function of viral 
accessory proteins, and discussed the bases for HIV-1 species tro-
pism. Tani et al. (2011) have described the use of vesicular sto-
matitis virus (negative sense single-stranded RNA virus) as tools 
in various research and medical fields. Finally, Uchiyama (2012) 
has reviewed the rickettsia tropism as an example of non-viral 
microbes (obligate intracellular parasitic bacterium).
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Human papillomaviruses (HPVs) target the stratified epidermis, and can causes diseases
ranging from benign condylomas to malignant tumors. Infections of HPVs in the genital
tract are among the most common sexually transmitted diseases, and a major risk factor
for cervical cancer. The virus targets epithelial cells in the basal layer of the epithelium,
while progeny virions egress from terminally differentiated cells in the cornified layer, the
surface layer of the epithelium. In infected basal cells, the virus maintains its genomic DNA
at low-copy numbers, at which the viral productive lifecycle cannot proceed. Progression
of the productive lifecycle requires differentiation of the host cell, indicating that there is
tight crosstalk between viral replication and host differentiation programs. In this review,
we discuss the regulation of the HPV lifecycle controlled by the differentiation program of
the host cells.

Keywords: HPV, differentiation, epithelial cell, keratinocyte

INTRODUCTION
Human papillomavirus (HPV) infections of the anogenital organs
are a very common“sexually transmitted disease (STD).”Although
the incidence of cancer progression is low, a HPV infection is
frequently detected in anogenital cancers. As for cervical cancer,
HPV DNA is detected in more than 90% of cases. Approx. 5.5
million new cases of HPV infection are reported and there are c.a.
450,000 diagnoses of cervical cancer per year worldwide, leading
to approximately 200,000 deaths each year, which ranks second
among cancers in women (Parkin and Bray, 2006). HPV infec-
tions have also been associated with the head and neck squamous
cell carcinomas (HNSCCs).

Human papillomavirus is categorized as a small virus con-
taining DNA. More than 120 types of HPV have been identified
and one-third of them target mucosal membranes, the remain-
der target the cutaneous membranes. Mucosa-tropic HPVs can be
classified into two types based on their association with malignant
carcinomas: a high-risk type (such as HPV type 16, 18, 31) and a
low-risk type (such as HPV6 and 11; Howley, 1996). Prophylactic
vaccines for HPV16 and18, Cervarix (GlaxoSmithKline), and for
HPV6, 11, 16, and 18, Gardasil (Merck & Co.), have been developed
recently and effectively prevent primary infections. They, however,
cannot be used as therapeutic vaccines, indicating the importance
of a Pap smear and the development of effective treatment strate-
gies (Carter et al., 2011). In order to inhibit HPV-induced cancer,
an understanding of the molecular basis of the infection and the
characteristics of the infected lesions is important.

GENOME ORGANIZATION OF HPV AND FUNCTIONS OF VIRAL
PROTEINS
Human papillomaviruses have a common gene organization
(Figure 1): an early region encoding non-structural genes, the late

region for structural genes, and a regulatory region (long control
region: LCR).

The functions of each viral protein are summarized in Table 1.
E1 and E2 are cooperatively involved in the initiation of viral
DNA replication. E2 also functions as a transcriptional transac-
tivator. E6 and E7 modulate the cell cycle control and contribute
to viral genome maintenance (Frattini et al., 1996; Stubenrauch
et al., 1998; Thomas et al., 1999). They also contribute to cancer
development (Münger et al., 2004). Though E4 and E5 are specu-
lated to modulate the productive phase of the HPV lifecycle, their
biological roles remain unclear (Fehrmann et al., 2003; Genther
et al., 2003; Nakahara et al., 2005; Wilson et al., 2005, 2007; Fang
et al., 2006). Both L1 and L2 are capsid proteins.

HPV LIFECYCLE
The target of a HPV infection is the stratified epithelium. In the
normal stratified epithelium, the cell attached to the basal mem-
brane (basal cell) is the only cell that has the potential to proliferate.
The basal cell divides into a new basal cell and a daughter cell
that is detached from the basal membrane, and the daughter cell
launches its differentiation process. The daughter cells exit from
the cell cycle and change their gene expression pattern, proceed-
ing to terminal differentiation, then peel off from the epithelium
(Jones et al., 2007). The lifecycle of HPV is tightly regulated by
the differentiation program of the host cells (Figure 2). In this
section, the differentiation-dependent lifecycle of HPV is briefly
summarized.

ENTRY OF HPV INTO THE BASAL CELLS OF STRATIFIED EPIDERMIS
Human papillomavirus virions invade through damaged areas of
the epithelium and infect the basal cells. Although the receptor for
the HPV infection has not been fully characterized, the following
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FIGURE 1 |The genome organization of HPV16. The HPV genome has a
circular double-stranded DNA structure. The viral genes are transcribed in a
single direction (clockwise). There are genes coding for non-structural
proteins (E1, E2, E4, E5, E6, and E7) and structural proteins (L1, L2), and a

transcriptional control region (long control region; LCR). LCR contains a
DNA replication origin and functions as the regulator for the DNA
replication. The major promoters and polyadenylation signals are indicated
(P97, P670, AE, AL).

model has been postulated; virions initially attach to the heparan
sulfate proteoglycan (HSPG) on the basal membrane, and trans-
fer to the receptor expressed on the keratinocytes moving on the
basal membrane in the wound-healing process, then enter the cells
(Kines et al., 2009).

LOW-LEVEL EXPRESSION OF VIRAL GENES AND GENOME
MAINTENANCE IN THE BASAL LAYER
Following viral entry and uncoating, HPV genomic DNA is trans-
ported into the nucleus and maintained at a low-copy number in
the basal cells (50 ∼ 100 copies per cell; in the basal layer, Figure 2;
Moody and Laimins, 2010). Genome maintenance as episomal sta-
tus is essential for the establishment of the early phase of the viral
lifecycle (McBride et al., 2006).

PRODUCTIVE REPLICATION OF HPV IN THE DIFFERENTIATED CELLS
After leaving the basal membrane, the infected cells initiate the
differentiation program. Because HPV does not encode DNA
polymerase activity for viral genome replication, the host DNA
replication machinery is required. However, the DNA replication
activity is suppressed in the differentiated cells that exit from the

cell division cycle. To ensure that the viral genome is replicated,
HPV needs to reactivate cell division among the differentiation-
initiated cells. E6 and E7 inactivate p53 and retinoblastoma protein
(pRb), respectively, which enables the cells to maintain their DNA
replication potential (Münger et al., 2004).

In the upper layers of the stratified epithelium (in the spinous
layer, Figure 2), the expression of viral genes that are required
for viral genome replication is markedly accelerated (Hummel
et al., 1992; Ozbun and Meyers, 1997), inducing viral genome
amplification to thousands of copies per cell (Bedell et al., 1991).
Following the genome amplification, in the terminally differenti-
ated cells, the synthesis of capsid proteins is triggered. The capsid
proteins assemble into virions that encapsidate viral genomic
DNA. The progenitor virions are released externally with peeled
keratinocytes.

DIFFERENTIATION-DEPENDENT CONTROL OF HPV LIFECYCLE
The differentiation-dependent lifecycle of HPV is controlled of
multiple levels, such as transcription, post-transcriptional process-
ing, translation, and DNA replication. In the following sections,
each regulatory mechanism is summarized.

Frontiers in Microbiology | Virology April 2012 | Volume 3 | Article 152 | 6

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive


Kajitani et al. Differentiation-dependent replication of HPV

Table 1 | Summary of HPV gene functions.

Function in viral lifecycle Activities Target factor

E1

Replication of viral genome DNA-binding activity, helicase activity, ATPase RPA, topoisomerase, polymerase alpha-primase

E2

Transcription of viral genes

Replication of viral genome Transactivation/transrepression, DNA-binding

activity, DNA segregation in mitotic cell

Brd4, ChlR1
Maintenance of viral genome

E6

Reactivation of cellular replication mechanisms

Proliferation, immortalization, inhibition of

apoptosis

Interaction with various cellular proteins p53, ADA3, p300/CBP, E6AP, SP1, c-Myc, NFX1-

91,TERT, FAK, FADD, Caspase 8, BAX, BAK, IRF3,

PDZ domain proteinsMaintenance of viral genome

E7

Reactivation of cellular replication mechanisms

Proliferation, genomic instability, inhibition of

apoptosis

Interaction with various cellular proteins RB, p107, p130, HDAC, E2F6, p21, p27,

CDK/cyclin, ATM, ATR, gamma-tubulin

Maintenance of viral genome

E4

Unknown

Destruction of keratin network, induction of

G2M arrest of cell cycle

Cytokeratin 8/18

E5

Possibly involved in proliferation and/or

inhibition of apoptosis Affection of cellular signaling pathway EGFR, PDGFR,V-ATPase, MHC1,TRAIL receptor,

FAS receptor

L1

Major capsid protein

L2

Minor capsid protein

TRANSCRIPTIONAL REGULATION OF VIRAL GENES
Human papillomavirus has two major promoters, the early pro-
moter and the late promoter. In HPV16, P97, and P670 have been
identified as the early and late promoters, respectively (Figure 1).
Transcriptional activity is mainly controlled by the LCR. A tran-
scriptional enhancer is located within the LCR, with which various
cellular transcription factors can associate (Figure 3).

The binding sites for the viral transcriptional regulator, E2, are
found in HPV16 LCR. Viral gene expression is regulated by the
occupancy status of the E2-binding sites (E2BSs; Figure 3), which
is partly defined by the E2 expression level controlled by cellular
differentiation status (Steger and Corbach, 1997; Hadaschik et al.,
2003).

E2 functions in viral genome segregation by tethering the
viral DNA to the mitotic chromatin, in which a cellular protein,
bromodomain-containing protein 4 (Brd4), has been reported
to be involved (McPhillips et al., 2006). Interaction between E2
and Brd4 is also required for the E2-mediated transcriptional
activation and repression (McPhillips et al., 2006; Wu et al., 2012).

A ubiquitous transcription factor, Sp1 is a well-known reg-
ulator for HPV gene expression. The Sp1-binding site partially
overlaps with one of the E2BSs (E2BS#2), and a TATA box ele-
ment is located close to the promoter–proximal E2BS (E2BS#1;
Figure 3). The binding of E2 to those E2BSs, therefore, interferes

with the assembly of the transcriptional initiation complex, result-
ing in a suppression of E6/E7 expression that is governed by the
early promoter activity (Tan et al., 1992). It was also reported that
Sp1 altered the chromatin structure of HPV16 LCR, offering the
accessibility of transcription factors (Stünkel and Bernard, 1999).

TRANSCRIPTIONAL CONTROL IN THE UNDIFFERENTIATED CELLS
Transcripts of viral early genes are expressed in the infected basal
cells, which is essential for the viral DNA replication (Dürst et al.,
1992). It was reported that a unique promoter, P14, was utilized
for E1 expression and the E2BSs were considered as necessary for
the P14 activity (Lace et al., 2008). The transcript initiated from
P14 is a poly-cistronic mRNA containing E6, E7, and E1, in which
the shunting in ribosomal scanning process enables the transla-
tion of E1 (Remm et al., 1999). The regulatory mechanism for
E2 expression has not been clarified. The early promoter is used
for E6 and E7 expression, in which several transcription factors,
including AP-1, glucocorticoid receptor, NF1, Oct-1, Sp1, YY-1,
and CDP, are involved (Figure 3; Desaintes and Demeret, 1996).

TRANSCRIPTION IN THE DIFFERENTIATED CELLS
The early promoter is activated in association with the differen-
tiation process, increasing the E1/E2 expression (Hummel et al.,
1992; Ozbun and Meyers, 1997). Although levels of E6 and E7 also
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FIGURE 2 |The lifecycle of human papillomaviruses (HPVs). HPVs
infect specifically the cells in the basal layer of the stratified
epithelium through lesions. Viral genomes are maintained as
episomal DNA in the nuclei of infected cells. The viral lifecycle is

strictly controlled by host cell differentiation, and the late lifecycle
(productive lifecycle) occurs in upper layers of the epithelia that are
terminally differentiated, and the progenitor virions are released from
the cornified keratinocytes.

FIGURE 3 |The structure of HPV16 LCR (region of the control of early

promoter P97). The early promoter P97 and replication origin are located
in LCR, which are regulated by various cellular factors. Activity of P97 is
regulated by AP-1, NF1, SP1, TFIID, TF1, Oct-1, PSM, and the viral
transcription factor E2. Four E2-binding sites (E2BS) have been identified

in HPV16 LCR and the consensus sequence for E2BS is shown in an inset.
A glucocorticoid receptor and progesterone receptor (GR/PR) recognition
element was also identified in the LCR. The existence of a
keratinocyte-specific enhancer (KE) has been proposed (Desaintes and
Demeret, 1996).

increase with the early promoter’s activation, the E2 overexpressed
in the upper layer is thought to suppress their transcription via the
mechanism mentioned above. E6 and E7 are important in main-
taining infected cells in an undifferentiated state, but terminal
differentiation is required for the productive replication of HPV.

The inhibition of E6/E7 expression by E2 might promote cellu-
lar differentiation, and the cells undergo terminal differentiation,
which is suitable for the viral productive lifecycle.

AP-1, a heterodimer composed of Fos and Jun, is considered
to be involved in the differentiation-dependent transcriptional
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control in keratinocytes; there are reports that the expression
profiles of Fos and Jun family members were modified, and that
the interaction between AP-1 and KRF-1, a keratinocyte-specific
transcription factor (Mack and Laimins, 1991), was strength-
ened in the differentiation process (Desaintes and Demeret, 1996;
Thierry, 2009). Several transcriptional factors were reported to be
involved in the differentiation-dependent control of LCR func-
tion; EPOC-1/Skn-1a, C/EBP-α, -β, c-Myb, NF1, NFATx, Pax5,
and WT1 (Desaintes and Demeret, 1996; Thierry, 2009).

The late promoter is specifically activated in the differenti-
ated layers of epithelium. The late promoter activity is suppressed
by CDP (CCAAT displacement protein) and YY-1, whose bind-
ing potential was reported to be decreased in differentiated ker-
atinocytes (Ai et al., 1999, 2000). There was also a report that the
expression ratio of a transcription factor, Sp1 and its antagonist,
Sp3, was altered through the differentiation, which activated the
late promoter activity (Apt et al., 1996). The binding of hSkn-1a
and C/EBPα to the proximal region of the late promoter con-
tributes to the control of the late promoter activity (Kukimoto
and Kanda, 2001; Wooldridge and Laimins, 2008). The involve-
ment of E7 in the regulation of the late promoter activity was also
described (Bodily and Laimins, 2011; Bodily et al., 2011). It still
remains necessary to clarify the regulatory mechanism for the late
promoter in the differentiation of epithelial cells.

METHYLATION OF THE HPV GENOME DURING THE CELL
DIFFERENTIATION PROCESS
HPV gene expression is controlled by the methylation of HPV
genomic DNA. As E2BSs contain CpG dinucleotides (see inset in
Figure 3), they can be modified by DNA methylation in the host

cell. E2BSs are reported to be highly methylated in undifferenti-
ated cells, inhibiting E2-binding, and demethylation at the E2BSs
occurs in association with the cell differentiation (Kim et al., 2003;
Vinokurova and von Knebel Doeberitz, 2011).

RNA PROCESSING
For conversion of the gene expression profile from the early to late
phase of viral replication, RNA processing is considered critical.
The primary transcript of HPV encodes multiple viral genes, and
precise RNA processing is essential to produce the mRNA for each
viral gene at an appropriate stage of cell differentiation (Schwartz,
2008).

In the early phase of the viral lifecycle, the primary transcription
initiated by the early promoter is terminated at the early poly(A)
signal, AE (Figure 1), and the transcript is processed by using the
early splicing signals, which produces the mRNAs encoding the
viral early genes. In the differentiated cells, the transcripts for the
late genes are expressed from the late promoter and utilize a late
poly(A) signal, AL (Figure 1), and late splicing signals. The early
and late splicing signals compete for the splicing factors, so their
usages are generally exclusive.

Multiple splicing signals are found in the HPV genome, which
are utilized for the expressions of various viral genes (Figure 4).
These splicing signals can be categorized into three groups; early
phase-specific signals (DS226, SA409, SA526, SA742 in HPV16),
late phase-specific signals (SD 3632 and SA5639), and non-specific
signals (SD880, SA2709, SA3358; Schwartz, 2008).

Early splicing events have three major roles; regulation of the
expression ratio of early genes, production of splicing variants of
viral genes, and suppression of late gene expressions. The early

FIGURE 4 |The splicing signals and the transcripts of HPV16. P97 and
P670 are the early and late promoters, respectively, for HPV16. AE and AL
indicate the early and late polyadenylation signals, respectively. Open

triangles indicate splicing acceptors and filled triangles indicate splicing
donors. Major mRNAs and their products are indicated. This figure is cited
from a review (Schwartz, 2008).
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splicing sites of HPV16, SD226, SA409, and SA526, are located
in the E6 ORF, which enhances the translation efficiency of E7.
Because the initiation codon for E6 is leaky and there are sev-
eral splicing signals in the E6 ORF, various variants of E6 can be
expressed. Those variants were reported to counteract the full-
length E6, which might be important for the fine-tuning of E6
activities.

SA3358 is utilized in both the early and late phases of viral
replication to produce HPV16 E1∧E4 mRNA. A strong splicing
enhancer was identified downstream of SA3358, and it accelerated
the polyadenylation at AE and suppressed the late gene expression
in the early phase (Figure 5A). In undifferentiated cells, SA3358
competed with the late splicing signals for the splicing factors

(SRp20, hnRNPL etc.), which might contribute to the suppression
of late gene expression (Rush et al., 2005; Jia et al., 2009).

The late mRNAs are transcribed from the late promoter, and a
major splicing event occurs between SD880 and SA3358 in HPV16.
For the production of L1 mRNA, additional splicing between
SD3632 and SA5639 is required. The mRNAs for L1 and L2 are
poly-cistronic, and the mechanism for bypassing the upstream
ATG remains to be explained.

SD3632 in HPV16 is used exclusively for late mRNA produc-
tion. SD3362 is located close to SA3358 and AE, and the usage
of SD3362 was suppressed by a splicing suppressor in dividing
cells. It was indicated that the polypyrimidine tract-binding pro-
tein (PTB) interfered with the splicing suppressor in differentiated

FIGURE 5 | Regulatory mechanisms for mRNA processing. The HPV16
genome with the promoters, the poly(A) signals, and the splicing signals are
shown at the top of the figure. Open triangles indicate splicing acceptors and
filled triangles indicate splicing donors. (A) HPV16 splicing regulatory
elements are indicated as filled stars (splicing enhancers) or filled circles

(splicing silencers). (B) HPV16 polyadenylation regulatory elements are
indicated as filled hexagons (polyadenylation stimulatory elements) and a
filled rectangle (polyadenylation inhibitory element). (C) The regulatory
elements for the instability and nuclear export of HPV16 late mRNA are
indicated. This figure is cited from a review (Schwartz, 2008).
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cells, which potentiated late gene expression (Figure 5A; Somberg
et al., 2008).

A late phase-specific SA5639 in HPV16 was reported to be reg-
ulated by the cis-acting elements found in the L1 coding region
(Zhao et al., 2004). A splicing enhancer was identified in the 3′
region of SA5639. Although the enhancer was activated in divid-
ing cells, its function was hindered by multiple splicing suppressors
located in the L1 coding region. It was reported that hnRNP A1
is associated with those multiple splicing suppressors (Figure 5A;
Zhao et al., 2007).

To produce the late mRNAs, it is essential to bypass the
polyadenylation at AE. Enhanced utilization of AE could, there-
fore, inhibit the late gene expression. The 5′ 400 nt of the HPV16
L2 ORF was reported to enhance the polyadenylation at AE, where
multiple-G-motifs are located (Oberg et al., 2005). The hnRNP
H interacted with the G-motifs and accelerated the polyadeny-
lation at AE, and the expression of hnRNP H decreased as the
cell differentiation progressed. CstF-64 was also reported to bind
the L2 coding region of HPV31 and enhance the polyadeny-
lation at AE, and the expression of CstF-64 diminished dur-
ing the cell differentiation process (Figure 5B; Terhune et al.,
2001).

Within the 3′UTR of the late mRNA (late UTR), a motif highly
homologous to the U1snRNA was identified. It was reported
that U1-70K, a component of U1snRNP, bound to the U1snRNA
motif of BPV1 and interfered with the polyadenylation (Furth
et al., 1994). Although U1-70K binding was not detected with
HPV16, CUG binding protein 1 (CUGBP1) was reported to
interact with the late UTR element of HPV16 and inhibit the
polyadenylation process (Figure 5B; Goraczniak and Gunderson,
2008).

CONTROL OF LATE mRNA STABILITY
There are RNA instability elements within the L1 and L2 cod-
ing mRNAs of HPV16, which function in undifferentiated cells
(Mori et al., 2006), although the mechanism for RNA destabi-
lization remains to be clarified (Sokolowski et al., 1998; Collier
et al., 2002). There is a GU-rich negative regulatory element (NRE)
in the late UTR of HPV16, which is a RNA instability element
(Kennedy et al., 1991). Various factors,ASF/SF2, CstF064, U2AF65,
hnRNPA1, and HuR, are reported to regulate the differentiation-
dependent events of HPV replication through binding to the NRE
(Figure 5C; Dietrich-Goetz et al., 1997; Koffa et al., 2000; Cheunim
et al., 2008).

A highly U-rich region was located in the early UTR of HPV16
and reduced mRNA stability; a U-rich region is a signature feature
of unstable mRNA (Jeon and Lambert, 1995; Barreau et al., 2005).

NUCLEAR EXPORT OF LATE mRNAs
The L1 mRNA of HPV16 was retained in the nucleus in undiffer-
entiated W12 epithelial cells (Koffa et al., 2000), suggesting that the
nuclear export of late mRNAs was inhibited in the dividing cells.
Although the factor(s) that mediates the nuclear export of late
mRNAs has not been identified, candidates include HuR, hnRNA,
and ASF/SF2, which are proteins shuttling between the nucleus
and cytoplasm (Figure 5C; Carlsson and Schwartz, 2000; Koffa
et al., 2000; McPhillips et al., 2004; Zhao et al., 2004).

TRANSLATIONAL CONTROL OF LATE GENE EXPRESSION
As the inhibitory mechanism for late gene expression, the involve-
ment of translational inhibition was also reported. Translation
efficiency was suppressed with in vitro translated RNA containing
the late UTR of HPV1, suggesting the late UTR had the poten-
tial to inhibit the translation. For the inhibition, poly(A)-binding
protein (PABP) was considered to be responsible (Wiklund et al.,
2002). It was also reported that poly(C) binding protein 1 and 2
(PCBP-1 and -2) and hnRNP K bound to the L2 coding region of
HPV16 mRNA and inhibited the in vitro translation (Collier et al.,
1998). The rare codon usages found in L1 and L2 might also con-
tribute to the inhibition of late gene translation (Gu et al., 2004).
In terminally differentiated cells, the altered expression ratios of
tRNA species could compensate for the inhibitory effect of the rare
codon usages (Fang et al., 2007).

REGULATION OF VIRAL DNA REPLICATION
E1 and E2 have essential roles in the HPV genome’s replication
(Kadaja et al., 2009). E2 is a DNA-binding protein that recognizes
E2-binding sites (E2BSs) located in the LCR (Figure 3). E2 has
transcriptional transactivator activity, as well as the capacity to
bind to the viral DNA replication factor E1. E1 has DNA helicase
and ATPase activities and weak DNA-binding capacity. Through its
interaction with E2, E1 is recruited to the replication origin (ori),
which is essential for the initiation of viral DNA replication (Chi-
ang et al., 1992a,b). E2 also contributes to the segregation of viral
DNA in the cell division process by tethering the viral DNA to the
host chromosome through interaction with Brd4 and/or ChlR1,
both of which can bind to chromatin (McBride et al., 2006). Accu-
rate segregation of the viral genome is essential to maintain the
HPV infection in the basal cells, in which the copy number of the
viral genome is very low.

The replication potential of E1 is regulated by its interac-
tion with cellular proteins. p56, one of the interferon stimulated
genes (ISGs), directly interacts with E1 and translocates it to the
cytoplasm, which might contribute to the interferon-mediated
inhibition of HPV replication (Terenzi et al., 2008). The inter-
action of WD repeat protein p80 (WDR80) with E1 is reported to
be required for the efficient maintenance of the viral genome in
undifferentiated keratinocytes (Côté-Martin et al., 2008).

As mentioned, the expression levels of E1 and E2 increase in
association with the differentiation of the epithelial cells, which
could be responsible for the vegetative genome amplification.

Recently, it was reported that E6 and E7 activated the ATM DNA
damage pathway in differentiation-dependent manner, by which
Chk2 was activated. Chk2 potentiated caspase-3 and -7, and the
caspases in turn cleaved the E1 protein, which might be required
for viral DNA amplification in the differentiated cells (Moody
et al., 2007; Moody and Laimins, 2009).

Nuclear accumulation of E1 blocks cell cycle progression in
early S-phase and triggers the activation of a DNA damage
response (DDR) and of the ATM pathway (Fradet-Toucotte et al.,
2011), and the activation of DDR might facilitate HPV DNA
replication (Sakakibara et al., 2011). The nuclear accumulation
of E1 is regulated by phosphorylation of the nuclear export signal
(NES) found in E1 via Cyclin E/A-Cdk2 (Fradet-Toucotte et al.,
2010).
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DNA replication of HPV utilizes the replication mode with a
“θ-structure” in undifferentiated cells, and the mode changes to
“rolling circle replication” in differentiated cells, which enables the
rapid synthesis of multiple copies of viral DNA. The molecular
mechanism supporting the DNA replication in the differentiated
cells, however, has not been fully explained (Flores and Lambert,
1997).

INVOLVEMENT OF CELLULAR TRANSCRIPTION FACTORS IN VIRAL DNA
REPLICATION
It was reported that the binding of hSkn-1a to its recognition site
proximal to the ori region was required for the viral genome repli-
cation of HPV16 (Kukimoto et al., 2008). In other HPV types, Sp1
and TATA box binding protein (TBP) inhibit viral genome repli-
cation, in which competition between E2 and Sp1 or TBP may
be involved (Demeret et al., 1995; Hartley and Alexander, 2002).
These transcription factors might alter the chromatin structure,
which could inhibit the access of E1 to the origin (Demeret et al.,
1995). The inhibition of STAT-1 expression by E6 and E7 was also
reported to be important for viral genome amplification (Hong
et al., 2011).

VIRION PRODUCTION
A report described that HSP70 was activated in response to the
keratinocyte differentiation and co-localized with HPV31 L1 in
the differentiated layer of epithelium (Song et al., 2010). It was
reported that the disulfide bond among the HPV16 L1 pentamer
was formed in a differentiation-dependent manner and had an
important role in virion stability (Conway et al., 2011), indicat-
ing that virion production was regulated not only by the quantity
of the late gene products but also by a differentiation-dependent
mechanism.

THE MODULATION OF CELL PROLIFERATION/
DIFFERENTIATION BY HPV GENE PRODUCTS
As described above, HPV replication is strictly regulated by the dif-
ferentiation program of the host cells. Conversely the HPV infec-
tions modulate the proliferation/differentiation status of the host
cells, indicating tight communication between the virus and the
host cell, which is required for completion of the viral replication.

ACCELERATION OF CELL PROLIFERATION AND INHIBITION OF CELL
DIFFERENTIATION
The acceleration of cell proliferation and inhibition of differenti-
ation are induced by the expression of E6 and E7 (Longworth and
Laimins, 2004; Moody and Laimins, 2010). E7 inhibits the func-
tions of the pocket protein family, activates the E2F-dependent
promoter, and induces S-phase-specific gene expression (Moody
and Laimins, 2010). E7 maintains Cyclin E or Cyclin A–CDK2
activity in differentiated cells by targeting p21 and p27, impor-
tant regulators for growth arrest in the differentiation process. E6
mediates ubiquitination of p53 in association with E6AP, causing
the proteasomal degradation of p53 (Moody and Laimins, 2010),
and disturbs p53-mediated growth arrest. The association between
E6 and histone acetyltransferases (HATs) might be also involved
in the inhibition of p53 function (Moody and Laimins, 2010). E6
was reported to target cellular PDZ proteins, which might con-
tribute to the immortalization of the infected cells (Thomas et al.,

2008). E6 was reported to activate telomerase activity by inducing
the overexpression of c-Myc and by modulating the expression of
NFX1-91, which also contributed to the immortalization process
(Gewin et al., 2004).

The functions of E6 and E7 in the activation of the DNA repli-
cation machinery of the host cell are required to ensure the viral
genome’s replication in the differentiated cells (Thomas et al.,
1999), resulting in the aberrant proliferation and the retarded
differentiation of the host cells. With a transgenic mouse model
expressing HPV16 E6 and/or E7 under the K14 promoter, dysplasia
was observed at the stratified epidermis (Griep et al., 1993).

Although the normal differentiation of keratinocytes is not fully
understood, reports describe the involvement of Notch, MAPK,
NF-κB, p63, the AP2 family, C/EBP, IRF6, GRHL3, and KLF4
(Blanpain and Fuchs, 2009). There are also papers describing the
contribution of c-Myc to the differentiation of epithelial stem cells,
and differentiation-dependent demethylation at histone H3K27
(Blanpain and Fuchs, 2009). Recently, some of these factors were
found to be associated with HPV gene products (Lathion et al.,
2003; Chakrabarti et al., 2004; An et al., 2008; Melar-New and
Laimins, 2010), and it is reasonable that these associations modify
the cell differentiation program of the infected cells.

INHIBITION OF THE APOPTOTIC INDUCTION
The aberrant proliferation and/or DNA replication in the HPV-
infected cells induce p53-dependent apoptotic cell death. The
inactivation of pRb by E7 also potentiates the p53 activity. The
p53-dependent apoptosis is counteracted by E6 activity (Garnett
et al., 2006; Moody and Laimins, 2010). E6 induces the proteaso-
mal degradation of p53. It has also been reported that E6 directly
binds to p53 and inhibits its DNA-binding potential (Lechner and
Laimins, 1994), and that E6 interacts with HDAC p300, ADA3,
and/or CREB-binding protein (CBP),which destabilizes p53 (Patel
et al., 1999; Zimmermann et al., 1999; Kumar et al., 2002). The
HPV-infected cells also escaped from anoikis by the E6-mediated
expression of FAK and the phosphorylation of paxillin, which
activates FAK (McCormack et al., 1997). It was reported that inter-
action between E7 and p600 was involved in the inhibition of
anoikis (Huh et al., 2005).

Several membrane-spanning death receptors have been iden-
tified, such as TNF receptor type 1 (TNFR1), FAS receptor, and
TRAIL receptor. The high-risk type E6 was reported to interact
with TNFR1 and suppress TNFα-induced apoptosis (Filippova
et al., 2002). E6 is also known to interact with FADD and caspase8,
which might inhibit the apoptosis mediated by FAS and TRAIL
(Filippova et al., 2004; Garnett et al., 2006). In addition, E6 was
reported to be associated with pro-apoptotic Bcl2 members, BAK
and BAX, and to interfere with intrinsic apoptosis (Garnett et al.,
2006). It was reported that E5 could inhibit FAS- and TRAIL-
mediated apoptosis (Garnett et al., 2006). In addition, there was
a paper that described the inhibitory effect of E7 on apoptosis, in
which the upregulation of cellular inhibitor of apoptosis protein
(c-IAP) by E7 was involved (Garnett et al., 2006).

THE MODULATION OF miRNA EXPRESSION THROUGH CELL
DIFFERENTIATION
Recently, it was reported that HPV E6 and E7 induced the aber-
rant expression of tumor suppressive miRNAs (Zheng and Wang,
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2011). E6 and E7 are known to target c-Myc, p53, and E2F, and
these transcription factors are reported to be involved in the
regulation of miRNA expression, so E6 and E7 could cause the
uncoordinated expression of those miRNAs. E6 and E7 target p53
and pRb, respectively, and cause the unregulated expression of the
miR-15/16 cluster, the miR-17-92 family, miR-21, miR-23b, miR-
34a, and the miR-106b/93/25 cluster. Such aberrant expression
was suspected to be involved in the development of cervical can-
cer. It was also reported that E6, E7, and E5 suppress the expression
of miR-203 which participates in the differentiation of epithelial
cells (McKenna et al., 2010; Greco et al., 2011). Through the sup-
pression of miR-203, the expression level of p63 is upregulated
in the differentiated cells, which might contribute to the genome
amplification and the late gene expression in the upper layers of
epithelium (Melar-New and Laimins, 2010).

EPIGENETIC ALTERATION INDUCED BY THE HPV INFECTION
There was a report describing the epigenetic alteration of cells
mediated by HPV gene expression (Hsu et al., 2011; Hyland
et al., 2011; McLaughlin-Drubin et al., 2011; Zheng and Wang,

2011). The epigenetic alteration induced by the HPV infection was
considered to modify the miRNA expression pattern, which might
change the cell differentiation program. Although there is a pos-
sibility that some epigenetic alteration occurs also in the normal
cell differentiation process, there has been no report related to it.

CONCLUSION
Human papillomavirus suppresses its replication to a “mainte-
nance level”or“latent infection mode” in the basal cells, and main-
tains the DNA synthesis potential of the infected cells detached
from the basal membrane to maintain viral genome replication.
In terminally differentiated cells, a tremendous level of genome
amplification and late gene expression takes place. After comple-
tion of virion assembly, the virions are released externally with
the cornified cells (the regulation of the differentiation-dependent
lifecycle of HPV is summarized in Figure 6). One of the reasons
for this unique lifecycle of HPV is escape from the immune-
surveillance system (Bodily and Laimins, 2011). Because both L1
and L2 could have immunogenicity, their expressions should be
suppressed until the infected cells move to the upper layer of the

FIGURE 6 | Regulatory mechanisms of the differentiation-dependent lifecycle of HPV.
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epithelium, where the host immune-surveillance system does not
well function. The hyperproliferation induced by E6 and E7 is
required for viral genome amplification and contributes to the
augmentation of progeny virion production by expanding the pool
of the infected cells.

Tight communication between the virus and the host cell
is a unique character of HPV biology, and raises the possibil-
ity of using HPV as a probe to investigate the development of
the stratified epithelium. In this review, we did not describe the
details of the cancer progression induced by HPV infections.

HPV-induced cancer is a good model for “multi-step carcinogen-
esis,” and the study of HPV biology provides novel insights into
cancer development.
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In humans, paralytic poliomyelitis results from the invasion of the central nervous system
(CNS) by circulating poliovirus (PV) via the blood–brain barrier (BBB). After the virus enters
the CNS, it replicates in neurons, especially in motor neurons, inducing the cell death that
causes paralytic poliomyelitis. Along with this route of dissemination, neural pathway has
been reported in humans, monkeys, and PV-sensitive human PV receptor (hPVR/CD155)-
transgenic (Tg) mice. We demonstrated that a fast retrograde axonal transport process is
required for PV dissemination through the sciatic nerve of hPVR-Tg mice and that intramus-
cularly inoculated PV causes paralysis in a hPVR-dependent manner. We also showed that
hPVR-independent axonal transport of PV exists in hPVR-Tg and non-Tg mice, indicating
that several different pathways for PV axonal transport exist in these mice. Circulating PV
after intravenous inoculation in mice cross the BBB at a high rate in a hPVR-independent
manner. We will implicate an involvement of a new possible receptor for PV to permeate
the BBB based on our recent findings.

Keywords: axonal transport, poliovirus, poliovirus receptor, blood–brain barrier

INTRODUCTION
Poliovirus (PV), known to be the causative agent of poliomyeli-
tis, is a human enterovirus that belongs to the Picornaviridae.
After oral ingestion of PV in humans, the virus may suffer the
low pH in stomach to decrease its viability (Ohka et al., 2007;
Figure 1). Then, the virus multiplies in the alimentary mucosa
(Bodian, 1955; Sabin, 1956), and moves into the bloodstream.
The circulating virus invades the central nervous system (CNS)
and replicates in motor neurons (MNs). Paralytic poliomyelitis
occurs as a result from destruction of MNs by PV replication. In
terms of routes for PV dissemination, there are three main routes;
transmission from the alimentary mucosa to blood (Figure 1A;
Bodian, 1955; Sabin, 1956), permeation through the blood–brain
barrier (BBB) into brain (Figure 1B; Yang et al., 1997), and trans-
mission via peripheral MNs from muscle into brain (Figure 1C;
Howe and Bodian, 1942; Nathanson and Langmuir, 1963; Ren
and Racaniello, 1992b; Ohka et al., 1998). The species specificity
of this virus is governed by a specific cell surface molecule that
serves as the PV receptor (PVR). Indeed, transgenic (Tg) mice
carrying the human PVR (hPVR/CD155) gene show susceptibil-
ity to PV, although mice are generally not susceptible to the virus
(Ren et al., 1990; Koike et al., 1991). Tg mice are susceptible to
PV when the mice are infected via intravenous and intramuscular
routes but not via oral routes (Ren et al., 1990; Koike et al., 1991,
1994a,b; Ren and Racaniello,1992a,b; Horie et al., 1994; Zhang and
Racaniello, 1997). The Tg mice became susceptible to oral infec-
tion when interferon (IFN)-α/β receptor gene is disrupted (Ohka
et al., 2007). The two dissemination routes through BBB and MNs

are also functional in PV-sensitive Tg mice, whereas the routes
through alimentary mucosa is not functional in PV-sensitive Tg
mice with normal IFN-α/β response.

PVR-DEPENDENT AND -INDEPENDENT RETROGRADE
AXONAL TRANSPORT FROM MUSCLE TO CNS
Axonal transport is a cellular process responsible for movement of
mitochondria, lipids, synaptic vesicles, proteins, and organelles to
and from a neuron’s cell body, through the cytoplasm of its axon.
It is well known that some viruses, such as Rabies virus, hijacks
the retrograde axonal transport, i.e., from synapse to cell body, to
invade the CNS (Warrell and Warrell, 2004). Using a PV-sensitive
Tg mouse line, we have shown that intramuscularly inoculated
PV is taken up by endocytosis at synapses (Figure 1C; Ohka et al.,
2004). PV is able to invade the CNS by traveling on this cargo.
The vesicles containing intact PV particles are transported retro-
gradely along with the axon without initiating uncoating (Ohka
et al., 1998). The uncoating event takes place at the cell body of the
MN. We demonstrated that a fast retrograde axonal transport pro-
cess is required for PV dissemination through the sciatic nerve of
hPVR-Tg mice and that intramuscularly inoculated PV causes par-
alytic disease in a hPVR-dependent manner (Ohka et al., 1998). We
also showed that hPVR-independent axonal transport of PV exists
in hPVR-Tg and non-Tg mice, indicating that several different
pathways for PV axonal transport exist in these mice (Ohka et al.,
2009). The velocity of hPVR-independent axonal transport of PV
(∼0.5 μm/s) is slower than hPVR-dependent axonal transport
(>0.5 to ∼3.7 μm/s) in vivo. Using primary MNs isolated from
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FIGURE 1 | Dissemination pathway for PV in human. Oral ingested PV invades into blood through alimentary tract (A) followed by viremia. The virus in the
blood permeates BBB into CNS (B). PV also invades into CNS directly by neural pathway through MNs from skeletal muscle to CNS (C).

these mice or rats, we demonstrated that the axonal transport of
PV requires several kinetically different motor machineries (Ohka
et al., 2009). The fast speed component was ≥1.4 μm/s, whereas
the slow component was centered between 0.4 and 1.0 μm/s. Using
a mutant hPVR, that has a lower affinity to cytoplasmic dynein
than intact hPVR, we revealed that the fast transport relies on a
system involving cytoplasmic dynein (Ohka et al., 2004).

AXONAL TRANSPORT OF PV IN VIVO AND IN
CULTURED MNs
Unexpectedly, the hPVR-independent incorporation of PV fol-
lowed by the axonal transport was not observed in cultured MNs.
Thus, PV transport machineries in cultured MNs and in vivo
differ in their hPVR requirements (Ohka et al., 2009). Figure 2
summarizes the PV transports depending on the cell types. In
hPVR-Tg mice, most of the hPVR-containing vesicles are ret-
rogradely transported with fast kinetics in an hPVR-dependent
manner. PV is also transported in a hPVR-independent man-
ner with slow kinetics by an unknown mechanism. Indeed, PV
is transported with slow kinetics in non-Tg mice. In isolated MNs,
only hPVR-dependent PV endocytosis is detected. No endocytosis
of PV is detected in control cultured MNs lacking hPVR. These
results suggest that the axonal trafficking of PV is carried out by

several distinct pathways, and that MNs in culture and in the sci-
atic nerve in vivo are fundamentally different in the uptake and
axonal transport of PV.

For elucidating the precise mechanisms of infection in MNs,
it is important to establish a culture system closely mimicking
in vivo. MNs in culture and in the sciatic nerve in vivo are differ-
ent in the uptake and axonal transport of PV (Ohka et al., 2009).
The differences might be due to the lack of neuromuscular junc-
tions in MNs in culture. Furthermore, MNs are infected both at
synapse side and cell body side in conventional culture system,
whereas the natural infection occurs mainly at the synapse side
in vivo. To reflect the conditions in vivo, we applied microflu-
idic culture platform made of polydimethylsiloxane (PDMS) that
polarizes the growth of neural axons fluidically isolated environ-
ment (Taylor et al., 2005; Park et al., 2006), which enables infection
with PV only from synapse side or cell body side. Using the system,
we indicated that the infection from the synapse side intrinsically
differ from the infection from the cell body side (author’s unpub-
lished data). This system may enable co-culture of the synapse
side of MNs with muscular cells to form neuromuscular junc-
tions, which more closely mimic in vivo, and will shed light on the
precise analysis of early infection with infectious agents in MNs in
culture.
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FIGURE 2 | Mechanisms for hPVR-dependent and -independent

transport of PV in MNs. (A) In hPVR-Tg mice, PV is endocytosed after
interacting to hPVR (Aa). Most of the hPVR-containing vesicles are
retrogradely transported in an hPVR-dependent manner with fast kinetics
(Ac). hPVR-independent endocytosis (Ab) and transport (Ae) of PV also
occur. The hPVR-independent endocytosis is possibly mediated by an
unidentified PV receptor expressed at neuromuscular junctions. Alternatively,
hPVR-independent endocytosis may be promoted by synaptic activity
in vivo. PV-containing vesicles with or without hPVR can be retrogradely
transported in an hPVR-independent manner with slow kinetics

(Ad and Ae). (B) In non-Tg mice, PV is endocytosed and transported with
slow kinetics in an hPVR-independent manner (Be). The hPVR-independent
endocytosis is possibly mediated by the unidentified PV receptor expressed
at neuromuscular junctions (Bb). (C) In cultured MNs, only hPVR-dependent
PV endocytosis is detected (Ca). The hPVR-dependent transport shows
fast kinetics (Cc). It might be possible that the slow component in
cultured MNs (Cd) requires hPVR for endocytosis, whereas its transport
may be hPVR-independent. (D) No endocytosis of PV is detected in
cultured MNs lacking hPVR, possibly due to the absence of the
unidentified PV receptor.

TRANSFERRIN RECEPTOR-DEPENDENT BBB PERMEATION
Vascular endothelial cells make up the walls that are sealed together
at their edges by tight junctions. BBB does not allow the free trans-
portation of materials including pathogens between the blood-
stream and parenchyma of the CNS and blocks viral infection in
the CNS. Evidences that support PV invasion of BBB by infecting
endothelial cells in vivo have not been reported. PV is believed to
invade the CNS through the BBB. PV permeation through BBB
is hPVR-independent and fast as cationized rat serum albumin
which is known to permeate the BBB at a high rate (Yang et al.,
1997). Similarly, using transwell in vitro BBB model involving
mouse brain capillary endothelial cells (MBEC4), we demon-
strated that BBB permeation of PV is hPVR-independent and fast
as that of transferrin (Figure 3, author’s unpublished data). These
evidences strongly suggest the presence of a new PV receptor for
BBB permeation. To elucidate the new PV receptor which interacts
with PV,we analyzed the PV-interacting protein by mass spectrom-
etry. As a result, we identified mouse transferrin receptor 1 (TfR1),
a membrane bound receptor for transferrin, as a binding protein
to PV. Furthermore, peptide sequences of mouse TfR1 and PV
involved in the binding were identified (author’s unpublished data;
the data will be published on another paper). The identified pep-
tide of PV had a permeation activity in in vitro BBB model using
MBEC4 cells cultured in transwell, and the permeation was fast as

transferrin (Figure 3). Therefore, mouse TfR1 is a possible recep-
tor of PV for the BBB permeation. As for the homology of TfR1
between mouse and human, both mouse TfR1 and human TfR1
conserve function of iron delivery and the binding site of TfR1 has
higher sequence homology (89%) between human and mouse
TfR1 than the full length TfR1 molecule (77%). The homology
indicates that human TfR1 may function as a PV receptor for the
BBB permeation in natural infection in human.

Surprisingly, the majority of the PV related materials after the
BBB permeation were intact infectious particles in the brain of
hPVR-Tg mice and non-Tg mice (Yang et al., 1997). Moreover,
the permeated materials contained infectious particles in in vitro
BBB model (author’s unpublished data). These evidences indi-
cate that PV retains infectivity during the BBB permeation, the
transcytosis through capillary endothelial cell layers. At present, it
cannot be excluded that TfR1 could actually be the long sought
after molecule involved in the hPVR-independent axonal trans-
port of PV in vivo. TfR1 is expressed in MNs in mouse spinal cord
(Jeong et al., 2011), supporting the hypothesis that TfR1 exists in
MNs of sciatic nerve and serves to facilitate hPVR-independent
axonal transport. MNs extending neurite in culture express only
a small amount of TfR1 (Nakamura et al., 2011), which is consis-
tent with the lack of PV incorporation into MNs in culture (Ohka
et al., 2009).
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FIGURE 3 | Models for BBB permeation of PV. TfR1 attaches to PV (A), transferrin (B), or PV peptide (C) and transported through brain capillary endothelial
cells into brain by a fast process. On the other hand, dextran (MW > 15 K) is not transcytosed by TfR1 and leaks between cell junctions by a slow process (D).

DISSEMINATION THROUGH ALIMENTARY MUCOSA
The mechanism of the dissemination through alimentary mucosa
is unclear (Figure 1A). The instability of the virus in the gastric
environment decreases the efficiency of the oral infection in mice
(Ohka et al., 2001). Furthermore, we have shown that IFN-α/β
plays an essential role in preventing PV from replicating in the
intestines using hPVR-Tg mice with or without IFN-α/β recep-
tor expression (Ohka et al., 2001). Recently, Kuss et al. (2011)
reported that intestinal bacteria promote PV replication and sys-
temic pathogenesis using hPVR-Tg mice without IFN-α/β receptor
expression, indicating that intestinal microbes may enhance PV
intestinal infection even in human. In terms of the receptor
localization in polarized epithelial cells, hPVRα, one of the two
identified membrane bound forms of hPVR, shows basolateral
localization due to its basolateral sorting signal, whereas hPVRδ,
another membrane bound form of hPVR, non-polarized localiza-
tion (Ohka et al., 2001). hPVRs mainly localizes to the basolateral
in human colon carcinoma (Caco-2) epithelia cells (Ohka et al.,
2001) and human Peyer’s patches including human microfold
cells (M cells), that are distinctive mucosal epithelial cells medi-
ating immune surveillance (Iwasaki et al., 2002). Nevertheless, PV
efficiently permeates alimentary mucosa from the apical side into
bloodstream, suggesting the possibility that a small amount of api-
cal hPVR or another PV receptor besides hPVR contributes to the
transport. It should be noted that PV does not replicate in the ali-
mentary tracts of hPVR-Tg mice that express high levels of hPVR
in the intestinal epithelial cells after oral administration (Zhang
and Racaniello, 1997) in contrast to its behavior in humans. Much
work should be done to elucidate mechanisms of PV infection in
and dissemination from the alimentary tract.

CONCLUSION
We demonstrated that axonal transport of PV includes hPVR-
dependent and -independent pathways, implying the involvement

of a new receptor for PV besides hPVR. We also demonstrated
that PV permeates BBB at a high rate in an hPVR-independent
manner, and we implicated a new possible receptor for PV to
permeate the BBB. Thus, PV receptors including hPVR and new
possible receptors play important roles for PV dissemination. It
is important to elucidate new possible receptors in the future to
clarify the precise mechanisms for PV dissemination pathways.
Additionally, we revealed that the discrepancy exists between in
vivo and in cultured MNs. It would be useful to establish adequate
systems in culture for elucidating the transport mechanisms of PV.
The discrepancy itself might be a clue for understanding the event
in vivo.

ACKNOWLEDGMENTS
We are grateful to M. Sakai for analyzing BBB transport of PV in
vitro, Y. Takahashi for help in mass spectrography, and Professor
T. Fujii, Dr. S. Kaneda, and Dr. K. Mogi for preparing the PDMS
device. We appreciate Professor G. Schiavo, S. Bohnert, and K.
Deinhardt teaching the techniques for MN culture and helpful
discussions. We thank A. Ohmura for breeding the mice and E.
Suzuki for help in the preparation of the manuscript. This work
was supported in part by Grants-in-Aid for Advanced Medical Sci-
ence Research by Ministry of Education, Culture, Sports, Science
and Technology (MEXT), Grant-in-Aid for Scientific Research on
Priority Areas, Grant-in-Aid for Scientific Research (S), Grant-in-
Aid for Young Scientists (B), Human Frontier Science Program,
Special coordination funds for promoting Science and Technol-
ogy, Contracted research allowance“Research and Development in
a New Converting Field Based on Nanotechnology and Materials
Science”by MEXT, Industrial Technology Research Grant Program
in ’02 from New Energy and Industrial Technology Development
Organization (NEDO) of Japan, The Naito Foundation, a grant
from the Ministry of Health, Labour and Welfare of Japan, and
Cancer Research UK.

Frontiers in Microbiology | Virology April 2012 | Volume 3 | Article 147 | 20

http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive


“fmicb-03-00147” — 2012/4/17 — 10:59 — page 5 — #5

Ohka et al. Poliovirus trafficking toward CNS

REFERENCES
Bodian, D. (1955). Emerging concept of

poliomyelitis infection. Science 122,
105–108.

Horie, H., Koike, S., Kurata, T., Sato-
Yoshida, Y., Ise, I., Ota, Y., Abe, S.,
Hioki, K., Kato, H., Taya, C., Nomura,
T., Hashizume, S., Yonekawa, H., and
Nomoto, A. (1994). Transgenic mice
carrying the human poliovirus recep-
tor: new animal models for study of
poliovirus neurovirulence. J. Virol.
68, 681–688.

Howe, H., and Bodian, D. (1942). Neu-
ral Mechanisms in Poliomyelitis. New
York: Commonwealth Fund.

Iwasaki, A., Welker, R., Mueller, S., Line-
han, M., Nomoto, A., and Wimmer,
E. (2002). Immunofluorescence anal-
ysis of poliovirus receptor expression
in Peyer’s patches of humans, pri-
mates, and CD155 transgenic mice:
implications for poliovirus infection.
J. Infect. Dis. 186, 585–592.

Jeong, S. Y., Crooks, D. R., Wilson-
Ollivierre, H., Ghosh, M. C., Sougrat,
R., Lee, J., Cooperman, S., Mitchell,
J. B., Beaumont, C., and Rouault,
T. A. (2011). Iron insufficiency com-
promises motor neurons and their
mitochondrial function in irp2-null
mice. PLoS ONE 6, e25404. doi:
10.1371/journal.pone.0025404

Koike, S., Aoki, J., and Nomoto, A.
(1994a). “Transgenic mice for the
study of poliovirus pathogenicity,” in
Cellular Receptors for Animal Viruses,
eds E. Wimmer and R. Weiss (New
York: Cold Spring Harbor Laboratory
Press), 463–480.

Koike, S., Taya, C., Aoki, J., Matsuda,
Y., Ise, I., Takeda, H., Matsuzaki,
T., Amanuma, H., Yonekawa, H.,
and Nomoto, A. (1994b). Charac-
terization of three different trans-
genic mouse lines that carry human
poliovirus receptor gene – influence

of the transgene expression on
pathogenesis. Arch. Virol. 139,
351–363.

Koike, S., Taya, C., Kurata, T., Abe, S.,
Ise, I., Yonekawa, H., and Nomoto, A.
(1991). Transgenic mice susceptible
to poliovirus. Proc. Natl. Acad. Sci.
U.S.A. 88, 951–955.

Kuss, S. K., Best, G. T., Etheredge,
C. A., Pruijssers, A. J., Frierson, J.
M., Hooper, L. V., Dermody, T. S.,
and Pfeiffer, J. K. (2011). Intesti-
nal microbiota promote enteric virus
replication and systemic pathogene-
sis. Science 334, 249–252.

Nakamura, Y., Nakamichi, N., Takarada,
T., Ogita, K., and Yoneda, Y.
(2011). Transferrin receptor-1 sup-
presses neurite outgrowth in neurob-
lastoma Neuro2A cells. Neurochem.
Int. 60, 448–457.

Nathanson, N., and Langmuir,
A. D. (1963). The Cutter inci-
dent: poliomyelitis following
formaldehyde-inactivated poliovirus
vaccination in the United States
during the spring of 1955. III. Com-
parison of the clinical character
of vaccinated and contact cases
occurring after use of high rate lots
of Cutter vaccine. Am. J. Hyg. 78,
61–81.

Ohka, S., Igarashi, H., Nagata, N.,
Sakai, M., Koike, S., Nochi, T., Kiy-
ono, H., and Nomoto, A. (2007).
Establishment of a poliovirus oral
infection system in human poliovirus
receptor-expressing transgenic mice
that are deficient in alpha/beta inter-
feron receptor. J. Virol. 81, 7902–
7912.

Ohka, S., Matsuda, N., Tohyama, K.,
Oda, T., Morikawa, M., Kuge, S.,
and Nomoto, A. (2004). Recep-
tor (CD155)-dependent endocytosis
of poliovirus and retrograde axonal
transport of the endosome. J. Virol.
78, 7186–7198.

Ohka, S., Ohno, H., Tohyama, K.,
and Nomoto, A. (2001). Basolateral
sorting of human poliovirus receptor
alpha involves an interaction with the
mu1B subunit of the clathrin adaptor
complex in polarized epithelial cells.
Biochem. Biophys. Res. Commun. 287,
941–948.

Ohka, S., Sakai, M., Bohnert, S.,
Igarashi, H., Deinhardt, K., Schiavo,
G., and Nomoto, A. (2009). Receptor-
dependent and -independent axonal
retrograde transport of poliovirus in
motor neurons. J. Virol. 83, 4995–
5004.

Ohka, S., Yang, W. X., Terada,
E., Iwasaki, K., and Nomoto, A.
(1998). Retrograde transport of
intact poliovirus through the axon
via the fast transport system. Virology
250, 67–75.

Park, J. W., Vahidi, B., Taylor, A.
M., Rhee, S. W., and Jeon, N. L.
(2006). Microfluidic culture platform
for neuroscience research. Nat. Pro-
toc. 1, 2128–2136.

Ren, R., and Racaniello, V. R.
(1992a). Human poliovirus receptor
gene expression and poliovirus tissue
tropism in transgenic mice. J. Virol.
66, 296–304.

Ren, R., and Racaniello, V. R. (1992b).
Poliovirus spreads from muscle to
the central nervous system by neu-
ral pathways. J. Infect. Dis. 166,
747–752.

Ren, R. B., Costantini, F., Gorgacz, E. J.,
Lee, J. J., and Racaniello, V. R. (1990).
Transgenic mice expressing a human
poliovirus receptor: a new model for
poliomyelitis. Cell 63, 353–362.

Sabin, A. B. (1956). Pathogenesis of
poliomyelitis: reappraisal in the light
of new data. Science 123, 1151-1157.

Taylor, A. M., Blurton-Jones, M., Rhee,
S. W., Cribbs, D. H., Cotman, C. W.,
and Jeon, N. L. (2005). A microflu-
idic culture platform for CNS axonal

injury, regeneration and transport.
Nat. Methods 2, 599–605.

Warrell, M. J., and Warrell, D. A. (2004).
Rabies and other lyssavirus diseases.
Lancet 363, 959–969.

Yang, W. X., Terasaki, T., Shiroki,
K., Ohka, S., Aoki, J., Tanabe, S.,
Nomura, T., Terada, E., Sugiyama,
Y., and Nomoto, A. (1997). Efficient
delivery of circulating poliovirus to
the central nervous system indepen-
dently of poliovirus receptor. Virology
229, 421–428.

Zhang, S., and Racaniello, V. R. (1997).
Expression of the poliovirus recep-
tor in intestinal epithelial cells is not
sufficient to permit poliovirus repli-
cation in the mouse gut. J. Virol. 71,
4915–4920.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 15 December 2011; accepted:
27 March 2012; published online: 18
April 2012.
Citation: Ohka S, Nihei C, Yamazaki M
and Nomoto A (2012) Poliovirus traf-
ficking toward central nervous system
via human poliovirus receptor-dependent
and -independent pathway. Front.
Microbio. 3:147. doi: 10.3389/fmicb.
2012.00147
This article was submitted to Frontiers
in Virology, a specialty of Frontiers in
Microbiology.
Copyright © 2012 Ohka, Nihei, Yamazaki
and Nomoto. This is an open-access
article distributed under the terms of
the Creative Commons Attribution Non
Commercial License, which permits non-
commercial use, distribution, and repro-
duction in other forums, provided the
original authors and source are credited.

www.frontiersin.org April 2012 | Volume 3 | Article 147 | 21

http://dx.doi.org/10.3389/fmicb.2012.00147
http://dx.doi.org/10.3389/fmicb.2012.00147
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive


ORIGINAL RESEARCH ARTICLE
published: 04 April 2012

doi: 10.3389/fmicb.2012.00128

Tropism of pandemic 2009 H1N1 influenza A virus

Ririn Ramadhany 1,2, MayoYasugi 2†, Shota Nakamura3,4,Tomo Daidoji 1,5,Yohei Watanabe2,

KazuoTakahashi 6, Kazuyoshi Ikuta2 andTakaaki Nakaya1,4,5*

1 International Research Center for Infectious Diseases, Research Institute for Microbial Diseases, Osaka University, Suita, Osaka, Japan
2 Department of Virology, Research Institute for Microbial Diseases, Osaka University, Suita, Osaka, Japan
3 Department of Genome Informatics, Research Institute for Microbial Diseases, Osaka University, Suita, Osaka, Japan
4 Department of Infection Metagenomics, Research Institute for Microbial Diseases, Osaka University, Suita, Osaka, Japan
5 Department of Infectious Diseases, Kyoto Prefectural University of Medicine, Kamigyo-ku, Kyoto, Japan
6 Osaka Prefectural Institute of Public Health, Higashinari-ku, Osaka, Japan

Edited by:

Akio Adachi, The University of
Tokushima Graduate School, Japan

Reviewed by:

Dale L. Barnard, Utah State
University, USA
Kiyoko Iwatsuki-Horimoto, University
of Tokyo, Japan

*Correspondence:

Takaaki Nakaya, International
Research Center for Infectious
Diseases, Research Institute for
Microbial Diseases, Osaka University,
3-1 Yamadaoka, Suita, Osaka
565-0871, Japan; Department of
Infectious Diseases, Kyoto Prefectural
University of Medicine, 465
Kawaramachi-hirokoji, Kamigyo-ku,
Kyoto 602-8566, Japan.
e-mail: tnakaya@biken.osaka-u.ac.jp;
tnakaya@koto.kpu-m.ac.jp
†Present address:

Mayo Yasugi , Graduate School of Life
and Environmental Sciences, Osaka
Prefecture University, Izumisano,
Osaka, Japan.

Substitutions at the receptor-binding site of the pandemic H1N1 2009 influenza A virus
(H1N1pdm) hemagglutinin (HA) gene may be critical in determining whether a virus binds
to human or avian receptors. Previous reports suggest that HA Gly222 and/or Arg223 allow
viruses to bind preferentially to the α2,3-linked sialic acid found in avian species. We also
demonstrated that serial passaging of influenza A virus in embryonated chicken eggs
increased viral growth 32- to 64-fold, coincident with the increased prevalence of Gly222 or
Arg223 in HA protein (Yasugi et al., 2012). In this study, we showed that the minor genotype
of α2,3-linkage-tropic viruses in upper airways became dominant after passaging through
chicken eggs. Viruses possessing HA containing N125D-Q223R, N125D-D187E-Q223R,
K119N-D222G, and K119N-N129S-D222G, were detected in both clinical specimens and
egg-passaged samples. These results might suggest that egg-adapted viruses, likely rep-
resented by α2,3-linkage-tropic virus, were also present in human upper airways as a minor
population and transmitted in humans during the outbreak of H1N1pdm.

Keywords: influenza virus, H1N1pdm, next generation sequencer, genetic diversity, D222G

INTRODUCTION
Eight segments of a novel swine-derived H1N1 2009 influenza
A virus (H1N1pdm) genome are derived from classical North
American and Eurasian swine lineages, an avian lineage, and from
human H3N2. The hemagglutinin (HA) gene is thought to be
derived from classical North American swine (Cohen, 2009). The
receptor-binding specificity of HA is responsible for the host range
restriction of influenza A virus. Human and classical H1N1 swine
influenza viruses bind preferentially to the glycosylated sialic acid
(SA) linkage α2,6Gal, whereas most avian viruses have higher
binding affinity for SAα2,3Gal (Nicholls et al., 2008). Receptor
specificity is determined by the nature of the amino acids that
form the receptor-binding pocket of HA. Gln at position 223
and Gly at position 225 found in avian virus isolates determine
the specificity for SAα2,3Gal (Stevens et al., 2004), whereas Leu
and Ser at these positions confer SAα2,6Gal specificity in H2 and
H3 viruses (Gamblin et al., 2004). For H1 viruses, Asp (found in
human viruses) or Glu (found in avian viruses) at position 187
determine preferential binding to α2,6 or α2,3 linkages, respec-
tively (Gambaryan et al., 1999). The amino acids at positions 135,
191, and 222 also affect receptor-binding affinity and specificity

(Rogers et al., 1983; Vines et al., 1998; Matrosovich et al., 2000;
Chen et al., 2010).

Since the first appearance of H1N1pdm viruses, substitutions
including D222G in HA protein and the K340N substitution in
RNA polymerase basic 2 (PB2) have appeared sporadically (WHO
Global Alert and Responses, 2009). We investigated the nucleotide
diversity of the 2009 H1N1pdm HA gene during the first (May
2009) and second (Dec 2010) waves of the epidemic in Japan, with
particular focus on the receptor-binding site (RBS). Sequencing
analyses using conventional and next-generation high-throughput
approaches showed that there were quasispecies in the HA genome,
including D222G, in humans (Yasugi et al., 2012). In this study, we
focused on the shift of genotype(s) of α2,3-linkage-tropic viruses
in upper airways to become dominant after passaging through
chicken eggs.

MATERIALS AND METHODS
CLINICAL SAMPLES
Nasal swab samples used in this study were obtained from mild
H1N1pdm cases in Osaka, Japan at different time points. Three

www.frontiersin.org April 2012 | Volume 3 | Article 128 | 22

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/Virology/10.3389/fmicb.2012.00128/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=ShotaNakamura&UID=39884
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=YoheiWatanabe&UID=47294
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=TakaakiNakaya&UID=36961
mailto:{tnakaya@biken.osaka-u.ac.jp}; {tnakaya@koto.kpu-m.ac.jp}
http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive


Ramadhany et al. Receptor-independent/-associated viral tropism

and five samples (#1 to #3: first wave in May 2009 and #4 to #8: sec-
ond wave in December 2010, respectively) were randomly selected
(Yasugi et al., 2012). The analyzed samples were unlinked and
anonymous at Osaka Prefectural Institute of Public Health. This
study was approved by the ethics review committees of Osaka Pre-
fectural Institute of Public Health and the Research Institute for
Microbial Diseases (RIMD; Yasugi et al., 2012), Osaka University.
Both ethics committees specifically waived the need for consent.

RNA EXTRACTION
Each nasal swab collected in Hanks solution was centrifuged at
20,000 × g for 10 min. The supernatants were suspended in TRI-
zol LS reagent (Invitrogen) for 60 min. Total RNA was extracted
with a PureLink RNA Mini Kit (Invitrogen) according to the man-
ufacturer’s instructions. Contaminating DNA was eliminated with
DNAase I (Invitrogen).

DIRECT SEQUENCING
Total RNA was subjected to one-step RT-PCR (SuperScript
III/Platinum Taq One-step RT-PCR Kit; Invitrogen). Primer sets
used to amplify each viral genome segment are shown in Table A1
in Appendix. PCR products were purified using a MonoFas DNA
purification kit (GL Sciences) and nucleotide sequences were
obtained using a BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems).

VIRUS ISOLATION AND SERIAL PASSAGE IN EMBRYONATED EGGS AND
MADIN–DARBY CANINE KIDNEY CELLS
Clinical specimens were injected into 9-day-old embryonated
chicken eggs for virus isolation (Daidoji et al., 2008). After incu-
bation at 37˚C for 72 h, the allantoic fluids were collected and
filtered (Passage 0: P0). The samples were then diluted 1- to 100-
fold in phosphate buffered saline (PBS) and passaged either five
(#3) or six times (#1, #2, and #4 to #8) in embryonated chicken
eggs. Identical specimens derived from #1 to #2 were also inocu-
lated into MDCK cells for virus isolation (Ueda et al., 2010) and
the amplified viruses were serially passaged two or three times in
MDCK cells.

HEMAGGLUTINATION TITRATION
Viral samples were serially diluted with PBS and added at a con-
centration of 0.5% to chicken red blood cells. After incubation at
room temperature for 30 min, hemagglutination was observed.

HIGH-THROUGHPUT PYROSEQUENCING ANALYSIS
Total RNA was subjected to one-step RT-PCR using the primer
set for HA-RBS (Yasugi et al., 2012). A total of 6 μg amplified
DNA was subjected to high-throughput pyrosequencing analysis
(Roche/454 GS-FLX Titanium system). A 70 × 75 PicoTiterPlate
device (gasket for 16 regions) was divided into 16 regions and
one region was used for the mixed samples. Data analysis was
performed on each sequence read using computational tools as
described previously (Nakamura et al., 2008, 2009).

RESULTS
The genotype of the egg-passaged viruses (P5 in #3 or P6 in
#1 and #2) derived from the first wave was analyzed. Amplicons

representing each segment of the P5 and P6 viral genomes were
PCR amplified with gene-specific primers (Table A1 in Appendix)
and the nucleotide sequence of each PCR product was directly
determined by traditional sequencing. No amino acid substitu-
tions were detected in the PB2, RNA polymerase basic 1 (PB1
and PB1-F2), RNA polymerase acidic (PA), neuraminidase (NA),
matrix proteins (M1 and M2), and non-structural proteins (NS1
and NS2) compared with A/Osaka/01/2009 (Table 1; Yasugi et al.,
2012). Passaged 1- and 3-derived viruses exhibited one amino
acid mutation in the nucleoprotein (NP), but not at the same site
(Table 1), suggesting that the mutation was not directly correlated
to egg adaptation. In contrast, several mutations (E66K, K119N,
N125D, D222G, Q223R, and N370K) in the HA were detected and
K119N, D222G, and Q223R were abundant substitutions in multi-
ple specimen-derived viruses (Table 1). The sequencing data also
showed that D222G and/or Q223R substitutions became domi-
nant in the population of egg-passaged viruses, suggesting that
the shift in HA genotype contributed to the adaptation of the
passaged viruses to avian cells.

We performed high-throughput sequencing analysis by GS-
FLX Titanium pyrosequencing. PCR products amplifying the same
region (HA-RBS) as shown previously (Yasugi et al., 2012), which
covers almost all the above mutations, except E66K and N370K,
were prepared from egg-passaged viruses P1 and P5 or P6. The sub-
stitution rate of six critical amino acids (K119N, N125D, N129S,
D187E, D222G, Q223R; Yasugi et al., 2012) and A215V is sum-
marized in Tables 2–4. Viruses passaged five or six times in eggs
(P5, P6) showed higher mutation rates than the parental viruses
isolated from clinical specimens. HA sequences harboring N125D,
D187E,and Q223R mutations found in the #1-P6 viruses (Table 2),
K119N, N125D, N129S, D187E, D222G, and Q223R found in

Table 1 | Direct Sanger sequencing of RT-PCR products amplified from

each viral genome segment in egg-passaged viruses.

Segment #1 (P6) #2 (P6) #3 (P5)

nt aa nt aa nt aa

PB2 0 0 0 0 0 0

PB1* 0 0 0 0 0 0

PA 0 0 0 0 0 0

HA* G427A E66 K G408T K119N G408T K119N

A424G N125D A716G D222G A716G D222G

A719G Q223R A719G Q223R T1161A N370K

NP T159G D53E 0 0 G447A D375N

G1123A

NA 0 0 0 0 0 0

M 0 0 0 0 0 0

NS 0 0 0 0 0 0

P6 generation was studied for #1 and #2-derived viruses and the P5 generation

was studied for the #3-derived viruses.

The results show nucleotide (nt) and amino acid (aa) substitutions compared with

A/Osaka/01/2009.

*R634H found within PB1 and I142V found within HA were commonly detected

in all egg-adapted viruses as well as the viruses in the clinical specimen (#2).
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Table 2 | Frequency of multiple mutations in nine amino acids of the H1N1pdm HA in egg-passaged (P1 and P6), and MDCK-passaged samples

derived from #1.

119 125 129 133 183 187 215 222 223 Total (%)

Egg (P1) Wild type K N N T S D A D Q 4.04

Mutation R 91.5

G 0.2

N R 0.4

S R 0.4

S R 0.4

P R 0.2

G R 2.42

N G R 0.2

Egg (P6) Wild type K N N T S D A D Q 0

Mutation D 2.73

R 2.12

D E 0.6

D V 0.3

D G 0.6

D R 75.8

E R 1.2

D E R 9.09

D V R 0.3

D G R 5.76

D P G R 0.3

D E G R 1.2

MDCK Wild type K N N T S D A D Q 88.57

Mutation N 0.21

D 0.21

S 0.42

S 0.21

E 0.21

V 5.61

G 1.45

R 1.45

E R 0.62

V G 0.42

D E R 0.62

Critical substitutions such as K119N, N125D, N129S, D187E, A215V, D222G, Q223R, and two additional substitutions T133S and S183P, as controls, are shown.

the #2-P6 viruses (Table 3), and K119N, N125D, N129S, A215V,
and D222G mutations found in the #3-P5 viruses predominated
(Table 4). The N125D-Q223R (76%) genotype derived from #1
and K119N-N129S-D222G (45.5%), and N125D-D187E-Q223R
(21.8%) genotypes derived from #2 and K119N-A215V-D222G
(39%), N125D-D222G (17%), and N125D-N129S-D222G (11%)
genotypes derived from #3 were also detected as major popula-
tions (Tables 2–4). The shift in HA genotype through passaging in
eggs is assessed in Figure 1. Of particular interest, sequences con-
taining double and/or triple amino acid mutations, which were
abundantly detected in egg-passaged viruses, were also found as
a minor population in its nasal specimen. For example, HA har-
boring N125D-D187E-Q223R (Table 2; Figure 1), K119N-N129S-
D222G and N125D-Q223R (Table 3; Figure 1), or K119N-D222G
(Table 4) was detected in #1, #2, and #3 clinical samples (Yasugi

et al., 2012), respectively. These results suggest that egg-adapted
viruses, likely represented by α2,3-linkage-tropic virus, were also
present in human upper airways as a minor population and trans-
mitted in humans during the outbreak of H1N1pdm. Because
2,6Gal expression is abundant and 2,3Gal expression is minor in
epithelial cells of the upper respiratory tracts (Shinya et al., 2006), it
might make sense that α2,3-linkage-tropic viruses exist as a minor
population in human upper airways.

In contrast to the first wave, both the G222 and R223 variants
had almost disappeared (0.01–0.07 and 0.47–0.63%, respectively)
in five nasal swabs (#4 to #8) obtained from individuals with a
mild case of H1N1pdm in December 2010 (second wave; Yasugi
et al., 2012). We then inoculated the five specimens (#4 to #8) into
embryonated chicken eggs and serially passaged them six times
in eggs. Hemagglutination was faintly detected in samples in the
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Table 3 | Frequency of multiple mutations in nine amino acids of the H1N1pdm HA in egg-passaged (P1 and P6), and MDCK-passaged samples

derived from #2.

119 125 129 133 183 187 215 222 223 Total (%)

Egg (P1) Wild type K N N T S D A D Q 2.94

Mutation N 0.29

D 0.59

V 2.35

G 13.8

R 65.6

N R 0.29

D G 9.41

D R 2.06

S R 0.29

P R 0.59

E R 0.29

V R 0.29

G R 1.18

Egg (P6) Wild type K N N T S D A D Q 0.5

Mutation N 1.98

D 0.5

G 0.5

R 0.5

N S 3.96

N G 6.93

D E 0.5

D G 0.99

D R 7.92

S G 3.96

S R 0.5

N S V 0.5

N S G 45.5

D E G 0.5

D E R 21.8

N S E G 0.5

N S E R 0.99

D E G R 1.48

MDCK Wild type K N N T S D A D Q 98.84

Mutation S 0.19

P 0.19

V 0.39

G 0.39

Critical substitutions such as K119N, N125D, N129S, D187E, A215V, D222G, Q223R, and two additional substitutions T133S and S183P, as controls, are shown.

first passage (P0) but was detected in the third or fourth passage
and showed 25–27 hemagglutination titers in the fifth or sixth pas-
sage (P5 or P6) in the four specimens except #8 (Table 5). PCR
products amplifying the same region as #1 to #3 (first wave; Yasugi
et al., 2012) were prepared and were examined using conventional
direct PCR sequencing. The G222 (#4, #6) and R223 (#5 and #7)
variants were detected even in P1 passages in the four specimens
(Table 6), although both variants had very minor populations in
nasal specimens. In addition, no other variants, except the above
two amino acids, were detected (data not shown); thus, further
high-throughput sequencing analysis was not performed in #4
to #8.

DISCUSSION
Previous work demonstrated that D222G and/or Q223R muta-
tion led to the binding of α2,3-SA-resialylated chicken red
blood cells (Chen et al., 2010). D222G and/or Q223R muta-
tions might also be crucial for the tropism and/or pathogen-
esis of H1N1pdm. The function(s) of the other substitutions
shown in Tables 2–4 are largely unknown; however, signifi-
cant similarities in the HA genotype between the viruses res-
ident in upper airways (Yasugi et al., 2012) and egg-adapted
viruses (Tables 2–4) suggest that the minor genotype of α2,3-
linkage-tropic viruses in upper airways became dominant after
passaging through chicken eggs. Viruses derived from #1 and
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Table 4 | Frequency of multiple mutations in nine amino acids of the H1N1pdm HA in egg-passaged (P1 and P5) samples derived from #3.

119 125 129 133 183 187 215 222 223 Total (%)

Egg (P1) Wild type K N N T S D A D Q 4

Mutation N 0.33

P 35.7

G 57.3

R 0.67

N P 0.33

S G 0.33

P G 1.33

Egg (P5) Wild type K N N T S D A D Q 1.03

Mutation N 2.07

D 2.07

G 4.66

R 0.52

N D 0.52

N V 5.7

N G 2.07

D S 1.55

D G 17.1

S G 0.52

V G 8.29

N V G 38.9

D S V 1.55

D S G 10.9

D V G 0.52

D S V G 2.07

Critical substitutions such as K119N, N125D, N129S, D187E, A215V, D222G, Q223R, and two additional substitutions T133S and S183P, as controls, are shown.

FIGURE 1 | Putative shift in HA genotype through the passage in eggs of H1N1pdm (first wave).

possessing HA containing N125D-Q223R and N125D-D187E-
Q223R, viruses derived from #2 containing N125D-Q223R and

K119N-N129S-D222G, and viruses derived from #3 containing
K119N-D222G and N125D-S207N-D222G, were detected in both
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Table 5 | HA titer of virus second wave H1N1pdm samples passaged in

eggs.

Sample HA titer (2 Log 10)

P0 P1 P2 P3 P4 P5 P6

#4 1 1 1 5 4 5 4

#5 1 6 7 7 6 7 7

#6 1 1 7 5 5 5 3

#7 1 7 7 5 6 6 5

#8 1 1 1 0 0 0 0

Table 6 | D222G and Q223R mutations on second wave H1N1pdm

samples.

Sample Passage

P0 P1 P3 P4 P5 P6

#4 No D222G D222G No D222G No

#5 No Q223R Q223R Q223R Q223R Q223R

#6 ND D222G* D222G D222G D222G D222G

#7 No Q223R Q223R Q223R Q223R Q223R

No, no mutation on 222 and 223 position.

ND, not done.

*Double peak = double peak as in GGT (wild type) and GAT (D to G) on position

222.

clinical specimens and egg-passaged samples (Figure 1; Yasugi
et al., 2012). These results suggest a direct linkage of α2,3-tropic
viruses between the clinical samples and egg-adapted samples in
each case.

However, such a direct linkage could not be observed in the
second wave of H1N1pdm, because the G222 and R223 variants
were almost undetected (0.01–0.07 and 0.47–0.63%, respectively)
in five nasal swabs (#4 to #8; Yasugi et al., 2012). Thus, D222G
or Q223R mutation may occur in inoculated eggs. Further inves-
tigations of clonal recombinant virus using reverse genetics are
required to address this question. We also failed to rescue egg-
adapted virus from #8 (Table 5). In addition, neither D222G nor
Q223R genotype was detected in the sixth passage of #4 (Table 6),
although egg-adapted viruses well grew (Table 5). These results
might suggest that factor(s) other than mutation(s) in HA-RBS
(Lu et al., 2005) are involved in egg adaptation.

We showed that MDCK-passaged virus isolates contain a sim-
ilar ratio of α2,3-tropic and α2,6-tropic viruses compared to

the original H1N1pdm (first wave) viruses identified in human
specimens (Tables 2 and 3; Yasugi et al., 2012). Takemae et al.
(2010) demonstrated that embryonated chicken egg-isolated clas-
sical H1 swine influenza viruses harbored substitutions includ-
ing D187V/N and D222G in the HA, whereas MDCK isolates
retained HA genes identical to those of the viruses present
in the swine nasal swab samples. Passaging in MDCK cells
may therefore be a better approach to establish genetic diver-
sity and specific HA genotypes in vivo in human and swine
influenza viruses. While egg adaptation is currently required to
prepare vaccine candidates, alternative approaches involving the
use of accredited anchorage-dependent and -independent prepa-
rations of the African Green monkey kidney (Vero), MDCK, and
other cell lines have been pursued by several manufacturers in
recent years (Audsley and Tannock, 2008). Our results, in this
study, suggest the advantage of the cell-based influenza vaccine
approach, which is able to maintain the genetic stability of clinical
strains.

This study, together with our previous report (Yasugi et al.,
2012), suggest that α2,3-SA-specific viruses, including G222 and
R223, existed in humans as a minor population in the early phase
(first wave) of the pandemic, and that D222 and Q223 became
more dominant through human-to-human transmission (second
wave) during the epidemic. Newly emergent influenza A viruses
may have been dual specific but not exclusively α2,6-SA-specific
during the early phase of the pandemic and adapted during
multiple cycles of human-to-human transmission (Yasugi et al.,
2012). Further investigation is required to determine the propor-
tion of α2,3-tropic and α2,6-tropic viruses found in tissues and
organs infected with other human-, avian-, and swine-derived
influenza viruses. Deep sequencing approaches will provide a
more comprehensive analysis of genetic diversity in egg- and
MDCK-passaged viruses and original virus isolates in vivo and
will help us to understand quasispecies of influenza viruses more
precisely.
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APPENDIX

Table A1 | Primer pairs used to amplify segments of the H1N1pdm genome.

PB2-5′ F TGTAAAACGACGGCCAGTATGGAGAGAATAAAAGAACTGAGAG

R GCTTGTCCTTTTGAAAGTGAACCCA

PB2-3′ F TGCAAAAGTGCTTTTCCAGAACTGG

R CAGGAAACAGCTATGACCCTAATTGATGGCCATCCGAATTC

PB1-5′ F TGTAAAACGACGGCCAGTATGGATGTCAATCCGACTCTAC

R ATTTTCATTCCACTTAGTGTTGTCC

PB1-middle F CAAAGATGCAGAGAGAGGCAAG

R CAGGTCCTGTAGAATCTGTCCAC

PB1-3′ F GATTTTGCTCTCATAGTGAATGCAC

R CAGGAAACAGCTATGACCTTATTTTTGCCGTCTGAGTTCTTCAATGGTGG

PA-5′ F TGTAAAACGACGGCCAGTATGGAAGACTTTGTGCGACAATG

R GTCCTCAAGAATGGTTCAATTTTGG

PA-middle F ATGGATTCGAGCCGAACGGCTGCATTG

R TATGTACACTCCCTTCATTATGTATTCAG

PA-3′ F TTGATGAAATAGGAGAAGATGTTGC

R CAGGAAACAGCTATGACCCTACTTCAGTGCATGTGTGAG

HA-5′ F TGTAAAACGACGGCCAGTATGAAGGCAATACTAGTA

R CGGGATATTCCTTAATCCTGTRGC

HA-3′ F GTGCTATAAACACCAGCCTYCCA

R CAGGAAACAGCTATGACCTTAAATACATATTCTACACTGTAGAG

NP F TGTAAAACGACGGCCAGTATGGCGTCTCAAGGCACCAAACG

R CAGGAAACAGCTATGACCTCAACTGTCATACTCCTCTG

NA-5′ F TGTAAAACGACGGCCAGTATGAATCCAAACCAAAAGATAATAACCATTG

R AGAATCAGGATAACAGGAGC

NA-3′ F GAATGTGCATGTGTAAATGG

R CAGGAAACAGCTATGACCTTACTTGTCAATGGTAAATGGCAACTCAG

M F TGTAAAACGACGGCCAGTAGCAAAAGCAGGTAGAT

R CAGGAAACAGCTATGACCAGTAGAAACAAGGTAGTTT

NS F TATAAAACGACGGCCAGTAGCAAAAGCAGGGTGACAA

R CAGGAAACAGCTATGACCAGTAGAAACAAGGGTGTTT
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Morbilliviruses, which include measles virus (MeV), canine distemper virus, and rinder-
pest virus, are among the most important pathogens in their respective hosts and cause
severe syndromes. Morbilliviruses are enveloped viruses with two envelope proteins, one
of which is hemagglutinin (H) protein, which plays a role in binding to cellular receptors. Dur-
ing morbillivirus infection, the virus initially targets lymphoid cells and replicates efficiently
in the lymph nodes. The principal cellular receptor for morbillivirus is signaling lymphocyte
activation molecule (SLAM, also called CD150), which is exclusively expressed on immune
cells. This feature reflects the strong lymphoid cell tropism and viral spread in the infected
body. Morbillivirus infection, however, affects various tissues in the body, including the
lung, kidney, gastrointestinal tract, vascular endothelium, and brain. Thus, other receptors
for morbilliviruses in addition to SLAM might exist. Recently, nectin-4 has been identified
as a novel epithelial cell receptor for MeV. The expression of nectin-4 is localized to polar-
ized epithelial cells, and this localization supports the notion of cell tropism since MeV also
grows well in the epithelial cells of the respiratory tract. Although two major receptors for
lymphoid and epithelial cells in natural infection have been identified, morbillivirus can still
infect many other types of cells with low infectivity, suggesting the existence of inefficient
but ubiquitously expressed receptors. We have identified other molecules that are impli-
cated in morbillivirus infection of SLAM-negative cells by alternative mechanisms. These
findings indicate that morbillivirus utilizes multiple pathways for establishment of infection.
These studies will advance our understanding of morbillivirus tropism and pathogenesis.

Keywords: morbillivirus, measles virus, CD46, SLAM, nectin-4, cell tropism

INTRODUCTION
Morbilliviruses belong to the order Mononegavirales, family
Paramyxoviridae, and include measles virus (MeV), rinderpest
virus (RPV), and canine distemper virus (CDV). Morbilliviruses
are highly contagious for their respective hosts and mediate simi-
lar consequences of pathogenesis, such as fever, cough and coryza,
and respiratory and gastrointestinal diseases. In particular, induc-
tion of severe transient immunosuppression along with the gain of
life-long immunity are the most notable features of morbillivirus
infection (Griffin, 2007).

Measles virus is a leading cause of mortality in children world-
wide. In particular, strong immunosuppression causes secondary
infection and leads to high childhood mortality in the developing
world. RPV affects several species of wild and domestic cloven-
hoofed animals. The mortality rate can reach nearly 100% in highly
susceptible cattle or buffalo herds; in fact, rinderpest had caused
significant economic damage since records began. CDV is a cause
of fatal disease in many species of carnivores. Recently, fatal CDV
infection has been reported in other species such as large felids
(Appel et al., 1994), javelinas (Appel et al., 1991), and freshwater
and marine seals (Visser et al., 1990).

To limit these severe and fatal diseases of morbilliviruses,appro-
priate measures have been taken, including live attenuated and
effective vaccines, which were developed more than 40 years ago

and control the viruses well. In particular, international cam-
paigns have been conducted to eradicate both MeV and RPV
globally. As a result of vaccination efforts and culling of infected
animals, eradication of rinderpest in all 198 countries and terri-
tories was declared by OIE (2011) and FAO (2011). Rinderpest
became the second viral disease, after smallpox, to be eradicated
through human efforts. In the case of measles, vaccination has
contributed to reducing the mortality rate in infants, and deaths
due to measles were reduced by 78% worldwide between 2000
and 2008 (from 733,000 to 164,000) after a global campaign for
vaccination (WHO, 2011).

Morbilliviruses are enveloped virions that contain a non-
segmented, negative-stranded RNA genome that encodes a sin-
gle envelope-associated matrix protein (M), two glycoproteins
(hemagglutinin H and fusion protein F), two RNA-polymerase-
associated proteins (phosphoprotein P and large protein L), and
a nucleocapsid protein (N) that encapsulates the viral RNA
(Figure 1). The H gene encodes a key protein for morbillivirus
and its animal hosts: the virus uses this protein to attach to cell
receptors during the first step of infection (Griffin, 2007).

The search for the receptor for morbillivirus began in vaccine
strains of MeV, and subsequently identified receptors for wild-type
strains have revealed the closely related receptor usage and unique
pathogenicity of the viruses.
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FIGURE 1 | Schematic diagram of the components of the morbillivirus.

The viral particle contains the ribonucleoprotein complex consisting of the
nucleocapsid (genomic RNA and N proteins) and viral RNA polymerase (P
and L proteins), and the envelope consisting of the M, F, H proteins, and
host cell-derived membrane.

In this review, we introduce the identified receptors for morbil-
liviruses, mainly MeV, and discuss cell tropism and pathogenicity
in terms of receptor usage.

CD46
Measles virus was first isolated by Enders and Peebles (1954)
from primary human kidney cells inoculated with the blood and
throat washings of a child with measles. The virus strain (Edmon-
ston) was passaged multiple times in primary human kidney and
amnion cells and then adapted to eggs and multiply passaged in
chick embryo cells to produce the original Edmonston B vac-
cine, which was licensed in 1963 (Griffin, 2007). Administration
of the live attenuated vaccine results in transient immunosuppres-
sion, but induces both expression of the neutralizing antibody and
cellular immune responses sufficient for protection.

Vero cells derived from the African green monkey kidney had
been utilized to isolate MeV as a standard cell line because it
is beneficial and safe. About 40 years after MeV was isolated,
two groups reported in 1993 that CD46 acts as a cellular recep-
tor for laboratory-adapted strains of MeV. Naniche et al. (1992)
obtained a monoclonal antibody that inhibited cell fusion induced
by recombinant vaccinia virus encoding the H and F proteins of the
Halle strain of MeV. The antibody precipitated a cell-surface glyco-
protein from human and simian cells but not from murine cells.
N-terminal amino acid sequencing identified that the glycopro-
tein was human membrane cofactor protein (CD46), a member of
the regulators of the complement activation gene cluster (Naniche
et al., 1993). Transfection of non-permissive murine cells with a
CD46 expression vector confirmed that the human CD46 mole-
cule serves as a MeV receptor, allowing virus–cell binding, fusion,
and viral replication. Dorig et al. (1993) showed independently
that hamster cell lines expressing CD46 produced syncytia and

virus proteins after infection with the Edmonston strain of MeV
and that polyclonal antisera against CD46 inhibited virus binding
and infection.

CD46 is a cell-surface, type I transmembrane 57–67 kD gly-
coprotein that belongs to the family of complement activation
regulators and is ubiquitously expressed in all nucleated human
cells. The most important function of CD46 is as an inhibitor of
complement activation. It protects host cells from complement
deposition by functioning as a cofactor for the factor-I-mediated
proteolytic inactivation of C3b and C4b (Liszewski et al., 1991).
In addition, CD46 has been implicated in the modulation of
T-cell functions (Marie et al., 2002), generation of regulatory
T-cells (Kemper et al., 2003), and control of interferon (IFN)
production (Katayama et al., 2000). CD46 is also important dur-
ing fertilization – it presumably promotes sperm–egg interaction
(Riley-Vargas et al., 2004, 2005; Harris et al., 2006).

CD46 exists in multiple isoforms, which are generated by alter-
native splicing of a single gene. It has four short consensus repeats
(SCR 1–4) comprising 60–64 aa each, an alternatively spliced
serine/threonine/proline-rich region, a transmembrane region,
and an alternatively spliced cytoplasmic tail.

Previous studies have located the MeV binding site on CD46
to the SCR1 and SCR2 domains of the receptor (Buchholz et al.,
1997; Hsu et al., 1997; Casasnovas et al., 1999; Christiansen et al.,
2000; Figure 2). Functional studies in vitro have suggested that
signaling via CD46 is an important component of MeV pathogen-
esis. For example, the high degree of interaction between MeV-H
and CD46 results in downregulation of CD46 from the surface
of infected cells, rendering them more sensitive to C3b-mediated
complement lysis (Schneider-Schaulies et al., 1995a,b; Schnorr
et al., 1995). Interestingly, CD46-mediated immunosuppression
in MeV infection has been reported. One mechanism involves
inhibiting activation-induced expression of interleukin (IL)-12,
which is essential for the generation of successful effector T-cell
responses, by cross-linking CD46 on the surface of monocytes
by MeV (Karp et al., 1996; Galbraith et al., 1998; Karp, 1999;
Kurita-Taniguchi et al., 2000). Interaction of MeV-H and CD46
also induces IL-10, leading to inhibition of the contact hypersen-
sitivity reaction (Marie et al., 2002). In contrast, MeV binding
to CD46 induces IFN production, which further triggers the early
antiviral immune response (Manchester et al., 2000; Naniche et al.,
2000).

Amino acid residues interacting with CD46 in the H protein
have been identified (F431, V451, Y481, P486, and I487; Masse
et al., 2002; Santiago et al., 2002; Vongpunsawad et al., 2004).
Among them, two amino acid residues (V451 and Y481) are crucial
for determining the ability of MeV strains to cause hemadsorption,
cell fusion, and CD46 downregulation.

ATTENUATION OF MeV PATHOGENICITY BY PASSAGE WITH
VERO CELLS
Although many studies clarified the interaction between MeV-
H and CD46 and the resultant cellular signaling events in vitro,
it had also been revealed that these laboratory strains of MeV
do not induce any typical symptoms in non-human primate
species, which are susceptible to wild-type MeV. For example,
rhesus and cynomolgus macaques have been described to cause
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FIGURE 2 | Structure of CD46. CD46 has four SCRs at the amino terminus
of its ectodomain. SCR1 and SCR2 interact with the laboratory strains of
MeV, whereas SCR3 and SCR4 interact with complement proteins C3b and
C4b.

outbreaks of measles in colonies; however laboratory strains of
MeV do not induce disease in these animals (Kobune et al., 1990;
van Binnendijk et al., 1994, 1995; McChesney et al., 1997). Fur-
thermore, previous reports indicated that five strains of MeV
that were adapted for growth in Vero cells showed little patho-
genicity against experimentally infected macaques, whereas the
Bilthoven strain of MeV, which grew in human cord blood
cells, induced clinical symptoms of measles (Auwaerter et al.,
1999).

Although Vero cells had been used for MeV isolation for a long
time, the isolation was not highly efficient and usually required
several blind passages. In contrast, Kobune et al. found that an
Epstein–Barr-virus-transformed marmoset B-cell line, B95a, is
10,000-fold more sensitive to the MeV present in clinical speci-
mens than Vero cells. Furthermore, MeVs isolated and propagated
in B95a cells cause clinical signs in experimentally infected mon-
keys, which resemble those of human measles such as rashes and
Koplik’s spots, leukopenia, and marked histological lesions in the
lymphoid tissues (Kobune et al., 1990). Subsequently, Kobune et al.
(1990, 1996) reported that two strains of wild MeV from the same
patient, one isolated in B95a cells and the other in Vero cells, had
different virulence in monkeys. The former induced acute signs of
MeV infection, whereas the latter did not induce any clinical signs
of disease and caused milder histological lesions. These findings
strongly indicated that MeV isolated in B95a cells maintains vir-
ulence similar to that in humans and that isolation in Vero cells
leads to loss of virulence.

However, strains isolated in B95a cells or human B-cell lines
were shown to grow only in a limited number of lymphoid cell
lines (Kobune et al., 1990; Schneider-Schaulies et al., 1995b; Tat-
suo et al., 2000a). Furthermore, the H protein of MeV isolated
from B-cell lines neither induced downregulation of CD46 nor
caused cell–cell fusion (upon coexpression of the F protein) in
CD46-positive cell lines (Lecouturier et al., 1996; Bartz et al., 1998;
Tanaka et al., 1998).

From these observations, it had been postulated that B-cell
line-isolated strains do not use the ubiquitously expressed CD46
but utilize another molecule as a receptor (Lecouturier et al., 1996;
Buckland and Wild, 1997; Bartz et al., 1998; Hsu et al., 1998; Tanaka
et al., 1998; Tatsuo et al., 2000a).

SIGNALING LYMPHOCYTE ACTIVATION MOLECULE
Tatsuo et al. (2000b) performed a screening of a cDNA library
of B95a cells, in which a non-susceptible human kidney cell line,
293T, was transfected with the cDNA library and then screened
with a vesicular stomatitis virus pseudotype bearing the H protein
of MeV isolated from B-cells and F protein from the Edmonston
strain. As a result, a single cDNA clone capable of making trans-
fected 293T cells susceptible to MeV-H protein bearing pseudotype
was identified. The sequence of the clone was a homolog of signal-
ing lymphocyte activation molecule (SLAM), and consequently,
human SLAM was identified as a lymphoid cell receptor for wild-
type MeV. Importantly, the Edmonston strain was found to utilize
SLAM, in addition to CD46, as a receptor, indicating that SLAM
acts as a receptor not only for B-cell line-isolated MeV strains
but also for vaccine and laboratory-adapted strains (Tatsuo et al.,
2000b).

Subsequent studies have demonstrated that MeV strains iso-
lated and propagated by SLAM-positive cells show clinical signs of
MeV in infected animals (van Binnendijk et al., 1994; McChesney
et al., 1997; Zhu et al., 1997; Auwaerter et al., 1999; El Mubarak
et al., 2007; Bankamp et al., 2008). Therefore, it has been veri-
fied that SLAM acts as the principal cellular receptor for MeV
in vivo, and that use of CD46 may be the result of MeV adaptation
in vitro. Furthermore, it has been demonstrated that all CDV and
RPV strains use dog and cow SLAM as a receptor, respectively, and
that SLAM is a common and principal receptor for morbillivirus
(Tatsuo et al., 2001).

Signaling lymphocyte activation molecule is also known as
CD150 and is expressed on thymocytes, activated lymphocytes,
mature dendritic cells, macrophages, and platelets in humans
and mice (Sidorenko and Clark, 1993; Cocks et al., 1995; Aversa
et al., 1997). In humans, CD14+ monocytes in tonsils and spleens
express SLAM (Farina et al., 2004). SLAM is implicated in the
regulation of T-cell activation by affecting T-cell antigen receptor
signaling. In addition, SLAM has the ability to regulate the func-
tions of several other immune cell types, including natural killer
and dendritic cells. Hence, SLAM has a broad involvement in the
modulation of innate and acquired immune responses (Veillette
and Latour, 2003; Veillette et al., 2007; Schwartzberg et al., 2009).

Signaling lymphocyte activation molecule has two extracellular
immunoglobulin superfamily domains, V and C2, and is associ-
ated with the adaptor molecules, SLAM-associated protein (SAP),
or EWS/FliI-activated transcript 2 (EAT-2), in its cytoplasmic tail.
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The extracellular domain of SLAM associates with another SLAM
molecule present on adjacent cells. In CD4+ T-cells, ligation of
SLAM induces its binding to SAP, and combined with T-cell-
receptor (TCR)-mediated signals, triggers downstream signaling
for the production of T helper 2 (Th2) cytokines such as IL-4 and
IL-13 (Veillette et al., 2007). Furthermore, SLAM controls produc-
tion of IL-12, tumor necrosis factor α, and nitric oxide, presumably
via EAT-2, by macrophages (Veillette et al., 2007).

The V domain of SLAM is necessary and sufficient for MeV
receptor function and three amino acid residues, at positions 60,
61, and 63 of human SLAM, are crucial for its function (Ohno
et al., 2003; Figure 3). Meanwhile, mutagenesis of the H protein
based on its ability to induce SLAM-dependent cell–cell fusion has
revealed that residues important for interaction with SLAM are
I194, D505, D507, Y529, D530, T531, R533, H536, Y553, and P554
(Masse et al., 2004; Vongpunsawad et al., 2004; Navaratnarajah
et al., 2008).

SLAM ACTS AS THE PRINCIPAL RECEPTOR FOR
MORBILLIVIRUS IN VIVO
Signaling lymphocyte activation molecule-isolated strains express
typical clinical symptoms in experimental animal models. Thus,
the in vivo study of wild-type morbillivirus, in particular MeV
and CDV, has proceeded in conjunction with the establishment
of a novel method for generating recombinant virus, known as
reverse genetics (Billeter et al., 2009).

To identify the host cells that support infection, a recombinant
CDV that expressed green fluorescent protein (GFP) was produced
by reverse genetics, based on a wild-type strain that is lethal to
ferrets, and inoculated intranasally into animals (von Messling
et al., 2004). CDV initially infected lymphocytes and massively

FIGURE 3 | Structure of SLAM. The SLAM extracellular domain is
composed of a variable (V) and a constant (C2) Ig-like repeat. SLAM
interacts with another SLAM on an adjacent cell. All morbilliviruses bind to
the V domain of SLAM.

replicated therein, thereby causing immunosuppression, systemic
invasion, and host escape. In contrast, replication in epithelial cells
was initially not detectable but substantial before host death.

In a similar manner, GFP-expressing MeV was also generated
and inoculated into macaques via the aerosol route, and the time
course of propagation was monitored (de Swart et al., 2007). MeV
entered the host at the alveolar level by infecting macrophages
or dendritic cells, which carried the virus to bronchus-associated
lymphoid tissue, followed by regional dissemination by viremia.

To further clarify the importance of SLAM for morbil-
livirus pathogenesis, recombinant viruses possessing H, which
are incapable of recognizing SLAM but can enter epithelial cells
(SLAM-blind), have been generated.

Signaling lymphocyte activation molecule-blind CDV infected
primary ferret epithelial cells as efficiently as the parental wild-
type CDV but was incapable of entering ferret peripheral blood
mononuclear cells in vitro. Experimentally infected ferrets indi-
cated that the SLAM-blind virus is completely avirulent in ferrets;
infection with this virus caused only a small, short-lived decrease
in the blood leukocyte count (von Messling et al., 2006).

Signaling lymphocyte activation molecule-blind MeV was also
generated and inoculated intranasally into rhesus monkeys. As a
result, the virus showed attenuated pathogenicity, inefficient infec-
tion of lymphocytes, and induced no clinical symptoms in these
animals (Leonard et al., 2010).

Recently, our group has generated SLAM-blind RPV using a
lapinized strain (RPV-L). RPV-L is highly virulent in rabbits and
exhibits similar pathogenicity as virulent RPV in cattle. Thus,
RPV-L-infected rabbits should represent a useful model for study-
ing in vivo pathogenicity after RPV infection. SLAM-blind RPV-L
induced few clinical signs, which is in agreement with studies with
CDV and MeV, demonstrating that SLAM recognition is necessary
for virulence. The virus was not detected in any of the lymphoid
tissues, but was detected in lungs, suggesting that the SLAM-
blind RPV in rabbits could infect epithelial but not lymphoid cells
(unpublished data).

These results strongly indicated that SLAM-mediated cell entry
is crucial for expression of full pathogenicity of morbillivirus.

A PUTATIVE RECEPTOR ON EPITHELIAL CELLS
Distribution and functions of SLAM provide a good explanation
for the lymphotropism and immunosuppressive nature of mor-
billivirus. However, morbillivirus, in autopsied patients and some
experimentally infected animals, has also been shown to infect the
epithelial cells of the trachea, bronchial tubes, lungs, oral cavity,
pharynx, esophagus, intestines, liver, and bladder (Griffin, 2007).
These epithelial cells do not express SLAM, but the infected cells
do shed virus, suggesting that entry into these SLAM-negative cells
is mediated by other cellular receptors.

In vitro studies have shown that a number of SLAM-negative
cell types of epithelial or neuronal origin result in cytopathic effects
and virus release. In particular, several well-differentiated polar-
ized epithelial cell lines showed high susceptibility to wild-type
MeV (Takeda et al., 2007; Tahara et al., 2008). Further in vitro
studies indicated that wild-type MeV enters human polarized air-
way epithelium basolaterally, whereas progeny viral particles are
released exclusively from the apical surface of these cells (Tahara
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et al., 2008; Ludlow et al., 2010). Moreover, it was shown that loss
of tight junction proteins induced by the transcription repressor
SNAIL blocked infection with MeV (Shirogane et al., 2010). These
data strongly implied that polarized epithelial cells possess a puta-
tive epithelial receptor, EpR, and that the receptor appears to be
expressed on the basolateral side of the cells that is associated with
tight junctions.

From these studies, before identification of the components of
EpR, the region of the H protein that interacts with the EpR was
mapped to the H protein (I456, L464, L482, P497, Y541, and Y543;
Leonard et al., 2008; Tahara et al., 2008).

Based on these data, an EpR-blind MeV maintaining SLAM-
dependent cell entry was generated and inoculated intranasally
into monkeys (Leonard et al., 2008). As a result, EpR-blind MeV-
infected macaques developed signs of measles comparable to those
of animals infected with wild-type virus, including skin rash and
anorexia, indicating that the EpR-blind MeV remained virulent
in the macaques. However, EpR-blind MeV could not be isolated
from the tracheal aspirates of all of the monkeys, unlike wild-type
MeV. This strongly suggested that MeV crosses the respiratory
epithelium only when it leaves the host and that EpR-blind MeV
does not shed in the airways.

NECTIN-4
In 2011, two independent groups reported identification of the
EpR. Both groups utilized microarray data from susceptible ver-
sus non-susceptible cell lines and compared the membrane protein
gene transcripts.

Noyce et al. (2011) described the susceptibility of many dif-
ferent tumor cell lines to MeV infection and selected susceptible
and non-susceptible cell lines. They filtered the microarray data for
membrane protein genes, and produced a short list of 11 candidate
receptors. Of these, only human PVRL4 (nectin-4), a tumor cell
marker found on breast, lung, and ovarian carcinomas, rendered
cells susceptible to MeV infection. Transient knockdown of nectin-
4 using siRNA abolished MeV infection in these cell lines. Fur-
thermore, antibodies specific for human nectin-4 inhibited MeV
infection. Mühlebach et al. (2011) performed microarray analysis
of seven epithelial cell lines from human airways or bladder previ-
ously characterized as permissive (three lines) or non-permissive
(four lines), and identified that nectin-4 renders CHO cells suscep-
tible to MeV. It was demonstrated that the V domain of nectin-4
binds strongly to MeV-H (Mühlebach et al., 2011; Figure 4).

The nectin family is a cell adhesion molecule family compris-
ing four members (nectin-1–4), and only nectin-4 functions as the
EpR (Mühlebach et al., 2011; Noyce et al., 2011). Nectins contain
immunoglobulin-like domains, similar to SLAM. The nectin fam-
ily proteins have recently been shown to be essential contributors
to the formation of cell–cell adhesions and are novel regulators
of cellular activities, including cell polarization, differentiation,
movement, proliferation, and survival (Takai et al., 2008; Ogita
et al., 2010). Nectins are also involved in the establishment of
apical–basal polarity at cell–cell adhesion sites and the formation
of tight junctions in epithelial cells (Takai et al., 2008; Ogita et al.,
2010).

To date, details of the interaction mechanism of the newly iden-
tified receptor, nectin-4, with MeV-H has not been elucidated. In

FIGURE 4 | Structure of nectins. The nectin family proteins contain three
Ig-like loops (V and two C2-type domains) in their extracellular domain. Two
nectin and nectin-like molecules of the same plasma membrane first form
cis-dimers, and then this is followed by the formation of a trans-interaction
between the Ig-like loops of cis-dimers located on opposing cells. MeV
binds to the V domain of nectin-4, specifically.

particular, it is unclear whether nectin-4 produces intracellular
signals upon engagement with MeV-H. Further studies are neces-
sary to clarify the implications of the interaction of MeV-H and
nectin-4 in MeV pathogenicity.

OVERVIEW OF MeV PROPAGATION IN THE INFECTED BODY
It has been postulated that the primary targets of MeV are SLAM-
positive alveolar macrophages, dendritic cells, and lymphocytes of
the immune system in the respiratory tract, rather than epithelial
cells. This contention is supported by the finding that almost all
CD14+ monocytes in human tonsils express SLAM. MeV subse-
quently grows in SLAM-expressing lymphatic cells and spreads to
lymph nodes throughout the body. After systemic infection, it is
considered that the virus is transmitted from infected lymphocytes
and dendritic cells to epithelial cells using nectin-4 on the baso-
lateral side of epithelial cells, and virus particles are subsequently
shed from the apical surface of these cells (Figure 5).

ALTERNATIVE RECEPTORS
From the above studies, the major transmission mode of mor-
billivirus, especially MeV, has been drawn. However, many
histopathological studies have indicated that morbillivirus is also
detected in endothelial and neuronal cells (Griffin, 2007), suggest-
ing the existence of other routes for virus propagation to these cell
types. In particular, MeV and CDV show strong neuronal tropism,
and cause acute and persistent encephalitis (Griffin, 2007), nev-
ertheless neural cells neither express SLAM nor nectin-4. These
cells may have their own receptors or be infected by virus via an
inefficient receptor.

Previous studies using recombinant morbilliviruses expressing
GFP have demonstrated that cell entry independent of SLAM and
CD46 (and probably nectin-4) occurs in a variety of cell lines with
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FIGURE 5 | Major transmission mode of MeV in infected body. (A)

MeV enters through the respiratory route, and then infects the
dendritic cells, macrophages, and lymphocytes in the respiratory
epithelium. (B) MeV transports to draining lymph nodes. There, other
immune cells, predominantly B and T-cells are infected, followed by a

cell-associated viremia that distributes the infection to other organs.
(C) MeV-infected immune cells transmit MeV to epithelial cells in
various organs such as the airway, lung, and bladder from the
basolateral side. (D) Progeny viruses are released from the host as
respiratory aerosols.
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low infectivity (Hashimoto et al., 2002; Fujita et al., 2007; Terao-
Muto et al., 2008). This suggests the existence of inefficient but
ubiquitously expressed receptors.

Previously, we have found that infection with several SLAM
(and presumably nectin-4) negative cell lines with morbillivirus
was inhibited by soluble heparin, and that virus bound to immo-
bilized heparin. These results suggest that ubiquitously expressed
heparin-like glycosaminoglycans are involved in morbillivirus
infection (Fujita et al., 2007; Terao-Muto et al., 2008). More
recently, we have also demonstrated a unique infection mechanism
of MeV, in which viral particles incorporate cellular cyclophilin
(Cyp)B on their surface and bind to cellular CD147, a receptor for
CypA and B, independently of MeV-H (Watanabe et al., 2010). It is
known that CypA incorporated into HIV-1 particles translocates
to the surfaces of virions (Misumi et al., 2002), and that the inter-
action between CypA and CD147 enables HIV-1 to infect target
cells via CD147, independently of the binding of gp120 and CD4
(Pushkarsky et al., 2001). Additionally, severe acute respiratory
syndrome coronavirus (SARS-CoV) is proposed to use CD147 as

a receptor in the same manner as HIV-1 (Chen et al., 2005). Unlike
HIV-1 and SARS-CoV, MeV uses CypB instead of CypA for bind-
ing to CD147. This finding is the first among viruses belonging
to the order Mononegavirales and shows a new infection mode of
MeV, which is independent of H protein.

CONCLUSION
Investigations aimed at identifying the receptors for morbillivirus
started in 1993 with CD46 for vaccine strains of MeV, followed
by the lymphoid cell receptor, SLAM, in 2000, and the epithelial
cell receptor, nectin-4, in 2011, for wild-type viruses. Along with
the receptors, the cell tropism, transmission modes in the body,
and unique pathogenicities of morbillivirus are being explained.
However, many problems associated with morbillivirus remain to
be clarified. In particular, the mechanism by which MeV spreads in
the central nervous system during fatal subacute sclerosing panen-
cephalitis is unknown. Further studies will lead to a better under-
standing of morbillivirus pathogenesis and to novel strategies for
treatment and prevention.

REFERENCES
Appel, M. J., Reggiardo, C., Summers,

B. A., Pearce-Kelling, S., Mare, C.
J., Noon, T. H., Reed, R. E., Shiv-
ely, J. N., and Orvell, C. (1991).
Canine distemper virus infection
and encephalitis in javelinas (col-
lared peccaries). Arch. Virol. 119,
147–152.

Appel, M. J., Yates, R. A., Foley, G. L.,
Bernstein, J. J., Santinelli, S., Spel-
man, L. H., Miller, L. D., Arp, L.
H., Anderson, M., and Barr, M.
(1994). Canine distemper epizootic
in lions, tigers, and leopards in North
America. J. Vet. Diagn. Invest. 6,
277–288.

Auwaerter, P. G., Rota, P. A., Elkins,
W. R., Adams, R. J., DeLozier, T.,
Shi, Y., Bellini, W. J., Murphy, B. R.,
and Griffin, D. E. (1999). Measles
virus infection in rhesus macaques:
altered immune responses and com-
parison of the virulence of six differ-
ent virus strains. J. Infect. Dis. 180,
950–958.

Aversa, G., Chang, C. C., Carballido,
J. M., Cocks, B. G., and de Vries,
J. E. (1997). Engagement of the
signaling lymphocytic activation
molecule (SLAM) on activated T
cells results in IL-2-independent,
cyclosporin A-sensitive T cell
proliferation and IFN-gamma
production. J. Immunol. 158,
4036–4044.

Bankamp, B., Hodge, G., McChesney,
M. B., Bellini, W. J., and Rota, P. A.
(2008). Genetic changes that affect
the virulence of measles virus in
a rhesus macaque model. Virology
373, 39–50.

Bartz, R., Firsching, R., Rima, B., ter
Meulen,V., and Schneider-Schaulies,

J. (1998). Differential receptor usage
by measles virus strains. J. Gen. Virol.
79(Pt 5), 1015–1025.

Billeter, M. A., Naim, H. Y., and
Udem, S. A. (2009). Reverse
genetics of measles virus and
resulting multivalent recombi-
nant vaccines: applications of
recombinant measles viruses. Curr.
Top. Microbiol. Immunol. 329,
129–162.

Buchholz, C. J., Koller, D., Devaux,
P., Mumenthaler, C., Schneider-
Schaulies, J., Braun, W., Gerlier,
D., and Cattaneo, R. (1997). Map-
ping of the primary binding site
of measles virus to its recep-
tor CD46. J. Biol. Chem. 272,
22072–22079.

Buckland, R., and Wild, T. F. (1997).
Is CD46 the cellular receptor for
measles virus? Virus Res. 48, 1–9.

Casasnovas, J. M., Larvie, M., and
Stehle, T. (1999). Crystal struc-
ture of two CD46 domains
reveals an extended measles virus-
binding surface. EMBO J. 18,
2911–2922.

Chen, Z., Mi, L., Xu, J., Yu, J., Wang,
X., Jiang, J., Xing, J., Shang, P., Qian,
A., Li, Y., Shaw, P. X., Wang, J.,
Duan, S., Ding, J., Fan, C., Zhang,
Y., Yang, Y., Yu, X., Feng, Q., Li,
B., Yao, X., Zhang, Z., Li, L., Xue,
X., and Zhu, P. (2005). Function
of HAb18G/CD147 in invasion of
host cells by severe acute respiratory
syndrome coronavirus. J. Infect. Dis.
191, 755–760.

Christiansen, D., Deleage, G., and Ger-
lier, D. (2000). Evidence for distinct
complement regulatory and measles
virus binding sites on CD46 SCR2.
Eur. J. Immunol. 30, 3457–3462.

Cocks, B. G., Chang, C. C., Carballido,
J. M., Yssel, H., de Vries, J. E., and
Aversa, G. (1995). A novel receptor
involved in T-cell activation. Nature
376, 260–263.

de Swart, R. L., Ludlow, M., de Witte,
L., Yanagi, Y., van Amerongen, G.,
McQuaid, S., Yuksel, S., Geijtenbeek,
T. B. H., Duprex, P., and Oster-
haus, A. D. (2007). Predominant
infection of CD150+ lymphocytes
and dendritic cells during measles
virus infection of macaques. PLoS
Pathog. 3, e178. doi:10.1371/jour-
nal.ppat.0030178

Dorig, R. E., Marcil, A., Chopra, A.,
and Richardson, C. D. (1993).
The human CD46 molecule
is a receptor for measles virus
(Edmonston strain). Cell 75,
295–305.

El Mubarak, H. S., Yuksel, S., van
Amerongen, G., Mulder, P. G.,
Mukhtar, M. M., Osterhaus, A. D.,
and de Swart, R. L. (2007). Infection
of cynomolgus macaques (Macaca
fascicularis) and rhesus macaques
(Macaca mulatta) with different
wild-type measles viruses. J. Gen.
Virol. 88(Pt 7), 2028–2034.

Enders, J. F., and Peebles, T. C. (1954).
Propagation in tissue cultures of
cytopathogenic agents from patients
with measles. Proc. Soc. Exp. Biol.
Med. 86, 277–286.

FAO. (2011). Global Rinder-
pest Eradication Programme
(GREP). Available at: http://www.
fao.org/ag/againfo/programmes/en/
grep/home.html

Farina, C., Theil, D., Semlinger, B.,
Hohlfeld, R., and Meinl, E. (2004).
Distinct responses of monocytes
to Toll-like receptor ligands and

inflammatory cytokines. Int.
Immunol. 16, 799–809.

Fujita, K., Miura, R., Yoneda, M.,
Shimizu, F., Sato, H., Muto, Y., Endo,
Y., Tsukiyama-Kohara, K., and Kai,
C. (2007). Host range and receptor
utilization of canine distemper virus
analyzed by recombinant viruses:
Involvement of heparin-like mole-
cule in CDV infection. Virology 359,
324–335.

Galbraith, S. E., Tiwari, A., Baron, M. D.,
Lund, B. T., Barrett, T., and Cosby,
S. L. (1998). Morbillivirus down-
regulation of CD46. J. Virol. 72,
10292–10297.

Griffin, D. E. (2007). “Measles virus,” in
Fields Virology, 5th Edn, eds D. M.
Knipe, P. M. Howley, D. E. Griffin,
R. A. Lamb, M. A. Martin, B. Roiz-
man, and S. E. Straus (Philadelphia,
PA: Lippincott Williams & Wilkins),
1551–1585.

Harris, C. L., Mizuno, M., and Mor-
gan, B. P. (2006). Complement and
complement regulators in the male
reproductive system. Mol. Immunol.
43, 57–67.

Hashimoto, K., Ono, N., Tatsuo, H.,
Minagawa, H., Takeda, M., Takeuchi,
K., and Yanagi, Y. (2002). SLAM
(CD150)-independent measles virus
entry as revealed by recombi-
nant virus expressing green flu-
orescent protein. J. Virol. 76,
6743–6749.

Hsu, E. C., Dorig, R. E., Sarangi, F.,
Marcil, A., Iorio, C., and Richardson,
C. D. (1997). Artificial mutations
and natural variations in the CD46
molecules from human and mon-
key cells define regions important
for measles virus binding. J. Virol. 71,
6144–6154.

www.frontiersin.org March 2012 | Volume 3 | Article 75 | 36

http://dx.doi.org/10.1371/journal.ppat.0030178
http://www.fao.org/ag/againfo/programmes/en/grep/home.html
http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive


Sato et al. Morbillivirus receptors

Hsu, E. C., Sarangi, F., Iorio, C., Sidhu,
M. S., Udem, S. A., Dillehay, D.
L., Xu, W., Rota, P. A., Bellini, W.
J., and Richardson, C. D. (1998).
A single amino acid change in the
hemagglutinin protein of measles
virus determines its ability to bind
CD46 and reveals another receptor
on marmoset B cells. J. Virol. 72,
2905–2916.

Karp, C. L. (1999). Measles: immuno-
suppression, interleukin-12, and
complement receptors. Immunol.
Rev. 168, 91–101.

Karp, C. L., Wysocka, M., and Wahl, L.
M. (1996). Mechanism of suppres-
sion of cell-mediated immunity by
measles virus. Science 273, 228–231.

Katayama, Y., Hirano, A., and Wong,
T. C. (2000). Human receptor for
measles virus (CD46) enhances
nitric oxide production and
restricts virus replication in mouse
macrophages by modulating pro-
duction of alpha/beta interferon. J.
Virol. 74, 1252–1257.

Kemper, C., Chan, A. C., Green, J. M.,
Brett, K. A., Murphy, K. M., and
Atkinson, J. P. (2003). Activation of
human CD4+ cells with CD3 and
CD46 induces a T-regulatory cell 1
phenotype. Nature 421, 388–392.

Kobune, F., Sakata, H., and Sugiura,
A. (1990). Marmoset lymphoblas-
toid cells as a sensitive host for iso-
lation of measles virus. J. Virol. 64,
700–705.

Kobune, F., Takahashi, H., Terao, K.,
Ohkawa, T., Ami, Y., Suzaki, Y.,
Nagata, N., Sakata, H., Yamanouchi,
K., and Kai, C. (1996). Nonhuman
primate models of measles. Lab.
Anim. Sci. 46, 315–320.

Kurita-Taniguchi, M., Fukui, A., Hazeki,
K., Hirano, A., Tsuji, S., Mat-
sumoto, M., Watanabe, M., Ueda,
S., and Seya, T. (2000). Functional
modulation of human macrophages
through CD46 (measles virus recep-
tor): production of IL-12 p40
and nitric oxide in association
with recruitment of protein-tyrosine
phosphatase SHP-1 to CD46. J.
Immunol. 165, 5143–5152.

Lecouturier, V., Fayolle, J., Caballero,
M., Carabana, J., Celma, M. L.,
Fernandez-Munoz, R., Wild, T. F.,
and Buckland, R. (1996). Identi-
fication of two amino acids in
the hemagglutinin glycoprotein of
measles virus (MV) that govern
hemadsorption, HeLa cell fusion,
and CD46 downregulation: pheno-
typic markers that differentiate vac-
cine and wild-type MV strains. J.
Virol. 70, 4200–4204.

Leonard, V. H., Hodge, G., Reyes-
Del Valle, J., McChesney, M. B.,

and Cattaneo, R. (2010). Measles
virus selectively blind to signal-
ing lymphocytic activation molecule
(SLAM; CD150) is attenuated and
induces strong adaptive immune
responses in rhesus monkeys. J.
Virol. 84, 3413–3420.

Leonard, V. H., Sinn, P. L., Hodge, G.,
Miest, T., Devaux, P., Oezguen, N.,
Braun,W., McCray, P. B. Jr., McChes-
ney, M. B., and Cattaneo, R. (2008).
Measles virus blind to its epithelial
cell receptor remains virulent in rhe-
sus monkeys but cannot cross the
airway epithelium and is not shed.
J. Clin. Invest. 118, 2448–2458.

Liszewski, M. K., Post, T. W., and Atkin-
son, J. P. (1991). Membrane cofac-
tor protein (MCP or CD46): newest
member of the regulators of comple-
ment activation gene cluster. Annu.
Rev. Immunol. 9, 431–455.

Ludlow, M., Rennick, L. J., Sarlang, S.,
Skibinski, G., McQuaid, S., Moore,
T., de Swart, R. L., and Duprex,
W. P. (2010). Wild-type measles
virus infection of primary epithelial
cells occurs via the basolateral sur-
face without syncytium formation
or release of infectious virus. J. Gen.
Virol. 91(Pt 4), 971–979.

Manchester, M., Eto, D. S., Valsamakis,
A., Liton, P. B., Fernandez-Munoz,
R., Rota, P. A., Bellini, W. J., Forthal,
D. N., and Oldstone, M. B. (2000).
Clinical isolates of measles virus use
CD46 as a cellular receptor. J. Virol.
74, 3967–3974.

Marie, J. C., Astier, A. L., Rivailler,
P., Rabourdin-Combe, C., Wild, T.
F., and Horvat, B. (2002). Link-
ing innate and acquired immunity:
divergent role of CD46 cytoplas-
mic domains in T cell induced
inflammation. Nat. Immunol. 3,
659–666.

Masse, N.,Ainouze, M., Neel, B.,Wild, T.
F., Buckland, R., and Langedijk, J. P.
(2004). Measles virus (MV) hemag-
glutinin: evidence that attachment
sites for MV receptors SLAM and
CD46 overlap on the globular head.
J. Virol. 78, 9051–9063.

Masse, N., Barrett, T., Muller, C. P.,Wild,
T. F., and Buckland, R. (2002). Iden-
tification of a second major site for
CD46 binding in the hemagglutinin
protein from a laboratory strain of
measles virus (MV): potential conse-
quences for wild-type MV infection.
J. Virol. 76, 13034–13038.

McChesney, M. B., Miller, C. J., Rota,
P. A., Zhu, Y. D., Antipa, L., Lerche,
N. W., Ahmed, R., and Bellini, W.
J. (1997). Experimental measles. I.
Pathogenesis in the normal and
the immunized host. Virology 233,
74–84.

Misumi, S., Fuchigami, T., Takamune,
N., Takahashi, I., Takama, M., and
Shoji, S. (2002). Three isoforms of
cyclophilin A associated with human
immunodeficiency virus type 1 were
found by proteomics by using
two-dimensional gel electrophoresis
and matrix-assisted laser desorption
ionization-time of flight mass spec-
trometry. J. Virol. 76, 10000–10008.

Mühlebach, M., Mateo, M., Sinn, P.,
Prüfer, S., Uhlig, K., Leonard, V.,
Navaratnarajah, C., Frenzke, M.,
Wong, X., Sawatsky, B., Ramachan-
dran, S., McCray, P., Cichutek, K.,
von Messling, V., Lopez, M., and
Cattaneo, R. (2011). Adherens junc-
tion protein nectin-4 is the epithelial
receptor for measles virus. Nature
480, 530–533.

Naniche, D., Varior-Krishnan, G., Cer-
voni, F., Wild, T. F., Rossi, B.,
Rabourdin-Combe, C., and Gerlier,
D. (1993). Human membrane cofac-
tor protein (CD46) acts as a cellular
receptor for measles virus. J. Virol.
67, 6025–6032.

Naniche, D., Wild, T. F., Rabourdin-
Combe, C., and Gerlier, D. (1992).
A monoclonal antibody recognizes
a human cell surface glycoprotein
involved in measles virus binding. J.
Gen. Virol. 73(Pt 10), 2617–2624.

Naniche, D., Yeh, A., Eto, D., Man-
chester, M., Friedman, R. M., and
Oldstone, M. B. (2000). Evasion of
host defenses by measles virus: wild-
type measles virus infection inter-
feres with induction of Alpha/Beta
interferon production. J. Virol. 74,
7478–7484.

Navaratnarajah, C. K., Vongpunsawad,
S., Oezguen, N., Stehle, T., Braun,
W., Hashiguchi, T., Maenaka, K.,
Yanagi, Y., and Cattaneo, R. (2008).
Dynamic interaction of the measles
virus hemagglutinin with its recep-
tor signaling lymphocytic activation
molecule (SLAM, CD150). J. Biol.
Chem. 283, 11763–11771.

Noyce, R., Bondre, D., Ha, M., Lin,
L., Sisson, G., Tsao, M., and
Richardson, C. (2011). Tumor cell
marker PVRL4 (nectin 4) is an
epithelial cell receptor for measles
virus. PLoS Pathog. 7, e1002240.
doi:10.1371/journal.ppat.1002240

Ogita, H., Rikitake, Y., Miyoshi, J., and
Takai, Y. (2010). Cell adhesion mol-
ecules nectins and associating pro-
teins: implications for physiology
and pathology. Proc. Jpn. Acad., Ser.
B Phys. Biol. Sci. 86, 621–629.

Ohno, S., Seki, F., Ono, N., and Yanagi,
Y. (2003). Histidine at position 61
and its adjacent amino acid residues
are critical for the ability of SLAM
(CD150) to act as a cellular receptor

for measles virus. J. Gen. Virol. 84(Pt
9), 2381–2388.

OIE. (2011). No More Deaths from
Rinderpest. Available at: http://www.
oie.int/for-the-media/press-releases/
detail/article/no-more-deaths-from-
rinderpest/

Pushkarsky, T., Zybarth, G., Dubrovsky,
L., Yurchenko, V., Tang, H., Guo, H.,
Toole, B., Sherry, B., and Bukrinsky,
M. (2001). CD147 facilitates HIV-1
infection by interacting with virus-
associated cyclophilin A. Proc. Natl.
Acad. Sci. U.S.A. 98, 6360–6365.

Riley-Vargas, R. C., Gill, D. B., Kem-
per, C., Liszewski, M. K., and Atkin-
son, J. P. (2004). CD46: expand-
ing beyond complement regulation.
Trends Immunol. 25, 496–503.

Riley-Vargas, R. C., Lanzendorf, S., and
Atkinson, J. P. (2005). Targeted and
restricted complement activation on
acrosome-reacted spermatozoa. J.
Clin. Invest. 115, 1241–1249.

Santiago, C., Bjorling, E., Stehle, T., and
Casasnovas, J. M. (2002). Distinct
kinetics for binding of the CD46
and SLAM receptors to overlapping
sites in the measles virus hemag-
glutinin protein. J. Biol. Chem. 277,
32294–32301.

Schneider-Schaulies, J., Dunster, L. M.,
Schwartz-Albiez, R., Krohne, G., and
ter Meulen,V. (1995a). Physical asso-
ciation of moesin and CD46 as a
receptor complex for measles virus.
J. Virol. 69, 2248–2256.

Schneider-Schaulies, J., Schnorr, J. J.,
Brinckmann, U., Dunster, L. M.,
Baczko, K., Liebert, U. G., Schneider-
Schaulies, S., and ter Meulen, V.
(1995b). Receptor usage and differ-
ential downregulation of CD46 by
measles virus wild-type and vaccine
strains. Proc. Natl. Acad. Sci. U.S.A.
92, 3943–3947.

Schnorr, J. J., Dunster, L. M., Nanan, R.,
Schneider-Schaulies, J., Schneider-
Schaulies, S., and ter Meulen,
V. (1995). Measles virus-induced
down-regulation of CD46 is asso-
ciated with enhanced sensitivity
to complement-mediated lysis of
infected cells. Eur. J. Immunol. 25,
976–984.

Schwartzberg, P. L., Mueller, K. L., Qi,
H., and Cannons, J. L. (2009). SLAM
receptors and SAP influence lym-
phocyte interactions, development
and function. Nat. Rev. Immunol. 9,
39–46.

Shirogane, Y., Takeda, M., Tahara,
M., Ikegame, S., Nakamura, T.,
and Yanagi, Y. (2010). Epithelial-
mesenchymal transition abolishes
the susceptibility of polarized
epithelial cell lines to measles virus.
J. Biol. Chem. 285, 20882–20890.

Frontiers in Microbiology | Virology March 2012 | Volume 3 | Article 75 | 37

http://dx.doi.org/10.1371/journal.ppat.1002240
http://www.oie.int/for-the-media/press-releases/detail/article/no-more-deaths-from-rinderpest/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive


Sato et al. Morbillivirus receptors

Sidorenko, S. P., and Clark, E. A. (1993).
Characterization of a cell surface gly-
coprotein IPO-3, expressed on acti-
vated human B and T lymphocytes.
J. Immunol. 151, 4614–4624.

Tahara, M., Takeda, M., Shirogane, Y.,
Hashiguchi, T., Ohno, S., and Yanagi,
Y. (2008). Measles virus infects both
polarized epithelial and immune
cells by using distinctive receptor-
binding sites on its hemagglutinin.
J. Virol. 82, 4630–4637.

Takai, Y., Miyoshi, J., Ikeda, W., and
Ogita, H. (2008). Nectins and
nectin-like molecules: roles in con-
tact inhibition of cell movement
and proliferation. Nat. Rev. Mol. Cell
Biol. 9, 603–615.

Takeda, M., Tahara, M., Hashiguchi,
T., Sato, T. A., Jinnouchi, F.,
Ueki, S., Ohno, S., and Yanagi, Y.
(2007). A human lung carcinoma
cell line supports efficient measles
virus growth and syncytium for-
mation via a SLAM- and CD46-
independent mechanism. J. Virol. 81,
12091–12096.

Tanaka, K., Xie, M., and Yanagi, Y.
(1998). The hemagglutinin of recent
measles virus isolates induces cell
fusion in a marmoset cell line,
but not in other CD46-positive
human and monkey cell lines, when
expressed together with the F pro-
tein. Arch. Virol. 143, 213–225.

Tatsuo, H., Okuma, K., Tanaka, K., Ono,
N., Minagawa, H., Takade, A., Mat-
suura, Y., and Yanagi, Y. (2000a).
Virus entry is a major determinant
of cell tropism of Edmonston and

wild-type strains of measles virus as
revealed by vesicular stomatitis virus
pseudotypes bearing their envelope
proteins. J. Virol. 74, 4139–4145.

Tatsuo, H., Ono, N., Tanaka, K., and
Yanagi,Y. (2000b). SLAM (CDw150)
is a cellular receptor for measles
virus. Nature 406, 893–897.

Tatsuo, H., Ono, N., and Yanagi, Y.
(2001). Morbilliviruses use signal-
ing lymphocyte activation molecules
(CD150) as cellular receptors. J.
Virol. 75, 5842–5850.

Terao-Muto, Y., Yoneda, M., Seki, T.,
Watanabe, A., Tsukiyama-Kohara,
K., Fujita, K., and Kai, C. (2008).
Heparin-like glycosaminoglycans
prevent the infection of measles
virus in SLAM-negative cell lines.
Antiviral Res. 80, 370–376.

van Binnendijk, R. S., van der Heijden,
R. W., and Osterhaus, A. D. (1995).
Monkeys in measles research. Curr.
Top. Microbiol. Immunol. 191,
135–148.

van Binnendijk, R. S., van der Hei-
jden, R. W., van Amerongen, G.,
UytdeHaag, F. G., and Osterhaus,
A. D. (1994). Viral replication and
development of specific immunity
in macaques after infection with dif-
ferent measles virus strains. J. Infect.
Dis. 170, 443–448.

Veillette, A., Dong, Z., and Latour, S.
(2007). Consequence of the SLAM-
SAP signaling pathway in innate-
like and conventional lymphocytes.
Immunity 27, 698–710.

Veillette, A., and Latour, S. (2003).
The SLAM family of immune-cell

receptors. Curr. Opin. Immunol. 15,
277–285.

Visser, I. K., Kumarev, V. P., Orvell, C.,
de Vries, P., Broeders, H. W., van de
Bildt, M. W., Groen, J., Teppema, J. S.,
Burger, M. C., and UytdeHaag, F. G.
(1990). Comparison of two morbil-
liviruses isolated from seals during
outbreaks of distemper in north west
Europe and Siberia. Arch. Virol. 111,
149–164.

von Messling, V., Milosevic, D., and
Cattaneo, R. (2004). Tropism illu-
minated: lymphocyte-based path-
ways blazed by lethal morbillivirus
through the host immune system.
Proc. Natl. Acad. Sci. U.S.A. 101,
14216–14221.

von Messling, V., Svitek, N., and
Cattaneo, R. (2006). Receptor
(SLAM [CD150]) recognition
and the V protein sustain swift
lymphocyte-based invasion of
mucosal tissue and lymphatic
organs by a morbillivirus. J. Virol. 80,
6084–6092.

Vongpunsawad, S., Oezgun, N., Braun,
W., and Cattaneo, R. (2004). Selec-
tively receptor-blind measles viruses:
identification of residues necessary
for SLAM- or CD46-induced fusion
and their localization on a new
hemagglutinin structural model. J.
Virol. 78, 302–313.

Watanabe, A., Yoneda, M., Ikeda, F.,
Terao-Muto, Y., Sato, H., and Kai, C.
(2010). CD147/EMMPRIN acts as a
functional entry receptor for measles
virus on epithelial cells. J. Virol. 84,
4183–4193.

WHO. (2011). Measles Mortality
Reduction: A Successful Initia-
tive. Available at: http://www.
who.int/immunization/newsroom/
measles/en/index.html

Zhu, Y. D., Heath, J., Collins, J.,
Greene, T., Antipa, L., Rota, P.,
Bellini, W., and McChesney, M.
(1997). Experimental measles. II.
Infection and immunity in the
rhesus macaque. Virology 233,
85–92.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 29 December 2011; accepted:
14 February 2012; published online: 01
March 2012.
Citation: Sato H, Yoneda M, Honda T
and Kai C (2012) Morbillivirus recep-
tors and tropism: multiple pathways
for infection. Front. Microbio. 3:75. doi:
10.3389/fmicb.2012.00075
This article was submitted to Frontiers
in Virology, a specialty of Frontiers in
Microbiology.
Copyright © 2012 Sato, Yoneda, Honda
and Kai. This is an open-access article
distributed under the terms of the Cre-
ative Commons Attribution Non Com-
mercial License, which permits non-
commercial use, distribution, and repro-
duction in other forums, provided the
original authors and source are credited.

www.frontiersin.org March 2012 | Volume 3 | Article 75 | 38

http://www.who.int/immunization/newsroom/measles/en/index.html
http://dx.doi.org/10.3389/fmicb.2012.00075
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive


REVIEW ARTICLE
published: 06 February 2012

doi: 10.3389/fmicb.2012.00034

Filovirus tropism: cellular molecules for viral entry
AyatoTakada*

Division of Global Epidemiology, Research Center for Zoonosis Control, Hokkaido University, Sapporo, Japan

Edited by:

Akio Adachi, University of Tokushima
Graduate School, Japan

Reviewed by:

Stefan Pöhlmann, German Primate
Center, Germany
Ramon Flick, BioProtection Systems
Corporation, USA
Takeshi Noda, University of Tokyo,
Japan

*Correspondence:

Ayato Takada, Division of Global
Epidemiology, Research Center for
Zoonosis Control, Hokkaido
University, Kita-20 Nishi-10, Kita-ku,
Sapporo 001-0020, Japan.
e-mail: atakada@czc.hokudai.ac.jp

In human and non-human primates, filoviruses (Ebola and Marburg viruses) cause severe
hemorrhagic fever. Recently, other animals such as pigs and some species of fruit bats
have also been shown to be susceptible to these viruses. While having a preference for
some cell types such as hepatocytes, endothelial cells, dendritic cells, monocytes, and
macrophages, filoviruses are known to be pantropic in infection of primates.The envelope
glycoprotein (GP) is responsible for both receptor binding and fusion of the virus enve-
lope with the host cell membrane. It has been demonstrated that filovirus GP interacts
with multiple molecules for entry into host cells, whereas none of the cellular molecules
so far identified as a receptor/co-receptor fully explains filovirus tissue tropism and host
range. Available data suggest that the mucin-like region (MLR) on GP plays an important
role in attachment to the preferred target cells, whose infection is likely involved in filovirus
pathogenesis, whereas the MLR is not essential for the fundamental function of the GP in
viral entry into cells in vitro. Further studies elucidating the mechanisms of cellular entry of
filoviruses may shed light on the development of strategies for prophylaxis and treatment
of Ebola and Marburg hemorrhagic fevers.

Keywords: filovirus, Ebola virus, Marburg virus, viral glycoprotein, receptor, tropism

INTRODUCTION
Ebola virus (EBOV) and Marburg virus (MARV), classified as
biosafety level 4 agents, belong to the Family Filoviridae. Whereas
MARV consists of a single species, Lake Victoria Marburgvirus,
there are four distinct EBOV species, including Zaire ebolavirus
(ZEBOV), Sudan ebolavirus (SEBOV), Côte d’Ivoire ebolavirus
(CIEBOV), Reston ebolavirus (REBOV), and the proposed new
species Bundibugyo ebolavirus (BEBOV) (Sanchez et al., 2007;
Towner et al., 2008) (Figure 1 left). Among these, ZEBOV, first
identified in 1976, seems to be the most virulent, killing approx-
imately up to 90% of infected individuals, whereas REBOV,
which was initially isolated from cynomolgus monkeys imported
from the Philippines into the USA in 1989, is less pathogenic
in experimentally infected non-human primates (Fisher-Hoch
and McCormick, 1999) and has never caused lethal infection in
humans (Sanchez et al., 2007).

Ebola virus and Marburg virus are filamentous, enveloped,
non-segmented, single-stranded, negative-sense RNA viruses
(Figure 2). The viral genome encodes seven structural proteins,
nucleoprotein (NP), polymerase cofactor (VP35), matrix pro-
tein (VP40), glycoprotein (GP), replication-transcription protein
(VP30), minor matrix protein (VP24), and RNA-dependent RNA
polymerase (L). EBOV also expresses at least one secreted non-
structural glycoprotein (sGP). Figure 3 summarizes filovirus repli-
cation in cells. At the first step of replication, viral attachment
through interaction between GP and some cellular molecules
is followed by endocytosis, including macropinocytosis (Nanbo
et al., 2010; Saeed et al., 2010). Subsequent fusion of the viral
envelope with the host cell endosomal membrane releases the
viral proteins (i.e., NP, VP35, VP30, and L) and RNA genome
into the cytoplasm, the site of replication. Transcription of the
negative-sense viral RNA by the viral polymerase complex (VP35

and L) yields mRNAs that are translated at cellular ribosomes.
During replication, full-length positive-sense copies of the viral
genome are synthesized. They subsequently serve as templates for
replication of negative-sense viral RNA synthesis. At the plasma
membrane, NP-encapsidated full-length viral RNAs and the other
viral structural proteins are assembled with VP40 and GP and
incorporated into enveloped virus particles that bud from the cell-
surface (Noda et al., 2006; Bharat et al., 2011). Though filoviruses
show broad tissue tropism, hepatocytes, endothelial cells, dendritic
cells, monocytes, and macrophages are thought to be their pre-
ferred target cells, and infection of these cells is important for
hemorrhagic manifestation and immune disorders (Geisbert and
Hensley, 2004).

FILOVIRUS HOST RANGE
Filoviruses are known to cause severe hemorrhagic fever in
human and non-human primates, but recent studies suggest
that quadrupeds are also naturally susceptible to EBOV infec-
tion (Figure 1, right). In 2008–2009, REBOV infection was con-
firmed for the first time in pigs in the Philippines (Barrette et al.,
2009). REBOV was occasionally isolated from the samples sub-
jected to the diagnostic investigation of multiple outbreaks of a
respiratory and abortion disease syndrome in swine, which were
caused by porcine reproductive and respiratory syndrome virus,
common in pigs in Asia. It is speculated that REBOV became
detectable, most likely due to the coinfection with this porcine
virus. Although pathogenicity of these swine REBOV strains to
humans, non-human primates, or even pigs remains unclear, other
EBOV species (i.e., ZEBOV) was shown to cause severe respi-
ratory disease in experimentally infected pigs (Kobinger et al.,
2011). During the 2001–2003 ZEBOV outbreaks in Gabon and the
Democratic Republic of the Congo (DRC), when large numbers of
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FIGURE 1 | Phylogenetic analysis of filovirus GP amino acid sequences.

The phylogenetic tree was constructed using the neighbor-joining method.
For construction of this tree, ten complete GP amino acid sequences were
used. Infectious viruses were isolated or viral genome and/or specific
antibodies were detected (in parentheses) from the animals shown on the
right.

gorillas and chimpanzees were infected, the viral genome was also
detected in duikers, medium-sized Bovid related to antelopes and
gazelles (Leroy et al., 2004). It was also reported that several dogs in
the ZEBOV-epidemic area might have been highly exposed to the
virus by eating infected dead animals, as suggested by high sero-
prevalence, but the putative infection seems to be asymptomatic
(Allela et al., 2005).

Infectious MARV was recently isolated from Egyptian fruit bats
(Rousettus aegyptiacus) in Uganda, indicating that this species is
susceptible to MARV infection and potentially acts as the natural
reservoir of the virus (Towner et al., 2009). Phylogenetic analy-
sis showed that viruses in the bats were closely related to those
isolated from victims of the 2007 MARV outbreak in Uganda,
providing the first evidence for an epidemiological link between
viruses in bats and hemorrhagic fever outbreak in humans. On
the other hand, EBOV has not been isolated from any bat species.
During the 2001–2003 EBOV outbreaks in Gabon and DRC, how-
ever, fruit bats (Hypsignathus monstrosus, Epomops franqueti, and
Myonycteris torquata) captured in the outbreak area were found
to have EBOV genomic RNA and virus-specific antibodies (Leroy
et al., 2005), suggesting they are potential natural reservoirs for
EBOV. However, it is still unclear whether these bats continuously
maintain EBOV and/or MARV and act as a potential source of
filovirus transmission to humans.

It has been shown that laboratory animals, including mice and
guinea pigs, are susceptible to filovirus infection. However, these
animals infected with filoviruses obtained from patients normally
develop a non-lethal illness, though the viruses have the ability to
replicate in the animals. Guinea pigs have been used as an animal
model for filovirus infection since serial passage of MARV and
EBOV in the animals results in a substantial increase in lethal-
ity (Bowen et al., 1980; Hevey et al., 1997; Volchkov et al., 2000;
Subbotina et al., 2010). It was also demonstrated that passages
of ZEBOV through young mice resulted in the selection of vari-
ants with pathogenicity associated with mutations in viral internal
genes (e.g., NP and VP40) (Bray et al., 1998; Ebihara et al., 2006).
This mouse-adapted ZEBOV is highly lethal to mice. Similarly, a
mouse model for MARV infection has been established (Warfield
et al., 2009). Interestingly, mutations found in the GP gene of these
mouse- or guinea pig-adapted viruses were not the primary factor

for efficient replication in mice and guinea pigs, suggesting the
importance of some other mechanisms underlying in viral repli-
cation and/or immune evasion, as shown in the pathogenesis of
influenza virus (Fukuyama and Kawaoka, 2011).

FILOVIRUS ENVELOPE GLYCOPROTEIN
The fourth gene from the 3′ end of the filovirus genome encodes
the viral envelope GP (Figure 2), which is responsible for both
receptor binding and fusion of the virus envelope with the host
cell membrane (Takada et al., 1997; Wool-Lewis and Bates, 1998)
(Figures 3 and 4). GP is highly glycosylated with large amounts of
N- and O-linked glycans, most of which are uniformly located in
the middle one-third of the GP, designated the mucin-like region
(MLR) (Yang et al., 2000; Manicassamy et al., 2007). The amino
acid sequences of the MLR are highly variable among filovirus
species (Sanchez et al., 1996, 1998). GP undergoes proteolytic
cleavage by host proteases such as furin (Volchkov et al., 1998),
which produces two subunits, GP1 and GP2, linked by a disul-
fide bond. The GP1 subunit mediates viral attachment, most
likely through the MLR or the putative receptor binding region
(RBR; Kuhn et al., 2006; Dube et al., 2009). The GP2 subunit
has the heptad repeat regions required for assembling GP as a
trimer. The hydrophobic fusion loop on GP2 is thought to catalyze
fusion of the viral envelope and host cell membrane (Weissenhorn
et al., 1998; Ito et al., 1999). Although the trigger to promote the
conformational change leading to membrane fusion is not fully
understood, it was recently suggested that endosomal proteolysis
of EBOV and MARV GPs by cysteine proteases such as cathepsins
B and L plays an important role in inducing membrane fusion
(Chandran et al., 2005; Schornberg et al., 2006; Matsuno et al.,
2010a). Since GP is the only viral surface GP, it is believed to have
an important role in controlling the tropism and pathogenesis
of filovirus infection (Takada and Kawaoka, 2001; Hoenen et al.,
2006; Sanchez et al., 2007).

PSEUDOTYPE VIRUS SYSTEM TO SEARCH FOR FILOVIRUS
RECEPTORS/CORECEPTORS
In the early years, studies of filoviruses were hampered by its extra-
ordinary pathogenicity, which requires biosafety level 4 contain-
ment. To circumvent this problem, pseudotype virus systems for
functional analysis of filovirus GPs have been established (Takada
et al., 1997; Wool-Lewis and Bates, 1998). The systems rely on
recombinant viruses (e.g., replication-competent or -incompetent
vesicular stomatitis virus and retroviruses) that contain filovirus
GP instead of their own GPs (Figure 5). Such pseudotype virus
systems enable us to investigate cell tropism mediated by simple
interaction between filovirus GP and its cellular ligands. Using
such a system, it was shown that pseudotyped viruses infected pri-
mate cells more efficiently than any of the other mammalian or
avian cells examined, in a manner consistent with the host range
tropism of Ebola virus, and that cell-surface GPs with N-linked
oligosaccharide chains might contribute to the entry of Ebola
viruses, presumably acting as a specific receptor and/or cofac-
tor for virus entry (Takada et al., 1997). Furthermore, filovirus
receptor-deficient cell lines that have been used in expression
cloning strategies searching for filovirus entry mediators were dis-
covered in an early study (Wool-Lewis and Bates, 1998). Thus,
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FIGURE 2 | Structure of Ebola virus particle and genome

organization. Electron micrograph of Ebola virus particle (A), its
diagram (B), and negative-sense genome organization (C) are shown.
Viral protein names and functions are described in the text. Transcribing

the glycoprotein (GP) gene produces a soluble GP (sGP). Transcriptional
editing accompanied by frame shifting is required to produce
full-length, membrane-anchored GP, which shares its first 295 amino
acid residues with sGP.

FIGURE 3 | Filovirus replication in a cell. Viral proteins involved in each step are described in the text.

pseudotype virus systems are an essential tool for recent filovirus
receptor research.

CELLULAR MOLECULES IDENTIFIED AS UBIQUITOUS
RECEPTORS FOR FILOVIRUS ENTRY
Although filoviruses can replicate in various tissues and cell types,
the molecular mechanisms of their broad tropism remain poorly

understood (Figure 6). By using an expression cloning strategy
that has been used to identify several virus receptors, human
folate receptor-α was first identified as a ubiquitous cellular cofac-
tor that mediates infection by both MARV and ZEBOV (Chan
et al., 2001). This molecule is a glycosyl-phosphatidylinositol-
linked protein expressed on the cell-surface. However, a human
immunodeficiency virus pseudotyped with EBOV GP could not
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FIGURE 4 | Schematic diagram of filovirus glycoprotein. Both EBOV and
MARV GPs contain signal peptides (SP), putative RBR, MLR, furin cleavage
site, internal fusion loop (IFL), heptad repeat (HP), and transmembrane (TM)
regions.

FIGURE 5 | Schematic diagram of vesicular stomatitis virus (VSV)

pseudotyped with filovirus GP. The pseudotype virus relies on a
recombinant virus that contains a reporter gene instead of the viral
envelope protein gene responsible for receptor-binding and membrane
fusion. Since filovirus glycoprotein is efficiently incorporated into VSV
particles, a recombinant VSV that contains the green fluorescent protein
(GFP) gene, instead of the G protein gene can be generated. This virus is
not infectious unless the envelope protein responsible for receptor binding
and membrane fusion is provided in trans.

infect T-cell lines stably expressing this protein, suggesting that
folate receptor-α is not sufficient to mediate entry (i.e., some other
molecules are required) (Simmons et al., 2003b; Sinn et al., 2003).
A similar approach identified members of the Tyro3 receptor tyro-
sine kinase family (Axl, Dtk, and Mer) as molecules involved
in cell entry of filoviruses (Shimojima et al., 2006). Expression
of these family members in lymphoid cells, which are originally
non-permissive to filoviruses, enhanced infection by pseudotype
viruses bearing filovirus GPs on their envelopes. These molecules
are widely distributed in many types of cells throughout the body,
though not on lymphocytes and granulocytes (Linger et al., 2008).
A more recent study demonstrated that reduction of Axl expres-
sion by RNAi treatment resulted in decreased ZEBOV entry via.
macropinocytosis but had no effect on the clathrin-dependent

or caveola/lipid raft-mediated endocytic mechanisms, suggesting
that Axl enhances macropinocytosis (Hunt et al., 2011). However,
direct interactions between these cellular molecules and the GP
RBR remain to be demonstrated.

Recently, a bioinformatics approach, comparative genetics
analysis,was used to screen the candidate genes involved in ZEBOV
entry and T-cell immunoglobulin and mucin domain 1 (TIM-1)
was identified as a candidate ZEBOV and MARV cellular receptor
by correlation analysis between the gene expression profiles and
permissiveness to viral infection (Kondratowicz et al., 2011). TIM-
1 was shown to bind to the RBR of ZEBOV GP, and ectopic TIM-1
expression in poorly permissive cells enhanced EBOV infection. In
addition, reduction of cell-surface expression of TIM-1 by RNAi
decreased infection of highly permissive Vero cells, which are com-
monly used for filovirus propagation. However, the fact that not all
cell types that are naturally permissive for filoviruses express the
above-mentioned molecules implies that filoviruses may utilize
multiple cellular proteins for infection of a wide variety of cells.
More recent studies suggest that endo/lysosomal cholesterol trans-
porter protein Niemann–Pick C1 (NPC1) is essential for filovirus
infection, providing a model of EBOV infection in which cleavage
of the GP1 subunit by endosomal cathepsin removes heavily gly-
cosylated regions to expose the putative RBR, which is a ligand for
NPC1 and mediates membrane fusion by the GP2 subunit (Carette
et al., 2011; Côté et al., 2011). Available data indicate that the
cellular tropism of filoviruses does not necessarily match the dis-
tribution of any cellular molecules so far identified. Importantly,
it remains elusive whether these molecules act as functional recep-
tors that mediate both viral attachment and membrane fusion or as
so-called co-receptors whose interaction with viral GP is required
only for membrane fusion.

MUCIN-LIKE REGION
Both MARV and EBOV GPs contain both N- and O-linked car-
bohydrate chains with different terminal sialylation patterns that
seem to depend on the virus strains and cell lines used for their
propagation. The MLR contains a number of potential N- and O-
linked glycosylation sites as mentioned above. Though the MLR
is found in all known filovirus GPs, its highly variable amino acid
sequences and sugar chain structure suggest different GP proper-
ties among filovirus species. Interestingly, it is well documented
that deletion of the MLR does not affect the fundamental func-
tion of GP in viral entry into cells in vitro, as indicated by the
observation that pseudotyped viruses bearing GP lacking the MLR
infect primate epithelial cells (e.g.,Vero E6 cells) similarly or rather
more efficiently than viruses with wild-type GP (Simmons et al.,
2002; Takada et al., 2004; Matsuno et al., 2010a). According to the
crystal structure of ZEBOV GP in its trimeric, prefusion confor-
mation, the MLR may restrict access of the putative RBR to virus
receptors (Lee et al., 2008). Thus, pseudotyped viruses bearing
MLR-deletion mutant GP have often been used for approaches to
identify filovirus-specific receptors (Shimojima et al., 2006; Kon-
dratowicz et al., 2011). However, the MLR plays an important role
in filovirus entry into preferred target cells such as endothelial cells,
hepatocytes, and antigen-presenting cells, whose infection is likely
involved in tropism and pathogenesis of filoviruses, as described
below.
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FIGURE 6 | Proposed models of filovirus entry into cells. Virus particles
attach to the cell-surface through the interaction between GP and some
cellular molecules (e.g., putative ubiquitous receptors, C-type lectins).
Following virus uptake and trafficking to late endosomes, GP is cleaved by

cellular proteases such as cathepsins to remove heavily glycosylated regions
including the MLR and expose the RBR of GP1. Binding of cleaved GP1 to a
coreceptor (e.g., NPC1) might be necessary for the GP conformational
change leading to membrane fusion.

C-TYPE LECTINS AND THE MLR
C-type lectins are a family of Ca2+-dependent carbohydrate-
recognition proteins that play crucial roles in innate immunity. It
has been demonstrated that membrane-anchored cellular C-type
lectins facilitate filovirus infection in vitro by binding to glycans
focused on the MLR (Figure 6). The asialoglycoprotein receptor, a
C-type lectin found exclusively in hepatocytes, initially proposed
as a receptor for Marburg virus (Becker et al., 1995), recognizes GPs
displaying N-linked sugar chains with terminal galactose residues
on the GP molecule and enhances filovirus infectivity. It was subse-
quently shown that carbohydrate chains on filovirus GP, especially
on the MLR, are recognized by other cellular C-type lectins such
as dendritic cell- and liver/lymph node-specific ICAM-3-grabbing
non-integrin (DC/L-SIGN) (Alvarez et al., 2002; Lin et al., 2003;
Simmons et al., 2003a; Marzi et al., 2004; Gramberg et al., 2008),
human macrophage galactose-type C-type lectin (hMGL) (Takada
et al., 2004; Matsuno et al., 2010a), and liver and lymph node
sinusoidal endothelial cell C-type lectin (LSECtin) (Gramberg
et al., 2005; Dominguez-Soto et al., 2007; Powlesland et al., 2008).
Though these C-type lectins show different specificities, depend-
ing on the structures of target glycans, and thus MLR may not be
the only binding site for the lectins, all have been reported to pro-
mote filovirus entry. It should be noted that C-type lectins enhance
filovirus infectivity when expressed on the target cell-surface, but
are unlikely to act as functional receptors mediating both attach-
ment and membrane fusion (Simmons et al., 2003a; Marzi et al.,
2007; Matsuno et al., 2010b). The fact that interaction between
the GP MLR and C-type lectins is not essential for viral entry into

cells lacking C-type lectins (e.g., Vero E6 cells) may also suggest
that C-type lectins facilitate viral attachment but not infectious
entry.

Hepatocytes, endothelial cells, dendritic cells, monocytes, and
macrophages, all of which express C-type lectins, are thought to
be the preferred target cells of filoviruses (Takada and Kawaoka,
2001; Geisbert and Hensley, 2004; Hoenen et al., 2006). Indeed,
primary macrophage and dendritic cell cultures transduced for
C-type lectin expression greatly increased their susceptibility to
virus infection (Simmons et al., 2003a; Marzi et al., 2007). While
C-type lectins do not directly mediate filovirus entry, their pat-
tern of expression in vivo and their ability to enhance infection
indicate that C-type lectins can play an important role in filovirus
transmission and tissue tropism. Thus, increased infection of these
cells might be directly involved in the pathogenesis of filoviruses.
Accordingly, it was shown that soluble mannose-binding C-type
lectin played a role in protection from lethal Ebola virus infec-
tion in a mouse model (Michelow et al., 2011). It should be noted
that the ability to utilize the C-type lectins (i.e., DC-SIGN and
hMGL) to promote cellular entry was correlated with the differ-
ent pathogenicities among filoviruses (Takada et al., 2004; Marzi
et al., 2006; Matsuno et al., 2010a). Interestingly, the MLR amino
acid sequence does not seem to be the primary factor contribut-
ing to the difference (Marzi et al., 2006; Matsuno et al., 2010a;
Usami et al., 2011). Although there might be some distinct mech-
anisms of entry between MARV and EBOV (Chan et al., 2000),
the similarity of tissue tropism and pathological features of infec-
tion between these viruses suggests that C-type lectins are one of
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the important molecules, likely as attachment factors, for filovirus
entry into cells, and that they are directly involved in filovirus
tropism at the cellular level.

ANTIBODY-DEPENDENT ENHANCEMENT AND EPITOPES ON
THE MLR
In addition to the common receptor/co-receptor-dependent
mechanism of cellular attachment and membrane fusion, some
viruses utilize antiviral antibodies for their efficient entry into tar-
get cells (Takada and Kawaoka, 2003). This mechanism is known
as antibody-dependent enhancement (ADE) of viral infection.
Filoviruses utilize virus-specific antibodies for their entry into
cells in vitro through interaction between anti-GP antibodies and
the cellular Fc receptor (FcR) or complement component C1q
and its ligand, which likely promotes viral attachment to cells
(Takada et al., 2001, 2003a, 2007; Nakayama et al., 2011) (Figure 6).
FcR are expressed exclusively on the cells of the immune system
such as monocytes/macrophages, neutrophils, B-cells, and gran-
ulocytes (Fanger and Guyre, 1992), whereas C1q ligands have
been identified in most mammalian cells (Eggleton et al., 1998;
Nicholson-Weller and Klickstein, 1999), suggesting a ubiquitous
mechanism for ADE of filovirus infection.

By using GP-specific monoclonal antibodies, several epitopes
recognized by ADE antibodies were identified and these epitopes
were mostly located in the MLR of the GP1 subunit (Takada
et al., 2007; Nakayama et al., 2011). It should be noted that neu-
tralizing antibodies appear to recognize different epitopes that
are not located on the MLR (Takada et al., 2003b; Lee et al.,
2008). As reflected by the high variability of the MLR amino
acid sequences and limited overall cross-reactivity of anti-sera
among filovirus species (i.e., ZEBOV, SEBOV, CIEBOV, BEBOV,
REBOV, and MARV), ADE activities of the anti-sera to GP are
virus-species-specific (Takada et al., 2001, 2007; Nakayama et al.,
2010). Interestingly, potential viral pathogenicity is correlated with
the ability to induce ADE antibodies, suggesting the possible con-
tribution of ADE to different pathogenicity between filoviruses
(Takada et al., 2001; Nakayama et al., 2011). More importantly, the
demonstration of ADE of filovirus infection raises fundamental
questions about the development of GP-based vaccines and the
use of anti-GP antibodies for passive immunization.

Recently, GP has been used for viral vector-based or DNA vac-
cines that were shown to protect animals effectively. Replication-
incompetent adenovirus expressing GP, a replication-competent
vesicular stomatitis virus expressing GP, and a recombinant
paramyxovirus expressing GP have been shown to protect non-
human primates from lethal infections of filoviruses (Sullivan

et al., 2000, 2003; Jones et al., 2005; Bukreyev et al., 2007;
Feldmann et al., 2007). It should be noted that these vaccines
potentially induce cytotoxic cellular response (i.e., CD8+ T lym-
phocytes) as well as antibody production, suggesting that acti-
vating cytotoxic T-cells is a key protective mechanism (Olinger
et al., 2005; Sullivan et al., 2006; Reed and Mohamadzadeh,
2007). Since cytotoxic T-cell response cannot be fully induced
by immunization with non-replicative protein antigens such
as inactivated virus and subunit vaccines, viral vector-based,
or DNA vaccines may be promising in preventing filovirus
infection.

CONCLUSION
All enveloped viruses initiate infection by attaching to host cells
followed by membrane fusion via interaction between viral sur-
face proteins and receptor/co-receptor molecules on target cells,
and this interaction is often a key determinant controlling viral
tissue tropism and/or host range. As described above, it has been
demonstrated that filoviruses utilize multiple molecules for their
entry into cells. However, it remains elusive whether these mole-
cules serve as functional receptors mediating both viral attachment
and membrane fusion or play independent roles as either attach-
ment receptors or fusion receptors. More importantly, none of the
cellular molecules identified so far explains filovirus tissue tro-
pism and host range reasonably. It might also be hypothesized
that filoviruses do not use a single common receptor to infect
a broad range of cells and, unlike many other viruses, may not
need a “specific” receptor. Although the overall tropism and path-
ogenicity of filoviruses is controlled by multiple host cell factors
(e.g., interactions with the host immune system), further studies
aimed at identification of cellular molecules interacting with GP
are needed to fully understand the mechanisms of cellular entry
of filoviruses, and may shed light on the development of strategies
for prophylaxis and treatment of Marburg and Ebola hemorrhagic
fevers.

ACKNOWLEDGMENTS
I thank Kim Barrymore for editing the manuscript. This work was
supported by the Takeda Science Foundation, and done within the
framework of the Japan Initiative for Global Research Network
on Infectious Diseases (J-GRID) and the Global COE Program
“Establishment of International Collaboration Centers for Zoono-
sis Control” of the Ministry of Education, Culture, Sports, Science,
and Technology (MEXT), Japan. The work was further supported
by a Grant-in-aid from the Ministry of Health, Labor, and Welfare,
Japan.

REFERENCES
Allela, L., Boury, O., Pouillot, R., Délicat,

A., Yaba, P., Kumulungui, B., Rou-
quet, P., Gonzalez, J. P., and Leroy,
E. M. (2005). Ebola virus antibody
prevalence in dogs and human risk.
Emerging Infect. Dis. 11, 385–390.

Alvarez, C. P., Lasala, F., Carrillo, J.,
Muñiz, O., Corbí, A. L., and Delgado,
R. (2002). C-type lectins DC-SIGN
and L-SIGN mediate cellular entry

by Ebola virus in cis and in trans. J.
Virol. 76, 6841–6844.

Barrette, R. W., Metwally, S. A., Row-
land, J. M., Xu, L., Zaki, S. R., Nichol,
S. T., Rollin, P. E., Towner, J. S., Shieh,
W. J., Batten, B., Sealy, T. K., Car-
rillo, C., Moran, K. E., Bracht, A. J.,
Mayr, G. A., Sirios-Cruz, M., Catba-
gan, D. P., Lautner, E. A., Ksiazek, T.
G.,White,W. R., and McIntosh,M. T.
(2009). Discovery of swine as a host

for the Reston ebolavirus. Science 325,
204–206.

Becker, S., Spiess, M., and Klenk, H.
D. (1995). The asialoglycoprotein
receptor is a potential liver-specific
receptor for Marburg virus. J. Gen.
Virol. 76, 393–399.

Bharat, T. A., Riches, J. D., Kolesnikova,
L., Welsch, S., Krähling, V., Davey,
N., Parsy, M. L., Becker, S., and
Briggs, J. A. (2011). Cryo-electron

tomography of Marburg virus parti-
cles and their morphogenesis within
infected cells. PLoS Biol. 9, e1001196.
doi:10.1371/journal.pbio.1001196

Bowen, E. T., Platt, G. S., Lloyd,
G., Raymond, R. T., and Simpson,
D. I. (1980). A comparative study
of strains of Ebola virus isolated
from southern Sudan and north-
ern Zaire in 1976. J. Med. Virol. 6,
129–138.

Frontiers in Microbiology | Virology February 2012 | Volume 3 | Article 34 | 44

http://dx.doi.org/10.1371/journal.pbio.1001196
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive


Takada Receptors for filovirus tropism

Bray, M., Davis, K., Geisbert, T.,
Schmaljohn, C., and Huggins, J.
(1998). A mouse model for evalua-
tion of prophylaxis and therapy of
Ebola hemorrhagic fever. J. Infect.
Dis. 178, 651–661.

Bukreyev, A., Rollin, P. E., Tate, M. K.,
Yang, L., Zaki, S. R., Shieh, W. J.,
Murphy, B. R., Collins, P. L., and
Sanchez, A. (2007). Successful top-
ical respiratory tract immunization
of primates against Ebola virus. J.
Virol. 81, 6379–6388.

Carette, J. E., Raaben, M., Wong, A.
C., Herbert, A. S., Obernosterer,
G., Mulherkar, N., Kuehne, A. I.,
Kranzusch, P. J., Griffin, A. M.,
Ruthel, G., Dal Cin, P., Dye, J.
M., Whelan, S. P., Chandran, K.,
and Brummelkamp, T. R. (2011).
Ebola virus entry requires the cho-
lesterol transporter Niemann-Pick
C1. Nature 477, 340–343.

Chan, S. Y., Empig, C. J., Welte, F. J.,
Speck, R. F., Schmaljohn, A., Kreis-
berg, J. F., and Goldsmith, M. A.
(2001). Folate receptor-alpha is a
cofactor for cellular entry by Mar-
burg and Ebola viruses. Cell 106,
117–126.

Chan, S. Y., Speck, R. F., Ma, M. C.,
and Goldsmith, M. A. (2000). Dis-
tinct mechanisms of entry by enve-
lope glycoproteins of Marburg and
Ebola (Zaire) viruses. J. Virol.74,
4933–4937.

Chandran, K., Sullivan, N. J., Felbor,
U., Whelan, S. P., and Cunningham,
J. M. (2005). Endosomal proteoly-
sis of the Ebola virus glycoprotein is
necessary for infection. Science 308,
1643–1645.

Côté, M., Misasi, J., Ren, T., Bruchez, A.,
Lee, K., Filone, C. M., Hensley, L., Li,
Q., Ory, D., Chandran, K., and Cun-
ningham, J. (2011). Small molecule
inhibitors reveal Niemann-Pick C1
isessential for Ebola virus infection.
Nature 477, 344–348.

Dominguez-Soto, A., Aragoneses-
Fenoll, L., Martin-Gayo, E.,
Martinez-Prats, L., Colmenares,
M., Naranjo-Gomez, M., Borras, F.
E., Munoz, P., Zubiaur, M., Toribio,
M. L., Delgado, R., and Corbi, A.
L. (2007). The DC-SIGN-related
lectin LSECtin mediates antigen
capture and pathogen binding by
human myeloid cells. Blood 109,
5337–5345.

Dube, D., Brecher, M. B., Delos, S. E.,
Rose, S. C., Park, E. W., Schorn-
berg, K. L., Kuhn, J. H., and White,
J. M. (2009). The primed Ebolavirus
glycoprotein (19-kilodalton GP1, 2):
sequence and residues critical for
host cell binding. J. Virol. 83,
2883–2891.

Ebihara, H., Takada, A., Kobasa, D.,
Jones, S., Neumann, G., Theri-
ault, S., Bray, M., Feldmann, H.,
and Kawaoka, Y. (2006). Molecular
determinants of Ebola virus viru-
lence in mice. PLoS Pathog. 2, e73.
doi:10.1371/journal.ppat.0020073

Eggleton, P., Reid, K. B., and Ten-
ner, A. J. (1998). C1q – how
many functions? How many
receptors? Trends Cell Biol. 8,
428–431.

Fanger, M. W., and Guyre, P. M. (1992).
“Fc receptors,” in Encyclopedia of
Immunology, eds I. M. Roitt and P. J.
Delves (San Diego: Academic Press),
544–549.

Feldmann, H., Jones, S. M., Daddario-
DiCaprio, K. M., Geisbert, J. B.,
Ströher, U., Grolla, A., Bray, M.,
Fritz, E. A., Fernando, L., Feldmann,
F., Hensley, L. E., and Geisbert, T.
W. (2007). Effective post-exposure
treatment of Ebola infection. PLoS
Pathog. 3, e2. doi:10.1371/jour-
nal.ppat.0030002

Fisher-Hoch, S., and McCormick, J.
(1999). Experimental Filovirus
infections. Curr. Top. Microbiol.
Immunol. 235, 117–143.

Fukuyama, S., and Kawaoka, Y. (2011).
The pathogenesis of influenza virus
infections: the contributions of
virus and host factors. Curr. Opin.
Immunol. 23, 481–486.

Geisbert, T. W., and Hensley, L. E.
(2004). Ebola virus: new insights
into disease etiopathology and possi-
ble therapeutic interventions. Expert
Rev. Mol. Med. 6, 1–24.

Gramberg, T., Hofmann, H., Möller, P.,
Lalor, P. F., Marzi, A., Geier, M.,
Krumbiegel, M., Winkler, T., Kirch-
hoff, F., Adams, D. H., Becker, S.,
Münch, J., and Pöhlmann, S. (2005).
LSECtin interacts with filovirus gly-
coproteins and the spike protein
of SARS coronavirus. Virology 340,
224–236.

Gramberg, T., Soilleux, E., Fisch, T.,
Lalor, P. F., Hofmann, H., Wheeldon,
S., Cotterill, A., Wegele, A., Winkler,
T., Adams, D. H., and Pöhlmann, S.
(2008). Interactions of LSECtin and
DC-SIGN/DC-SIGNR with viral lig-
ands: differential pH dependence,
internalization and virion binding.
Virology 373, 189–201.

Hevey, M., Negley, D., Geisbert, J.,
Jahrling, P., and Schmaljohn, A.
(1997). Antigenicity and vac-
cine potential of Marburg virus
glycoprotein expressed by bac-
ulovirus recombinants. Virology
239, 206–216.

Hoenen, T., Groseth, A., Falzarano, D.,
and Feldmann, H. (2006). Ebola
virus: unravelling pathogenesis to

combat a deadly disease. Trends Mol.
Med. 12, 206–215.

Hunt, C. L., Kolokoltsov, A. A., Davey,
R. A., and Maury, W. (2011).
The Tyro3 receptor kinase Axl
enhances macropinocytosis of Zaire
ebolavirus. J. Virol. 85, 334–347.

Ito, H., Watanabe, S., Sanchez, A., Whitt,
M., and Kawaoka, Y. (1999). Muta-
tional analysis of the putative fusion
domain of Ebola virus glycoprotein.
J. Virol. 73, 8907–8912.

Jones, S. M., Feldmann, H., Ströher, U.,
Geisbert, J. B., Fernando, L., Grolla,
A., Klenk, H. D., Sullivan, N. J.,
Volchkov, V. E., Fritz, E. A., Dad-
dario, K. M., Hensley, L. E., Jahrling,
P. B., and Geisbert, T. W. (2005).
Live attenuated recombinant vac-
cine protects nonhuman primates
against Ebola and Marburg viruses.
Nat. Med. 11, 786–790.

Kobinger, G. P., Leung, A., Neufeld,
J., Richardson, J. S., Falzarano, D.,
Smith, G., Tierney, K., Patel, A., and
Weingartl, H. M. (2011). Replica-
tion, pathogenicity, shedding, and
transmission of Zaire ebolavirus in
pigs. J. Infect. Dis. 204, 200–208.

Kondratowicz, A. S., Lennemann, N. J.,
Sinn, P. L., Davey, R. A., Hunt, C.
L., Moller-Tank, S., Meyerholz, D.
K., Rennert, P., Mullins, R. F., Brind-
ley, M., Sandersfeld, L. M., Quinn,
K., Weller, M., McCray, P. B. Jr.,
Chiorini, J., and Maury, W. (2011).
T-cell immunoglobulin and mucin
domain 1 (TIM-1) is a receptor for
Zaire ebolavirus and Lake Victoria
Marburg virus. Proc. Natl. Acad. Sci.
U.S.A. 108, 8426–8431.

Kuhn, J. H., Radoshitzky, S. R., Guth,
A. C., Warfield, K. L., Li, W., Vin-
cent, M. J., Towner, J. S., Nichol, S.
T., Bavari, S., Choe, H., Aman, M.
J., and Farzan, M. (2006). Conserved
receptor-binding domains of Lake
Victoria Marburg virus and Zaire
ebolavirus bind a common receptor.
J. Biol. Chem.281, 15951–15958.

Lee, J. E., Fusco, M. L., Hessell, A. J.,
Oswald, W. B., Burton, D. R., and
Saphire, E. O. (2008). Structure of
the Ebola virus glycoprotein bound
to an antibody from a human sur-
vivor. Nature 454, 177–182.

Leroy, E. M., Kumulungui, B., Pourrut,
X., Rouquet, P., Hassanin,A.,Yaba, P.,
Délicat, A., Paweska, J. T., Gonzalez,
J. P., and Swanepoel, R. (2005). Fruit
bats as reservoirs of Ebola virus.
Nature 438, 575–576.

Leroy, E. M., Rouquet, P., Formenty,
P., Souquière, S., Kilbourne, A., Fro-
ment, J. M., Bermejo, M., Smit, S.,
Karesh, W., Swanepoel, R., Zaki, S.
R., and Rollin, P. E. (2004). Multi-
ple Ebola virus transmission events

and rapid decline of central African
wildlife. Science 303, 387–390.

Lin, G., Simmons, G., Pöhlmann, S.,
Baribaud, F., Ni, H., Leslie, G. J., Hag-
garty, B. S., Bates, P., Weissman, D.,
Hoxie, J. A., and Doms, R. W. (2003).
Differential N-linked glycosylation
of human immunodeficiency virus
and Ebola virus envelope glycopro-
teins modulates interactions with
DC-SIGN and DC-SIGNR. J. Virol.
77, 1337–1346.

Linger, R. M., Keating, A. K., Earp, H.
S., and Graham, D. K. (2008). TAM
receptor tyrosine kinases: biologic
functions, signaling, and potential
therapeutic targeting in human can-
cer. Adv. Cancer Res. 100, 35–83.

Manicassamy, B., Wang, J., Rum-
schlag, E., Tymen, S., Volchkova, V.,
Volchkov, V., and Rong, L. (2007).
Characterization of Marburg virus
glycoprotein in viral entry. Virology
358, 79–88.

Marzi, A., Akhavan, A., Simmons, G.,
Gramberg, T., Hofmann, H., Bates,
P., Lingappa, V. R., and Pöhlmann,
S. (2006). The signal peptide of the
Ebola virus glycoprotein influences
interaction with thecellular lectins
DC-SIGN and DC-SIGNR. J. Virol.
80, 6305–6317.

Marzi, A., Gramberg, T., Simmons,
G., Möller, P., Rennekamp, A. J.,
Krumbiegel, M., Geier, M., Eise-
mann, J., Turza, N., Saunier, B.,
Steinkasserer, A., Becker, S., Bates,
P., Hofmann, H., and Pöhlmann, S.
(2004). DC-SIGN and DC-SIGNR
interact with the glycoprotein of
Marburg virus and the S protein
of severe acute respiratory syn-
drome coronavirus. J. Virol. 78,
12090–12095.

Marzi, A., Möller, P., Hanna, S. L., Har-
rer, T., Eisemann, J., Steinkasserer,
A., Becker, S., Baribaud, F., and
Pöhlmann, S. (2007). Analysis of the
interaction of Ebola virus glycopro-
tein with DC-SIGN (dendriticcell-
specific intercellular adhesion mol-
ecule 3-grabbing nonintegrin) and
itshomologue DC-SIGNR. J. Infect.
Dis. 196(Suppl. 2), S237–S246.

Matsuno, K., Kishida, N., Usami, K.,
Igarashi, M., Yoshida, R., Nakayama,
E., Shimojima, M., Feldmann, H.,
Irimura, T., Kawaoka,Y., and Takada,
A. (2010a). Different potential of C-
type lectin-mediated entry between
Marburg virus strains. J. Virol. 84,
5140–5147.

Matsuno, K., Nakayama, E., Noyori,
O., Marzi, A., Ebihara, H., Irimura,
T., Feldmann, H., and Takada, A.
(2010b). C-type lectins do not act
as functional receptors for filovirus
entry into cells. Biochem. Biophys.

www.frontiersin.org February 2012 | Volume 3 | Article 34 | 45

http://dx.doi.org/10.1371/journal.ppat.0020073
http://dx.doi.org/10.1371/journal.ppat.0030002
http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive


Takada Receptors for filovirus tropism

Res. Commun. 403, 144–148.
Michelow, I. C., Lear, C., Scully, C.,

Prugar, L. I., Longley, C. B., Yan-
tosca, L. M., Ji, X., Karpel, M., Brud-
ner, M., Takahashi, K., Spear, G. T.,
Ezekowitz, R. A., Schmidt, E. V., and
Olinger, G. G. (2011). High-dose
mannose-binding lectin therapy for
Ebola virus infection. J. Infect. Dis.
203, 175–179.

Nakayama, E., Tomabechi, D., Mat-
suno, K., Kishida, N., Yoshida,
R., Feldmann, H., and Takada,
A. (2011). Antibody-dependent
enhancement of Marburg virus
infection. J. Infect. Dis. 204(Suppl.
3), S978–S985.

Nakayama, E.,Yokoyama,A., Miyamoto,
H., Igarashi, M., Kishida, N., Mat-
suno, K., Marzi, A., Feldmann, H.,
Ito, K., Saijo, M., and Takada, A.
(2010). Enzyme-linked immunosor-
bent assay for detection of filovirus
species-specific antibodies. Clin.
Vac. Immunol. 17, 1723–1728.

Nanbo, A., Imai, M., Watanabe, S.,
Noda, T., Takahashi, K., Neumann,
G., Halfmann, P., and Kawaoka, Y.
(2010). Ebola virus is internalized
into host cells via macropinocyto-
sis in a viral glycoprotein-dependent
manner. PLoS Pathog. 6, e1001121.
doi:10.1371/journal.ppat.1001121

Nicholson-Weller, A., and Klickstein, L.
B. (1999). C1q-binding proteins and
C1q receptors. Curr. Opin. Immunol.
11, 42–46.

Noda, T., Ebihara, H., Muramoto, Y.,
Fujii, K., Takada, A., Sagara, H.,
Kim, J. H., Kida, H., Feldmann, H.,
and Kawaoka, Y. (2006). Assembly
and budding of Ebola virus. PLoS
Pathog. 2, e99. doi:10.1371/jour-
nal.ppat.0020099

Olinger, G. G., Bailey, M. A., Dye, J.
M., Bakken, R., Kuehne, A., Kondig,
J., Wilson, J., Hogan, R. J., and
Hart, M. K. (2005). Protective
cytotoxic T-cell responses induced
by venezuelan equine encephali-
tis virus replicons expressing
Ebola virus proteins. J. Virol. 79,
14189–14196.

Powlesland, A. S., Fisch, T., Taylor, M.
E., Smith, D. F., Tissot, B., Dell,
A., Pöhlmann, S., and Drickamer,
K. (2008). A novel mechanism for
LSECtin binding to Ebola virus sur-
face glycoprotein through truncated
glycans. J. Biol. Chem. 283, 593–602.

Reed, D. S., and Mohamadzadeh,
M. (2007). Status and challenges
of filovirus vaccines. Vaccine 25,
1923–1934.

Saeed, M. F., Kolokoltsov, A. A.,
Albrecht, T., and Davey, R. A. (2010).
Cellular entry of Ebola virus involves
uptake by a macropinocytosis-like

mechanism and subsequent traffick-
ing through early and late endo-
somes. PLoS Pathog. 6, e1001110.
doi:10.1371/journal.ppat.1001110

Sanchez, A., Geisbert, T. W., and
Feldmann, H. (2007). “Filoviri-
dae: Marburg and Ebola viruses,”
in Fields Virology, 5th Edn, eds
D. M. Knipe and P. M. Howley
(Philadelphia: Lippincott-Williams
& Wilkins), 1409–1448.

Sanchez, A., Trappier, S. G., Mahy, B. W.,
Peters, C. J., and Nichol, S. T. (1996).
The virion glycoproteins of Ebola
viruses are encoded in two reading
frames and are expressed through
transcriptional editing. Proc. Natl.
Acad. Sci. U.S.A. 93, 3602–3607.

Sanchez, A., Trappier, S. G., Stroher, U.,
Nichol, S. T., Bowen, M. D., and
Feldmann, H. (1998). Variation in
the glycoprotein and VP35 genes of
Marburg virus strains. Virology 240,
138–146.

Schornberg, K., Matsuyama, S., Kab-
sch, K., Delos, S., Bouton, A., and
White, J. (2006). Role of endosomal
cathepsins in entry mediated by the
Ebola virus glycoprotein. J. Virol. 80,
4174–4178.

Shimojima, M., Takada, A., Ebihara,
H., Neumann, G., Fujioka, K.,
Irimura, T., Jones, S., Feldmann,
H., and Kawaoka, Y. (2006). Tyro3
family-mediated cell entry of Ebola
and Marburg viruses. J. Virol. 80,
10109–10116.

Simmons, G., Reeves, J. D., Grogan, C.
C., Vandenberghe, L. H., Baribaud,
F., Whitbeck, J. C., Burke, E., Buch-
meier, M. J., Soilleux, E. J., Riley,
J. L., Doms, R. W., Bates, P., and
Pöhlmann, S. (2003a). DC-SIGN
and DC-SIGNR bind Ebola glyco-
proteins and enhance infection of
macrophages and endothelial cells.
Virology 305, 115–123.

Simmons, G., Rennekamp, A. J.,
Chai, N., Vandenberghe, L. H.,
Riley, J. L., and Bates, P. (2003b).
Folate receptor alpha and caveolae
are not required for Ebola virus
glycoprotein-mediated viral infec-
tion. J. Virol. 77, 13433–13438.

Simmons, G., Wool-Lewis, R. J., Barib-
aud, F., Netter, R. C., and Bates,
P. (2002). Ebola virus glycoproteins
induce global surface protein down-
modulation and loss of cell adher-
ence. J. Virol. 76, 2518–2528.

Sinn, P. L., Hickey, M. A., Staber, P. D.,
Dylla, D. E., Jeffers, S. A., David-
son, B. L., Sanders, D. A., and
McCray, P. B. Jr. (2003). Lentivirus
vectors pseudotyped with filovi-
ral envelope glycoproteins trans-
ducer airway epithelia from the
apical surface independently of

folate receptor alpha. J. Virol. 77,
5902–5910.

Subbotina, E., Dadaeva, A., Kachko, A.,
and Chepurnov, A. (2010). Genetic
factors of Ebola virus virulence in
guinea pigs. Virus Res. 153, 121–133.

Sullivan, N. J., Geisbert, T. W., Geis-
bert, J. B., Shedlock, D. J., Xu,
L., Lamoreaux, L., Custers, J. H.,
Popernack, P. M., Yang, Z. Y., Pau,
M. G., Roederer, M., Koup, R.
A., Goudsmit, J., Jahrling, P. B.,
and Nabel, G. J. (2006). Immune
protection of nonhuman primates
against Ebola virus with single low-
dose adenovirus vectors encoding
modified GPs. PLoS Med. 3, e177.
doi:10.1371/journal.pmed.0030177

Sullivan, N. J., Geisbert, T. W., Geis-
bert, J. B., Xu, L., Yang, Z. Y., Roed-
erer, M., Koup, R. A., Jahrling, P. B.,
and Nabel, G. J. (2003). Accelerated
vaccination for Ebola virus hamor-
rhagic fever in non-human primates.
Nature 424, 681–684.

Sullivan, N. J., Sanchez, A., Rollin, P. E.,
Yang, Z. Y., and Nabel, G. J. (2000).
Development of a preventive vaccine
for Ebola virus infection in primates.
Nature 408, 605–609.

Takada, A., Ebihara, H., Feldmann,
F., Geisbert, T. W., and Kawaoka,
Y. (2007). Epitopes required for
antibody-dependent enhancement
of Ebola virus infection. J. Infect. Dis.
196(Suppl. 2), S347–S356.

Takada, A., Feldmann, H., Ksiazek,
T. G., and Kawaoka, Y. (2003a).
Antibody-dependent enhancement
of Ebola virus infection. J. Virol. 77,
7539–7544.

Takada, A., Feldmann, H., Stroeher,
U., Bray, M., Watanabe, S., Ito, H.,
McGregor, M., and Kawaoka, Y.
(2003b). Identification of protective
epitopes on Ebola virus glycopro-
tein at the single amino acid level by
using recombinant vesicular stom-
atitis viruses. J. Virol. 77, 1069–1074.

Takada, A., Fujioka, K., Tsuiji, M.,
Morikawa, A., Higashi, N., Ebi-
hara, H., Kobasa, D., Feldmann,
H., Irimura, T., and Kawaoka, Y.
(2004). Human macrophage C-
type lectin specific for galactose
and N -acetylgalactosamine pro-
motes filovirus entry. J. Virol. 78,
2943–2947.

Takada, A., and Kawaoka, Y. (2001). The
pathogenesis of Ebola hemorrhagic
fever. Trends Microbiol. 9, 506–511.

Takada, A., and Kawaoka, Y. (2003).
Antibody-dependent enhancement
of viral infection: molecular mecha-
nisms and in vivo implications. Rev.
Med. Virol. 13, 387–398.

Takada, A., Robison, C., Goto, H.,
Sanchez, A., Murti, K. G., Whitt, M.

A., and Kawaoka, Y. (1997). A sys-
tem for functional analysis of Ebola
virus glycoprotein. Proc. Natl. Acad.
Sci. U.S.A. 94, 14764–14769.

Takada, A., Watanabe, S., Okazaki, K.,
Kida, H., and Kawaoka, Y. (2001).
Infectivity-enhancing antibodies to
Ebola virus glycoprotein. J. Virol. 75,
2324–2330.

Towner, J. S., Amman, B. R., Sealy, T. K.,
Carroll, S. A., Comer, J. A., Kemp,
A., Swanepoel, R., Paddock, C. D.,
Balinandi, S., Khristova, M. L., For-
menty, P. B., Albarino, C. G., Miller,
D. M., Reed, Z. D., Kayiwa, J. T.,
Mills, J. N., Cannon, D. L., Greer,
P. W., Byaruhanga, E., Farnon, E. C.,
Atimnedi, P., Okware, S., Katongole-
Mbidde, E., Downing, R., Tappero,
J. W., Zaki, S. R., Ksiazek, T. G.,
Nichol, S. T., and Rollin, P. E. (2009).
Isolation of genetically diverse Mar-
burg viruses from Egyptian fruit
bats. PLoS Pathog. 5, e1000536.
doi:10.1371/journal.ppat.1000536

Towner, J. S., Sealy, T. K., Khristova,
M. L., Albariño, C. G., Conlan, S.,
Reeder, S. A., Quan, P. L., Lip-
kin, W. I., Downing, R., Tappero, J.
W., Okware, S., Lutwama, J., Baka-
mutumaho, B., Kayiwa, J., Comer,
J. A., Rollin, P. E., Ksiazek, T. G.,
and Nichol, S. T. (2008). Newly
discovered Ebola virus associated
with hemorrhagic fever outbreak in
Uganda. PLoS Pathog. 4, e1000212.
doi:10.1371/journal.ppat.1000212

Usami, K., Matsuno, K., Igarashi, M.,
Denda-Nagai, K., Takada, A., and
Irimura, T. (2011). Involvement
of viral envelope GP2 in Ebola
virus entry into cells expressing the
macrophage galactose-type C-type
lectin. Biochem. Biophys. Res. Com-
mun.407, 74–78.

Volchkov, V. E., Chepurnov, A. A.,
Volchkova, V. A., Ternovoj, V. A., and
Klenk, H. D. (2000). Molecular char-
acterization of guinea pig-adapted
variants of Ebola virus. Virology 277,
147–155.

Volchkov, V. E., Feldmann, H.,
Volchkova, V. A., and Klenk, H.
D. (1998). Processing of the Ebola
virus glycoprotein by the proprotein
convertase furin. Proc. Natl. Acad.
Sci. U.S.A.95, 5762–5767.

Warfield, K. L., Bradfute, S. B., Wells,
J., Lofts, L., Cooper, M. T., Alves,
D. A., Reed, D. K., VanTongeren,
S. A., Mech, C. A., and Bavari, S.
(2009). Development and character-
ization of a mouse model for Mar-
burg hemorrhagic fever. J. Virol. 83,
6404–6415.

Weissenhorn, W., Carfí, A., Leem, K.
H., Skehelm, J. J., and Wiley, D.
C. (1998). Crystal structure of the

Frontiers in Microbiology | Virology February 2012 | Volume 3 | Article 34 | 46

http://dx.doi.org/10.1371/journal.ppat.1001121
http://dx.doi.org/10.1371/journal.ppat.0020099
http://dx.doi.org/10.1371/journal.ppat.1001110
http://dx.doi.org/10.1371/journal.pmed.0030177
http://dx.doi.org/10.1371/journal.ppat.1000536
http://dx.doi.org/10.1371/journal.ppat.1000212
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive


Takada Receptors for filovirus tropism

Ebola virus membrane fusion sub-
unit, GP2, from the envelope gly-
coprotein ectodomain. Mol. Cell 2,
605–616.

Wool-Lewis, R. J., and Bates, P. (1998).
Characterization of Ebola virus
entry by using pseudotyped viruses:
identification of receptor-deficient
cell lines. J. Virol. 72, 3155–3160.

Yang, Z. Y., Duckers, H. J., Sullivan, N.
J., Sanchez, A., Nabel, E. G., and

Nabel, G. J.(2000). Identification of
the Ebola virus glycoprotein as the
main viral determinant of vascu-
lar cell cytotoxicity and injury. Nat.
Med. 6, 886–889.

Conflict of Interest Statement: The
author declares that the research was
conducted in the absence of any com-
mercial or financial relationships that

could be construed as a potential con-
flict of interest.

Received: 24 December 2011; paper pend-
ing published: 11 January 2012; accepted:
19 January 2012; published online: 06
February 2012.
Citation: Takada A (2012) Filovirus
tropism: cellular molecules for viral
entry. Front. Microbio. 3:34. doi:
10.3389/fmicb.2012.00034

This article was submitted to Frontiers
in Virology, a specialty of Frontiers in
Microbiology.
Copyright © 2012 Takada. This is an
open-access article distributed under the
terms of the Creative Commons Attribu-
tion Non Commercial License, which per-
mits non-commercial use, distribution,
and reproduction in other forums, pro-
vided the original authors and source are
credited.

www.frontiersin.org February 2012 | Volume 3 | Article 34 | 47

http://dx.doi.org/10.3389/fmicb.2012.00034
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive


MINI REVIEW ARTICLE
published: 02 April 2012

doi: 10.3389/fmicb.2012.00111

Ebolavirus replication and tetherin/BST-2
JiroYasuda*

Department of Emerging Infectious Diseases, Institute of Tropical Medicine, Nagasaki University, Nagasaki, Japan

Edited by:

Masako Nomaguchi, The University of
Tokushima Graduate School, Japan

Reviewed by:

Takayuki Miyazawa, Kyoto University,
Japan
Kenzo Tokunaga, National Institute of
Infectious Diseases, Japan
Yoshinao Kubo, Graduate School of
Biomedical Sciences, Nagasaki
University, Japan

*Correspondence:

Jiro Yasuda, Department of Emerging
Infectious Diseases, Institute of
Tropical Medicine, Nagasaki
University, 1-12-4 Sakamoto,
Nagasaki 852 8523, Japan.
e-mail: j-yasuda@nagasaki-u.ac.jp

Ebolavirus (EBOV) is an enveloped, non-segmented, negative-stranded RNA virus, which
consists of five species: Zaire ebolavirus, Sudan ebolavirus,Tai Forest ebolavirus, Bundibu-
gyo ebolavirus, and Reston ebolavirus. EBOV causes a lethal hemorrhagic fever in both
humans and non-human primates. The EBOV RNA genome encodes seven viral proteins:
NP, VP35, VP40, GP, VP30, VP24, and L. VP40 is a matrix protein and is essential for
virus assembly and release from host cells. Expression of VP40 in mammalian cells is
sufficient to generate extracellular virus-like particles, which resemble authentic virions.
Tetherin/BST-2, which was identified as an effective cellular factor that prevents human
immunodeficiency virus-1 release in the absence of viral accessory protein Vpu, has been
reported to inhibit ZEBOV VP40-induced VLP release.Tetherin/BST-2 appears to inhibit virus
release by physically tethering viral particles to the cell surface via its N-terminal transmem-
brane domain and C-terminal glycosylphosphatidylinositol anchor. Replication of ZEBOV is
not inhibited by tetherin/BST-2 expression, although tetherin/BST-2 was expected to inhibit
EBOV release as well as VLP release. Recently, it was reported that viral glycoprotein of
EBOV, GP, antagonizes the antiviral effect of tetherin/BST-2. However, the mechanism by
which GP antagonizes the antiviral activity of tetherin/BST-2 and whether GP of the other
EBOV species function as antagonists of tetherin/BST-2 remain unclear.

Keywords: ebolavirus, tetherin/BST-2, GP, antagonist,VLP

INTRODUCTION
Ebolavirus (EBOV) is a member of the family Filoviridae in the
order Mononegavirales (MNV), and causes a lethal hemorrhagic
fever in both humans and non-human primates (Peters, 2005).
Five species of EBOV have been defined to date on the basis of
genetic divergence: Zaire ebolavirus (ZEBOV), Sudan ebolavirus
(SEBOV), Tai Forest ebolavirus (TFEBOV), Reston ebolavirus
(REBOV), and Bundibugyo ebolavirus (BEBOV). ZEBOV, SEBOV,
TFEBOV, and BEBOV cause clinical symptoms in humans and
non-human primates, while REBOV causes disease only in non-
human primates, and not in humans. At present, there are
no licensed vaccines or effective therapies for EBOV infection.
Recently, tetherin/BST-2 was identified as a cellular factor that
inhibits the release of a wide variety of enveloped viruses, including
retroviruses, herpesviruses, and Lassa virus, and the production of
virus-like particles (VLPs) of filoviruses and Nipa virus (Jouvenet
et al., 2009; Kaletsky et al., 2009; Sakuma et al., 2009a; Radoshitzky
et al., 2010). Tetherin/BST-2 may function as a host innate antivi-
ral system against a wide variety of viruses, as tetherin/BST-2 is
broadly induced by treatment with type I interferons (IFNs) in
various cell types (Ishikawa et al., 1995; Blasius et al., 2006). This
review will focus on EBOV replication and antiviral function of
tetherin/BST-2.

EBOLAVIRUS AND ITS REPLICATION
Electron microscopic studies have indicated that EBOV is mor-
phologically pleomorphic, with U-shaped, figure 6-shaped, or
circular configurations, or as elongated filamentous forms of vary-
ing length (up to 14000 nm). The virions are usually 80 nm in

diameter and 800–1000 nm in length and enveloped with a lipid
bilayer (envelope) that is derived from the host cell, anchoring a
glycoprotein that projects spikes 7–10 nm in length from its surface
(Sanchez et al., 2007).

The genome is approximately 19 kb in length and encodes
the viral proteins in the order NP–VP35–VP40–GP/sGP–VP30–
VP24–L (Figure 1). The extragenic sequence at the 3′ end, which
is called the leader, of EBOV is short, ranging from 50 to 70 bases
in length, while the length of the 5′ end sequence, which is called
the trailer, varies between species, ranging from 25 to 677 bases
(25 bases for REBOV and 677 bases for ZEBOV). The extreme 3′
and 5′ end sequences are conserved and potentially form stem-
loop structures (Geisbert and Jahrling, 1995; Sanchez et al., 2007).
These sequences contain the encapsidation signals as well as the
replication origin and transcription promoter.

The NP and VP30 proteins are the major and minor viral nucle-
oproteins, respectively, which are phosphorylated, and interact
strongly with the genomic RNA molecule to form the viral nucle-
ocapsid along with VP35 and L (Mühlberger et al., 1999). The
L and VP35 proteins form the viral polymerase complex, which
transcribes and replicates the viral genome. The L protein has the
RNA-dependent RNA polymerase activity of the complex, and
possesses motifs linked to RNA binding, phosphodiester bonding,
and ribonucleotide triphosphate binding. VP35 is thought to play
an essential role as a cofactor that affects the mode of viral tran-
scription and replication. VP35 also functions as an antagonist
against the type I IFN signaling pathway (Basler et al., 2000).

The GP gene contains a translational stop codon in the mid-
dle, thus preventing synthesis of full-length glycoprotein. Twenty
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FIGURE 1 | Schematic representation of EBOV genome.

percent of the mRNA was shown to be edited, containing one addi-
tional non-template A in a stretch of seven consecutive A residues.
The edited mRNA species encode full-length GP, whereas the pri-
mary gene product is a smaller secreted glycoprotein (sGP), which
is produced in large amounts. The GP precursor (preGP), is syn-
thesized as type I membrane protein in the endoplasmic reticulum
(ER). preGP is cleaved by the cellular proprotein convertase furin
into the N-terminal fragment GP1 and the C-terminal fragment
GP2 which are linked by a disulfide bond forming the GP1, 2 com-
plex in the trans-Golgi network (TGN; Volchkov et al., 1998). GP1
and GP2 function as a surface protein and a transmembrane pro-
tein, respectively. The trimeric spike of GP1, 2 is the only envelope
glycoprotein of the virion and is assumed to be responsible for
binding to cellular receptors and for fusion of the envelope with
the cellular membrane in the course of viral entry into the host
cell. GP has marked effects on viral pathogenesis and antigenic-
ity. Recent report suggested that sGP can substitute for GP1 and
present on virion as a structural protein, although sGP had been
considered as a non-structural protein (Iwasa et al., 2011). The
function of sGP is still unknown. sGP may contribute to disease
progression, as it has been reported that large amounts of sGP are
present in the blood of acutely infected patients (Volchkov et al.,
1995; Sanchez et al., 1996).

The VP40 and VP24 proteins are viral matrix proteins and are
associated with the virion envelope. VP40 is the most abundant
protein in the virion and plays a key role in virus assembly and bud-
ding as viral matrix protein. Expression of VP40 in mammalian
cells is sufficient to generate extracellular VLPs, which resemble
authentic virions (Harty et al., 2000; Yasuda et al., 2003). Only
small amounts of VP24 are present in the virion. VP24 has been
reported to function as an antagonist of the type I IFN signaling
pathway, along with VP35 (Reid et al., 2006).

TETHERIN/BST-2
Tetherin/BST-2 (also known as CD317 or HM1.24) has been
identified as an effective cellular factor that prevents human
immunodeficiency virus (HIV)-1 release in the absence of the
viral accessory protein Vpu (Neil et al., 2008; Van Damme et al.,
2008). Tetherin/BST-2 consists of four domains, i.e., an N-terminal
cytoplasmic tail (CT), a single transmembrane domain, an extra-
cellular domain, and a putative C-terminal glycosylphosphatidyli-
nositol (GPI) anchor, and therefore both ends of this molecule are
associated with the plasma membrane (Figure 2A). This mole-
cule is localized to lipid rafts at the cell surface and membranes of
the TGN and recycling compartments (Kupzig et al., 2003; Blasius
et al., 2006; Rollason et al., 2007; Evans et al., 2010). In addition,
tetherin/BST-2 has two putative N-linked glycosylation sites in
the extracellular domain and forms a homodimer by intermole-
cular disulfide bonds (Ohtomo et al., 1999; Kupzig et al., 2003;
Figure 2A).

FIGURE 2 | Structure and antiviral action ofTetherin/BST-2.

(A) Structural representation of tetherin/BST-2. Tetherin/BST-2 has two
putative N-linked glycosylation sites in the extracellular domain and forms a
homodimer by intermolecular disulfide bonds. Both ends of tetherin/BST-2
are associated with the plasma membrane via the N-terminal
transmembrane domain and C-terminal GPI anchor. (B) Proposed model for
the antiviral mechanism of tetherin/BST-2. Tetherin/BST-2 appears to inhibit
the release of progeny viruses by directly tethering virions to cells, briefly
by anchoring one end of the molecule on the cell membrane and the other
end on the viral envelope. Progeny virions could be also directly tethered to
each other by tetherin/BST-2.

Previous studies showed that tetherin/BST-2 is constitutively
expressed in terminally differentiated B cells, bone marrow stromal
cells, and plasmacytoid dendritic cells, and is also broadly induced
by treatment with type I IFN in various cell types (Ishikawa
et al., 1995; Blasius et al., 2006). In fact, the upstream region of
tetherin/BST-2 contains a tandem repeat of IL-6 response ele-
ments, STAT3 binding site, and the IFN response elements IRF-1/2
and ISGF3 (Ohtomo et al., 1999). Therefore, tetherin/BST-2 may
be involved in antiviral host defense as a mechanism of innate
immunity. However, the physiological function of tetherin/BST-2
is not yet clear.

Recent analysis for in vivo expression of tetherin/BST-2 showed
that tetherin/BST-2 was expressed to varying degrees in most
organs and a number of specialized cell types, including hepato-
cytes, pneumocytes, ducts of major salivary glands, pancreas and
kidney, Paneth cells, epithelia, Leydig cells, plasma cells, bone mar-
row stromal cells, monocytes, and vascular endothelium, without
IFN stimulation (Erikson et al., 2011). Therefore, IFN may only
partially regulate tetherin/BST-2 in vivo.

ANTIVIRAL ACTIVITIES OF TETHERIN/BST-2
We have shown that tetherin/BST-2 also efficiently inhibits the
egress of VLPs of Marburgvirus and Lassa virus and retains
VLPs on the cell surface (Sakuma et al., 2009a). Furthermore,
tetherin/BST-2 has also been reported to inhibit the release of
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retroviruses other than HIV-1, Kaposi’s sarcoma-associated her-
pesvirus (KSHV), and the production of VLPs of EBOV and Nipa
virus (Jouvenet et al., 2009; Kaletsky et al., 2009; Mansouri et al.,
2009; Radoshitzky et al., 2010).

The N-linked glycosylation of tetherin/BST-2 is dispensable
for the antiviral activity, while both N-terminal transmembrane
domain and C-terminal GPI anchor are required for the activity
(Neil et al., 2008; Andrew et al., 2009; Sakuma et al., 2009a). Inter-
estingly, tetherin/BST-2 mutant with complete loss of dimeriza-
tion activity (the cysteine mutant) still showed apparent inhibitory
activity for the production of Lassa and Marburg VLPs, although
its activity was reduced (Sakuma et al., 2009b). For HIV-1, the
cysteine mutant showed much weaker antiviral activity (Andrew
et al., 2009; Perez-Caballero et al., 2009). Nevertheless, these obser-
vations suggested that dimerization of tetherin/BST-2 is important
but not essential for its antiviral activity. A recent study showed
that tetherin/BST-2 inhibits HIV-1 release by directly tethering
virions to cells, briefly by anchoring one end of the molecule on
the cell membrane and the other end on the viral envelope (Perez-
Caballero et al., 2009; Figure 2B). Progeny virions released from
cells could also be directly tethered to each other by tetherin/BST-
2. It is likely that tethering of virion by tetherin dimer is stronger
than that by tetherin monomer because of stronger association
with the membrane. Therefore, tetherin/BST-2 appears to inhibit
release of a wide variety of enveloped viruses from host cells by a
similar mechanism.

COUNTERACTION OF TETHERIN/BST-2 ANTIVIRAL ACTION
BY GP
Human immunodeficiency virus-1 Vpu is known to antago-
nize the antiviral function of tetherin/BST-2 (Neil et al., 2008;
Van Damme et al., 2008). Moreover, recent studies have shown
that HIV-2 and simian immunodeficiency virus (SIV) Env, SIV
Nef, KSHV K5, and EBOV GP also function as antagonists of
tetherin/BST-2, suggesting that tetherin/BST-2 plays an impor-
tant role in host defense against viral infection and these viruses
have evolutionarily acquired viral-encoded antagonists to counter-
act the antiviral function of tetherin/BST-2 (Gupta et al., 2009b;
Jia et al., 2009; Kaletsky et al., 2009; Le Tortorec and Neil, 2009;
Mansouri et al., 2009; Zhang et al., 2009).

Kaletsky et al. (2009) demonstrated that EBOV GP interacts
directly with tetherin/BST-2 and abrogates the inhibition of VP40-
induced VLP release by tetherin/BST-2. In addition, analysis using
infectious virus showed that the expression of tetherin/BST-2 had
no effect on ZEBOV replication and spread (Radoshitzky et al.,
2010).

One of the major functions of HIV-1 Vpu for counteraction
of antiviral action of tetherin/BST-2 is downregulation of the sur-
face expression of tetherin/BST-2. Several studies demonstrated
that Vpu directs the degradation of human BST-2 via a β-TrCP-
dependent mechanism. Vpu acts as an adapter molecule linking
tetherin/BST-2 to the β-TrCP/SCF E3 ubiquitin ligase complex to
induce the trafficking to late endosomes, lysosomes, and protea-
somes, and subsequent lysosomal and/or proteasomal degradation
of tetherin/BST-2. Vpu is thought to remove tetherin/BST-2 from
the cell surface by these pathways (Douglas et al., 2009; Mitchell
et al., 2009). Recent report suggests that β-TrCP-independent

mechanism is also involved in the downregulation of cell sur-
face expression of tetherin/BST-2 by Vpu, since mutations in the
β-TrCP-binding motif of Vpu did not completely abrogate its
antagonism of tetherin/BST-2. Schmidt et al. (2011) have reported
that Vpu inhibited both the anterograde transport of newly syn-
thesized tetherin/BST-2 and the recycling of tetherin/BST-2 to
the cell surface and trapped trafficking tetherin/BST-2 molecules
at the TGN. Vpu interacts with tetherin/BST-2 through species-
specific determinants in their respective transmembrane domains
(Gupta et al., 2009a; McNatt et al., 2009). HIV-1 Vpu specifically
antagonizes the tetherin/BST-2s from human, chimpanzee, and
gorilla, which are susceptible to HIV-1 infection, but not those
from African green monkey, rhesus macaque, and mouse, which
are not susceptible to this virus (McNatt et al., 2009; Kühl et al.,
2011).

In contrast, Ebola GP counteracted tetherin/BST-2 from dif-
ferent primate species, including rhesus macaque and African
green monkey (Kühl et al., 2011). Ebola GP does not seem to
require a specific tetherin/BST-2 sequence for its activity (Lopez
et al., 2010). It has been reported that tetherin/BST-2 interacts
with the GP2 subunit of EBOV GP, although the antogonism of
tetherin/BST-2 function by GP2 have not examined (Kühl et al.,
2011). Vpu reduces cell surface expression of tetherin/BST-2, while
Ebola GP appears to counteract tetherin/BST-2 without remov-
ing it from the cell surface, suggesting that both proteins employ
different mechanisms to counteract tetherin/BST-2 (Lopez et al.,
2010; Kühl et al., 2011). Ebola GP and tetherin/BST-2 colocalize
in intracellular compartment, but not on the plasma membrane
(Kühl et al., 2011). The sequestration of tetherin/BST-2 in the
specific intracellular compartment may be one of the mecha-
nisms of antagonism by Ebola GP. So far, the mechanism by
which EBOV GP antagonizes tetherin/BST-2 remains unclear.
Further investigations are required to understand the mecha-
nism by which EBOV GP counteracts the antiviral function of
tetherin/BST-2.

FUTURE PERSPECTIVES
Tetherin/BST-2 inhibits the production of a wide variety of
enveloped viruses. On the other hand, several viruses have
evolved viral-encoded antagonists to counteract antiviral action
of tetherin/BST-2. EBOV also appears to have evolved GP as an
antagonist of tetherin/BST-2. However, it has been reported that
high-level expression of tetherin/BST-2 inhibits ZEBOV produc-
tion even in the presence of GP (Kühl et al., 2011). Furthermore,
it may be possible to identify tetherin/BST-2 mutants that are not
counteracted by EBOV GP.

Therefore, regulation of the progeny EBOV release may be pos-
sible by in vivo induction or exogenous expression of tetherin/BST-
2. Tetherin/BST-2 has great potential for the development of novel
antiviral therapeutic strategies against EBOV infection.
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Human immunodeficiency virus type 1 (HIV-1) infects humans and chimpanzees but not
old world monkeys (OWMs) such as the rhesus monkey (Rh) and cynomolgus monkey
(CM). HIV-1 efficiently enters cells of OWMs but encounters a block before reverse tran-
scription. This narrow host range is attributed to a barrier in the host cell. In 2004, the
screening of a Rh cDNA library identified tripartite motif 5α (TRIM5α) as a cellular antiviral
factor. TRIM5α is one of splicing variants produced by TRIM5 gene and TRIM5 proteins
are members of the TRIM family containing RING, B-box 2, and coiled-coil domains. The
RING domain is frequently found in E3 ubiquitin ligase and TRIM5α is degraded via the
ubiquitin–proteasome-dependent pathway. Among TRIM5 splicing variants, TRIM5α alone
has an additional C-terminal PRYSPRY (B30.2) domain. Previous studies have shown that
sequence variation in variable regions of the PRYSPRY domain among different monkey
species affects species-specific retrovirus infection, while amino acid sequence differences
in the viral capsid protein determine viral sensitivity to restriction. TRIM5α recognizes the
multimerized capsid proteins (viral core) of an incoming virus by its PRYSPRY domain and
is thus believed to control retroviral infection. There are significant intraspecies variations
in the Rh-TRIM5 gene. It has also been reported that some Rh and CM individuals have
retrotransposed cyclophilin A open reading frame in the TRIM5 gene, which produces
TRIM5–cyclophilin A fusion protein (TRIMCyp).TRIMCyp, which was originally identified as
an anti-HIV-1 factor of New World owl monkeys, is an interesting example of the gain of
a new function by retrotransposition. As different TRIM5 genotypes of Rh showed differ-
ent levels of simian immunodeficiency virus replication in vivo, the TRIM5 genotyping is
thought to be important in acquired immunodeficiency syndrome monkey models.

Keywords:TRIM5α,TRIMCyp, HIV-1, HIV-2, SIV, rhesus monkey, cynomolgus monkey

INTRODUCTION
Human immunodeficiency virus type 1 (HIV-1) is a causative
agent of acquired immunodeficiency syndrome (AIDS). More
than two million people are infected with HIV-1 annually around
the world. Nevertheless, the host range of HIV-1 is extremely nar-
row, being limited to humans and chimpanzees (Gao et al., 1999).
This narrow host range has hampered the establishment improved
animal models of HIV-1 infection that are needed to facilitate the
development of an efficacious vaccine against HIV-1 infection.
In this review, we summarize current understanding regarding the
species barrier of HIV-1 as discussed from the viewpoint of animal
model development, focusing on tripartite motif 5α (TRIM5α), a
restriction factor in monkeys.

LIFE CYCLE OF HIV-1
Human immunodeficiency virus type 1 belongs to the family
Retroviridae, subfamily Lentivirus. It is an enveloped virus with
a single-stranded RNA genome with positive polarity. HIV-1
enters CD4+ T cells and macrophages through plasma mem-
brane fusion. The virus RNA genome is subsequently reverse
transcribed by viral-associated reverse transcriptase and resul-
tant double-strand cDNA is transported to the nucleus. In the
nucleus, viral-associated integrase (IN) inserts viral cDNA into the
human chromosome. The transcription is enhanced by cellular

activation and mRNA and full-length viral genome RNA are
exported from the nucleus. Viral proteins assemble beneath the
plasma membrane and virus particles bud from plasma membrane
(Figure 1).

HOST FACTORS REQUIRED FOR HIV-1 REPLICATION IN
HUMAN AND SPECIES-SPECIFIC BARRIER OF HIV-1 IN MICE
Many trials of small animal models for HIV-1 infection have failed
due to lack of host factors in mice, which are necessary for effi-
cient virus replication (Figure 1). CD4, the cellular receptor for
HIV-1, was first identified as a host range barrier because mouse
CD4 does not bind to HIV-1 envelope protein (Landau et al.,
1988). Human CD4 transgenic mice, however, were not suscepti-
ble to HIV-1 infection (Lores et al., 1992). Chemokine receptors
were identified as entry co-receptors (Alkhatib et al., 1996; Bleul
et al., 1996; Choe et al., 1996; Deng et al., 1996; Doranz et al.,
1996; Dragic et al., 1996; Feng et al., 1996), but mice transgenic
for human CD4 and either human CXCR4 (Sawada et al., 1998)
or CCR5 (Browning et al., 1997) failed to show productive infec-
tion, even though murine CXCR4 is a functional co-receptor for
CXCR4-tropic HIV-1 (Bieniasz et al., 1997).

Human immunodeficiency virus type 1 pre-integration com-
plex (PIC) containing viral cDNA and viral IN are translocated
into the nucleus. Two host cellular proteins have recently been
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FIGURE 1 | Cellular factors involved in human immunodeficiency virus (HIV) replication cycle. (+) Positive factors required for viral replication. (−)
Negative factors that suppress viral replication.

reported to mediate PIC import. The first is a lens epithelium-
derived growth factor (LEDGF/p75; Cherepanov et al., 2003;
Maertens et al., 2003), a protein implicated in the regulation of
gene expression and cellular stress responses. LEDGF interacts
with HIV-1 IN and is thought to guide PIC toward sites of active
transcription for integration of viral cDNA into the human chro-
mosome. The second is Transportin 3 (TNPO3/Transportin-SR2)
identified by two independent screenings of host factors involved
in HIV-1 replication (Brass et al., 2008; Christ et al., 2008). TNPO3
also binds to IN, but it is also thought to associate with viral cap-
sid (CA) protein and supports nuclear translocation of PICs. It is
currently unclear whether mouse orthologs of either or both of
these factors are defective in nuclear transport and integration of
HIV-1.

The integrated HIV-1 genome is then transcribed from its pro-
moter in the long terminal repeat (LTR) by using NF-κB and
Sp1 (Jones et al., 1986; Staal et al., 1990; Cullen, 1991). HIV-1
non-structural proteins, Tat, Rev, and Nef, are early gene prod-
ucts produced from multiply spliced mRNAs (Feinberg et al.,
1986). Tat binds to the 5′ region of nascent HIV-1 transcripts
and facilitates the elongation of transcribed RNA (Laspia et al.,
1989; Feinberg et al., 1991). Mouse cells do not show Tat-
dependent transcriptional activation of HIV-1. Cyclin T1 (CycT1)
is responsible for this transcriptional barrier in mice (Newstein
et al., 1990; Garber and Jones, 1999). CycT1 protein is a compo-
nent of the CDK9/pTEFb transcription factor complex (Mancebo
et al., 1997; Wei et al., 1998). Human but not mouse CycT1
binds to Tat and activates transcription from HIV-1 LTR (Gar-
ber et al., 1998). Nevertheless, triple-transduction of mouse cells
with human CD4, CXCR4, and CycT1 was insufficient to induce

productive viral infection (Bieniasz and Cullen, 2000). Additional
barriers have been reported in the late stages of the viral life cycle
(Mariani et al., 2000; Keppler et al., 2001; Koito et al., 2003a,b;
Nagai-Fukataki et al., 2011). CRM1, a nuclear export factor that
functions in association with Rev, has been suggested to be one
of the late-phase factors important for the export of unspliced
full-length viral genome from the nucleus (Zheng et al., 2003).
Further studies are necessary to identify host cellular factors that
are necessary for virus replication in humans but defective in
mouse cells in order to establish small animal models of HIV-1
infection.

TRIM5α, ONE OF THE SPECIES-SPECIFIC BARRIERS TO HIV-1
IN MONKEYS
Amino acid sequences of CD4, CXCR4, CCR5, CycT1, and CRM1
in Old World monkeys (OWMs) are almost identical to those of
the human orthologs, while New World monkeys, such as com-
mon marmosets and squirrel monkeys, have less functional CD4
and CCR5 receptors (LaBonte et al., 2002). Nevertheless, HIV-
1 fails to replicate in activated CD4+ T lymphocytes obtained
from OWM, such as the rhesus monkey (Rh; Macaca mulatta;
Shibata et al., 1995; Himathongkham and Luciw, 1996) and
cynomolgus monkey (CM; Macaca fascicularis; Akari et al., 1996,
1999). Several studies have suggested that the blockade of HIV-
1 replication in OWM cells occurs at a post-entry step (Shibata
et al., 1995; Himathongkham and Luciw, 1996; Chackerian et al.,
1997) and appears to result from a failure to initiate reverse
transcription (Himathongkham and Luciw, 1996). Importantly,
resistance against HIV-1 infection was shown to be dominant in
heterokaryons between human and OWM cells, suggesting the
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presence of inhibitory factor(s) against HIV-1 infection but not
for simian immunodeficiency virus (SIV) in OWM cells (Munk
et al., 2002).

In 2004, the screening of an Rh cDNA library identified
TRIM5α as a factor that confers resistance to HIV-1 infection
(Stremlau et al., 2004; Figures 1 and 2). Both Rh and CM TRIM5α

restrict HIV-1 infection but fail to restrict SIV isolated from a
macaque monkey (SIVmac; Stremlau et al., 2004; Nakayama and
Shioda, 2010). In contrast, human TRIM5α is almost powerless to
restrict the aforementioned viruses, but potently restricts N-tropic
murine leukemia viruses (N-MLV) and equine infectious anemia
virus (EIAV; Hatziioannou et al., 2004; Figure 3).

FIGURE 2 | Domains of rhesus monkey (Rh)TRIM5α andTRIMCyp

proteins. The RING, B-box2, Coiled-coil, PRYSPRY, or CypA domains of
Rh-TRIM5α andTRIMCyp are shown by squares. Polymorphisms are shown
outside the squares. The numbers in parentheses show the amino acid
positions counting from the initiation methionine codon of the CypA open
reading frame.

FIGURE 3 | Species-specific restriction byTRIM5α. “Yes” denotes
restriction. “Weak” denotes weak restriction. “No” denotes no restriction.
“N. D.” denotes no result has yet been published. SIVmac, simian
immunodeficiency virus isolated from a macaque (Ohkura et al., 2006).
SIVagm, simian immunodeficiency virus isolated from an African green
monkey (Song et al., 2005b). N-MLV, N-tropic murine leukemia virus
(Ohkura et al., 2006); B-MLV, B-tropic murine leukemia virus (Ohkura et al.,
2006). AGM, African green monkey (Nakayama et al., 2005; Kim et al.,
2011). Rhesus monkey (Stremlau et al., 2004; Ylinen et al., 2005; Ohkura
et al., 2006), cynomolgus monkey (Nakayama et al., 2005), and owl monkey
TRIMCyp (Nisole et al., 2004; Sayah et al., 2004) are also included.

TRIPARTITE MOTIF OF TRIM5α
TRIM5α is a member of the TRIM family of proteins, and con-
sists of RING, B-box 2, coiled-coil, and PRYSPRY (B30.2) domains
(Reymond et al., 2001; Figure 2). Proteins with the RING domains
possess E3 ubiquitin ligase activity (Jackson et al., 2000); therefore,
TRIM5α was thought to restrict HIV-1 by proteasome-dependent
pathways. However, a proteasome inhibitor MG132 did not rescue
HIV-1 infection from TRIM5α-mediated restriction, even though
the levels of HIV-1 late reverse-transcription products were recov-
ered (Anderson et al., 2006; Wu et al., 2006; Maegawa et al.,
2010). TRIM5α is thus thought to use both proteasome-dependent
and -independent pathways to restrict HIV-1. The distinct mol-
ecular mechanism of the proteasome-independent pathway has
yet to be elucidated. It was shown that incubation of an artifi-
cially constructed HIV-1 core structure composed of the capsid–
nucleocapsid (CA–NC) fusion protein with the chimeric protein
containing the Rh-TRIM5α B-box 2, coiled-coil, and PRYSPRY
domains and the RING domain of TRIM21 (TRIM5-21R) caused
apparent breaks in the CA structure without any other cellular
components (Langelier et al., 2008; Zhao et al., 2011). It is there-
fore likely that direct binding of Rh-TRIM5α proteins to incoming
HIV-1 CA proteins causes CA disassembly, which is observed as
proteasome-independent restriction.

The intact B-box 2 domain is also required for TRIM5α-
mediated antiviral activity, as TRIM5α restrictive activity is dimin-
ished by several amino acid substitutions in the B-box 2 domain
(Javanbakht et al., 2005). TRIM5α has been shown to form a dimer
(Kar et al., 2008; Langelier et al., 2008), while the B-box 2 domain
mediates higher-order self-association of Rh-TRIM5α oligomers
(Li and Sodroski, 2008; Diaz-Griffero et al., 2009). The coiled-coil
domain of TRIM5α is important for the formation of homo-
oligomers (Mische et al., 2005), and the homo-oligomerization of
TRIM5α is essential for antiviral activity (Javanbakht et al., 2006;
Nakayama et al., 2006).

PRYSPRY DOMAIN OF TRIM5α, A DETERMINANT OF
SPECIES-SPECIFIC RESTRICTION OF VIRUSES
The PRYSPRY domain is specific for the α-isoform among at
least three splicing variants transcribed from the TRIM5 gene.
Soon after the identification of TRIM5α as a restriction factor
of Rh, several studies found that differences in the amino acid
sequences of the variable region 1 (V1) of TRIM5α PRYSPRY
domain of different monkey species affect the species-specific
restriction of retrovirus infection (Nakayama et al., 2005; Perez-
Caballero et al., 2005; Sawyer et al., 2005; Stremlau et al., 2005;
Yap et al., 2005; Ohkura et al., 2006; Perron et al., 2006; Kono
et al., 2008, 2009). The PPYSPRY domain is thought to rec-
ognize viral cores, as TRIM5α lacking this domain does not
show antiviral activity. Overexpression of truncated TRIM5α lack-
ing the PRYSPRY domain shows a dominant negative effect on
antiviral activity of full-length TRIM5α (Berthoux et al., 2005;
Nakayama et al., 2006). Biochemical studies have shown that
TRIM5α associates with CA in detergent-stripped N-MLV viri-
ons (Sebastian and Luban, 2005) or with an artificially constituted
HIV-1 core structure composed of the CA–NC fusion protein in
a PRYSPRY domain-dependent manner (Stremlau et al., 2006).
Although the precise three-dimensional crystal structure of the
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PRYSPRY domain has not been resolved, TRIM5-21R assembled
and formed two-dimensional paracrystalline hexagonal arrays
in vitro (Ganser-Pornillos et al., 2011). This assembly required
RING and B-box 2 domains but was independent of the PRYSPRY
domain. However, the hexagonal lattices of HIV-1 CA that mimic
the surface of core act as template for stabilization of TRIM5-
21R arrays in a PRYSPRY-dependent manner (Ganser-Pornillos
et al., 2011). As the interaction between individual CA monomers
and TRIM5α is very weak, CA recognition by TRIM5α is thought
to be a synergistic combination of direct binding interactions
with the PRYSPRY domain, higher-order assembly of TRIM5α,
template-based assembly, and lattice complementarity.

VARIABLE SUSCEPTIBILITY OF SIMIAN
IMMUNODEFICIENCY VIRUSES AMONG MONKEY SPECIES
Simian immunodeficiency virus isolated from sooty mangabey
(SIVsm) and SIV isolated from African green monkey (SIVagm)
replicate in their natural hosts (VandeWoude and Apetrei, 2006)
and CD4+ human cells. SIVmac evolved from SIVsm in cap-
tive macaques, and replicates efficiently in Rh (Shibata et al.,
1995; Himathongkham and Luciw, 1996) and CM (Akari et al.,
1996, 1999) as well as in human CD4+ cells but not in African
green monkey (AGM) cells. We found that a 37-amino acid
residue region including a 20-amino acid duplication in the V1 of
AGM TRIM5α determined species-specific restriction against SIV-
mac239 (Nakayama et al., 2005). However, AGM TRIM5α failed to
restrict SIVagm, which naturally infects AGM, while Rh-TRIM5α

can restrict SIVagm infection (Song et al., 2005b; Figure 3).
In contrast to HIV-1, AGM TRIM5α restricted SIVmac239

mainly in a proteasome-dependent manner, as SIVmac239
escaped completely from attacks by RING mutants of TRIM5α

that could still moderately restrict HIV-1 infection. Kim et al.

reported that AGM TRIM5α derived from Chlorocebus tantalus
but not Chlorocebus pygerythrus subspecies of AGM restrict SIV-
mac239, while both potently restrict HIV-1 (Figure 3). Both AGM
TRIM5α share the 20-amino acid duplication but a C. pygery-
thrus-specific leucine residue at the 34th position within the RING
domain compromised the ability of C. pygerythrus AGM TRIM5α

to restrict SIVmac239 infection (Kim et al., 2011). This result is
consistent with the observation of RING-proteasome dependency
of SIVmac239 restriction by TRIM5α.

Human immunodeficiency virus type 2 (HIV-2) is assumed to
have originated from SIVsm as a result of zoonotic events involv-
ing monkeys and humans (Hahn et al., 2000). Previous studies
have shown that HIV-2 strains vary widely in their ability to grow
in cells of OWM, such as baboons, Rh, and CM (Castro et al., 1990,
1991; Locher et al., 1998, 2003; Fujita et al., 2003). By testing CM
and Rh recombinant TRIM5α, three amino acid residues of TFP
at the 339th to 341st positions of Rh-TRIM5α V1 were shown to
be indispensable for restricting particular HIV-2 strains that are
still resistant to CM TRIM5α bearing a single Q instead of TFP
at the 339th to 341st positions (Kono et al., 2008; Figure 4). The
TFP motif is also critical to restrict SIVsm (Kirmaier et al., 2010).
Baboon and sooty mangabey (SM) TRIM5α bearing SFP at the
339th to 341st positions can potently restrict HIV-1, only weakly
restrict HIV-2, and failed to restrict SIVmac239 (Newman et al.,
2006; Kono et al., 2008, 2009).

VIRAL DETERMINANT OF SENSITIVITY TO MONKEY TRIM5α
Tripartite motif 5α is thought to recognize viral cores through its
PRYSPRY domain. To determine the region in viral CA that inter-
acts with TRIM5α, we focused on HIV-2, which closely resembles
SIVmac (Hahn et al., 2000). Sequence analysis showed that the
CM TRIM5α-sensitive viruses had proline (P) at the 119th or

FIGURE 4 | HIV-2/SIV capsid sequence variations and restriction patterns

of rhesus (Rh) and cynomolgus monkey (CM)TRIM5α/TRIMCyp alleles.

“Yes” denotes restriction. “Weak” denotes weak restriction. “No” denotes
no restriction. “N. D.” denotes no result has yet been published. The unique
QQ sequence at the 89th–90th positions of SIVmac, which is critical for
escape from Rh TRIMCyp, RhCypA (Kirmaier et al., 2010), is shown in red.
Arginine 97 at the base of the loop between helices 4 and 5, which is

important to escape from TFP alleles of Rh-TRIM5α, RhTFP (Kirmaier et al.,
2010), is shown in blue. The glutamine and alanine residues at position 120 of
GH123 or analogous positions of other HIV-2 strains, which is critical for
resistance against Q alleles of Rh-TRIM5α, RhQ (Kirmaier et al., 2010) and CM
TRM5α (Song et al., 2007; Kono et al., 2008), are shown in green. CMCypA(NE)

and CMCypA(DK) denote the minor and major alleles of CM TRIMCyp,
respectively.
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120th position of CA, while the CM TRIM5α-resistant viruses
had alanine (A), glutamine (Q), or glycine (G) at the same posi-
tion (Figure 4). Replacing the proline of a CM TRIM5α-sensitive
HIV-2 molecular clone with A, Q, or G changed the phenotype
from sensitive to resistant and the mutant viruses replicated well
in the presence of CM TRIM5α. The reverse was observed when
the glutamine of a resistant SIVmac molecular clone was replaced
with proline (Song et al., 2007; Miyamoto et al., 2011). The 119th
or 120th position is located in a loop between α-helices 6 and 7
(L6/7; Figure 5).

In the case of Rh-TRIM5α,Ylinen et al. replaced a loop between
α-helices 4 and 5 (L4/5) of SIVmac239 CA with that of HIV-2 in
the SIVmac239 background and found that the resultant mutant
virus showed impaired growth ability in Rh cells compared with
the parental SIVmac239. However, the reciprocal virus with SIV-
mac239 CA L4/5 in the HIV-2 background did not gain resistance
against Rh-TRIM5α, suggesting that Rh-TRIM5α interacts mainly
with L4/5 but other portion(s) of HIV-2 CA are also involved (Yli-
nen et al., 2005). Lin and Emerman (2008) also reported that
SIVagm with HIV-1 L4/5 and L6/7 was susceptible to Rh-TRIM5α

restriction. In fact, we found that the 120th amino acid of HIV-2
CA, the determinant of CM TRIM5α sensitivity, also contributes to
Rh-TRIM5α susceptibility (Kono et al., 2010). Furthermore, stud-
ies on chimeric viruses between Rh-TRIM5α-sensitive HIV-2 and
Rh-TRIM5α-resistant SIVmac239 revealed that multiple regions
including L4/5 in the N-terminal half of SIVmac239 CA contribute
to evasion of SIVmac239 from Rh-TRIM5α (Kono et al., 2010;
Figure 5).

FIGURE 5 | Structure of the N-terminal half of HIV-2 capsid monomer.

The ribbons represent the backbone of HIV-2 capsid proteins, and seven
α-helices are labeled. The positions important in Rh-TRIM5α recognition are
highlighted as N-termini (the 5th to 13th amino acid residues) in purple, the
loop between α-helices 4 and 5 (L4/5) in green, the 109th T in blue, the
111th E in orange, and the 120th P in red.

To elucidate further details regarding the structure of CA rec-
ognized by TRIM5α, we generated mutant HIV-2 viruses each
carrying 1 of 20 amino acid residues at position 120, and examined
their susceptibilities to CM TRIM5α-mediated restriction. Amino
acid residues with hydrophobic side chains or aromatic rings were
associated with sensitivity to CM TRIM5α, while those with small
side chains or amide groups conferred resistance (Miyamoto et al.,
2011). Computer-assisted three-dimensional models showed that
the mutations at the 120th position in L6/7 affected the confor-
mation of the neighboring loop L4/5 by a hydrogen bond between
aspartic acid 97 in L4/5 and arginine 119 in L6/7 (Figure 6).

Taken together, these observations suggested that TRIM5α rec-
ognized the overall outer surface of the N-terminal half of viral CA
including L4/5 and L6/7. To determine further details regarding
the interaction between CA and TRIM5α, biochemical and struc-
tural analyses of the PRYSPRY domain, especially the V1 loop
bound with CA, are required. In contrast to SIV/HIV-2, the L4/5
loop of HIV-1 also binds cyclophilin A (CypA). It is not yet clear
whether monkey TRIM5α does or does not recognize HIV-1 CA
with endogenous CypA.

INTRASPECIES GENETIC VARIATION OF THE Rh-TRIM5 GENE
The TRIM5 gene varies considerably among primate species
(Sawyer et al., 2005; Song et al., 2005a; Newman et al., 2006).
It is not surprising that the PRYSPRY domain is highly variable
as TRIM5α interacts with the retroviral core through this region,
as described above, and the main pressure for positive selection
may be endogenous retroviruses (Kaiser et al., 2007). Interestingly,
there is a 339TFP341-to-Q polymorphism in Rh-TRIM5α (New-
man et al., 2006; Figure 2), which reduces its anti-HIV-2 activity
(Kono et al., 2008). Newman et al. (2006) grouped Rh-TRIM5α

into six alleles (Mamu-1 to -6) including rare alleles Mamu-2 and
Mamu-6. Wilson et al. (2008a) showed that Mamu-1 and -3 alleles
restrict HIV-1, HIV-2, EIAV, and feline immunodeficiency virus
(FIV), but not N-MLV, B-MLV, or SIVmac239, while Mamu-4 and
-5 alleles restrict HIV-1, EIAV, and FIV but not HIV-2, N-MLV,
B-MLV, or SIVmac239 using a TRIM5α-transduced cat cell line
(CRFK).

Lim et al. independently reported 11 Rh-TRIM5α alleles in
which alleles 1–5 contained 339TFP341. Remaining alleles 6–11
contained 339Q. They established B-lymphoblastoid cell lines
(B-LCLs) from Rh and used these B-LCLs for infection with
VSV-G pseudo-typed GFP-expressing viruses. They found more
GFP-positive cells in B-LCLs with Rh-TRIM5α Q allele than in B-
LCLs with Rh TFP allele infected with SIVmac239-, HIV-1-, and
SIVsmE543-based GFP-expressing viruses. It should be noted that
the anti-HIV-1 activity of the Rh-TRIM5α Q allele is significantly
stronger than the anti-SIVmac239 and SIVsmE543 activities of
the Rh-TRIM5α TFP allele (Lim et al., 2010b). Lim et al. (2010a,b)
retrospectively analyzed plasma viral load of Rh after SIVmac251
challenge by intravenous route and found that Rh with the Q allele
was associated with higher levels of plasma viral RNA at the time
when the levels of viral RNA stabilized after a period of acute
infection (0.6 log median difference at 70 days after infection),
more rapid loss of central memory CD4+ T cells, and higher rate
of progression to AIDS. These results were consistent with their
own in vitro observations described above.
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FIGURE 6 |The hydrogen bond between two external loops of HIV-2

capsid. The structures of the N-terminal domain of GH123 are shown, and
seven color-coded α-helices are labeled. Blue and red wireframes denote side

chains of glutamic acid at the 97th (D97) and arginine at the 119th (R119)
positions, respectively. Black lines indicate hydrogen bonds between D97 and
R119. Models are shown from two different angles.

On the other hand, Wilson et al. (2008a) failed to detect
anti-SIVmac239 activity of both Rh-TRIM5α Q and TFP alle-
les. Similarly, Kirmaier et al. (2010) detected virtually no anti-
SIVmac239 activity in both Rh-TRIM5α TFP and Q alleles
(Figure 4), although numbers of infected cells in Mamu-4 (Rh-
TRIM5α Q allele) are slightly higher than those in Mamu-1
(Rh-TRIM5α TFP allele). In contrast, Kirmaier et al. (2010)
reported that the Rh-TRIM5α TFP allele restricted SIVsmE543
and SIVsmE041, although the Rh-TRIM5α Q allele did not show
any anti-SIVsmE543 or anti-SIVsmE041 activity. SIVmac239 is
a molecular clone of a highly adapted, emergent virus of Rh,
generated in the 1980s by experimental passage of SIV-positive
plasma through several monkeys (Daniel et al., 1985). In con-
trast, SIVsmE041 is a primary isolate from SM and SIVsmE543
was cloned after experimental passage of SIVsm through two
Rh (Hirsch et al., 1997). SIVmac and SIVsm shared Q at
the 118th position of CA, corresponding to the 120th posi-
tion of GH123 (HIV-2), but SIVmac239 and SIVmac251 have
an R-to-S change at position 97 at the base of L4/5 of CA
that are critical for resistance against Rh-TRIM5α TFP allele
(Figure 4).

In the case of SIVsmE543 in vivo, Rh-TRIM5αTFP/TFP homozy-
gotes markedly diminished viral replication compared to Rh-
TRIM5αQ/Q homozygotes at peak (2 log reduction) and 8 weeks (3
log reduction) after intravenous or intrarectal infection, consistent
with the in vitro results (Kirmaier et al., 2010). It should be noted
that the suppression of SIVsmE543 by Rh-TRIM5α TFP is more
dramatic than that of SIVmac251. In low-dose repeated mucosal
challenge experiments, two groups reported similar results using
SIVsmE660, the CA sequence of which closely resembles that of
SIVsmE543 (Reynolds et al., 2011; Yeh et al., 2011). Several stud-
ies evaluated MHC class I and TRIM5 genotypes in SIV-infected
Rh, and concluded that TRIM5 genotype independently affected

plasma viral load and survival rate after SIV infection (Lim et al.,
2010a; Reynolds et al., 2011; Yeh et al., 2011). Taken together, these
observations indicate that it is necessary to perform TRIM5 geno-
typing of Rh when using SIVsm. It is also better to do so when
using SIVmac239 and SIVmac251, although Fenizia et al. (2011)
recently reported that there was no difference in SIVmac251 sus-
ceptibility among Rh with different TRIM5 genotypes in repeated
rectal challenge.

TRIM5 AND CypA FUSION PROTEIN IN NEW WORLD
MONKEY
Cells of the NWM, owl monkey (Aotus trivirgatus), are resistant to
HIV-1 infection. Treatment of owl monkey cells with cyclosporin
A, an inhibitor of CypA, allowed HIV-1 infection (Towers et al.,
2003). In 2004, soon after the discovery of TRIM5α, analysis of the
owl monkey TRIM5 gene identified a long interspersed nuclear
element (LINE)-1-mediated retrotransposition of CypA between
exons 7 and 8, resulting in expression of a fusion protein desig-
nated as TRIMCyp (Nisole et al., 2004; Sayah et al., 2004). Owl
monkey TRIMCyp contained the N-terminal half of TRIM5α,
RING, B-box 2, and coiled-coil, but the PRYSPRY domain was
replaced with CypA. As the CypA domain of owl monkey TRIM-
Cyp binds to L4/5 of HIV-1 CA, owl monkey TRIMCyp showed
similar antiviral activity to TRIM5α (Figure 3). The interaction
between HIV-1 CA and CypA can be inhibited by cyclosporine A.
This is a very interesting example of a gain-of-function by retro-
transposition. The owl monkey has been shown to express only
TRIMCyp, and not TRIM5α.

TRIMCyp IN OWMs
The expression of TRIMCyp was thought to be an anomaly unique
to owl monkeys, but in 2008 another CypA insertion was found
in several species of OWMs belonging to the Genus Macaca, Rh,
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CM, and the pig-tailed monkey (PM; Macaca nemestrina; Brennan
et al., 2008; Newman et al., 2008; Virgen et al., 2008; Wilson et al.,
2008b). It is reasonable to assume that the retrotransposition event
occurred in the common ancestor of these three macaques. Inser-
tion of the CypA gene was at the 3′ end of the TRIM5 gene, which
is different from the owl monkey, indicating that CypA retrotrans-
position into the TRIM5 gene in OWMs occurred independently
from that in owl monkeys. A G-to-T transversion linked with CypA
insertion altering the canonical splicing acceptor of TRIM5 exon
7 caused alternative splicing (Brennan et al., 2008). The resul-
tant mRNA lacks exons 7 and 8, and the PRYSPRY domain is
replaced with CypA. In PM, TRIM5α mRNA is absent. Instead,
TRIM5 isoforms TRIM5θ and TRIM5η were detected. These iso-
forms are splicing variants of the TRIMCyp (Brennan et al., 2008).
TRIM5θ is truncated at the N-terminus of the PRYSPRY domain
and TRIM5η lacks nine amino acid residues encoded by exon 7
(Brennan et al., 2007). PM TRIMCyp restricted HIV-2 but not
HIV-1 infection (Liao et al., 2007; Brennan et al., 2008).

In Rh, the allele frequency of TRIMCyp (Mamu-7 ) was 25%
in an Indian population but TRIMCyp was completely absent
from a Chinese population (Wilson et al., 2008b). Rh TRIMCyp
restricted HIV-2 but not HIV-1 infection (Wilson et al., 2008b).
In CM, Brennan et al. (2008) initially reported that the amino
acid residue at position 357 of CM TRIMCyp, corresponding to
position 54 counting from the methionine of CypA, was arginine
(R), and CM TRIMCyp with R at this position failed to restrict
HIV-1. Subsequently, Ylinen et al. (2010) reported another allele
of CM TRIMCyp encoding histidine (H) at this position (Mafa
TRIMCyp2) and Mafa TRIMCyp2 protein potently restricted HIV-
1 but not HIV-2. Recently, Dietrich et al. (2011) examined 15
CMs from Indonesia, Indochina, Mauritius, and the Philippines
carrying TRIMCyp, and did not find R at this position. We also
examined 64 CMs from Malaysia, the Philippines, and Indone-
sia carrying TRIMCyp (34 heterozygotes and 30 homozygotes for
TRIMCyp), and found that none of these 94 TRIMCyp genes car-
ried R at this position (Saito et al., 2011a). On the other hand, both
Dietrich et al. and our group found that TRIMCyp frequency in
CM was apparently higher than that in Rh. TRIMCyp frequency
tended to be higher in eastern Asia than in western Asia. Dietrich
et al. and our group also found major and minor haplotypes of
CM TRIMCyp with single nucleotide polymorphisms in the CypA
domain. The major haplotype of CM TRIMCyp bears aspartic acid
(D) and lysine (K) at positions 369 and 446, respectively (Bren-
nan et al., 2008; Ylinen et al., 2010). The minor haplotype encodes
asparagine (N) and glutamic acid (E) at positions 369 and 446,
respectively (Dietrich et al., 2011; Saito et al., 2011a). N369 and
E446 were also found in PM and Rh TRIMCyps, and the CypA por-
tion of the NE haplotype of CM TRIMCyp has the same amino
acid sequence as that of Rh TRIMCyp. The major CM haplotype of
the TRIMCyp suppressed HIV-1 but not HIV-2, while the minor
haplotype of TRIMCyp suppressed HIV-2 but not HIV-1 as PM
and Rh TRIMCyp did (Saito et al., 2011a; Figure 4).

The original CypA sequence retrotransposed into the macaque
TRIM5 locus must have been the authentic macaque CypA. There
are two or three amino acid differences between authentic CypA
and the CypA portion of TRIMCyp in Rh, CM, and PM, and

TRIMCyp with the authentic CypA sequence has been shown to
restrict HIV-1 but to only weakly restrict HIV-2 (Virgen et al.,
2008; Price et al., 2009). TRIMCyp from all three of these OWM
species share H at the 372nd position, corresponding to the 69th
position of CypA where the authentic macaque CypA has R. Rh
and PM TRIMCyps and the minor haplotype of CM TRIMCyp
share N at the 369th position (the 66th position in CypA), where
the authentic CypA and major haplotypes of CM TRIMCyp (Mafa
TRIMCyp2) have D. Structural analysis of CypA domain revealed
that these mutations caused drastic changes in configuration of
the active site loop (from the 64th amino acid residue to the 74th
residue in CypA) in Rh TRIMCyp, leading to a decreased bind-
ing affinity to HIV-1 CA but an increased affinity to HIV-2 CA
(Price et al., 2009). Therefore, these mutations enhanced antiviral
activity of TRIMCyp against HIV-2 but diminished anti-HIV-1
activity (Price et al., 2009). In the case of the major haplotype of
CM TRIMCyp, an additional E-to-K change at the 446th position
(the 143rd position in CypA) decreased affinity to HIV-2 CA by its
positive charge (Ylinen et al., 2010), and the D at the 369th position
(the 66th position in CypA) supported its anti-HIV-1 activity.

How did these interspecies and intraspecies variations occur in
TRIMCyp? It is reasonable to assume that the R-to-H mutation
at the 372nd position (R69H) together with the D-to-N mutation
at the 369th position (D66N), which enhanced antiviral activity
of TRIMCyp against HIV-2 but diminished anti-HIV-1 activity
(Price et al., 2009), arose early in a macaque common ancestor.
After the separation of CM from other species, an additional E-to-
K change at the 446th position (E143K) and the N-to-D reversion
at the 369th position (N66D) may also have occurred in the major
haplotype of CM TRIMCyp. Alternatively, polymorphisms at the
369th and 446th positions may have arisen early in a macaque com-
mon ancestor but only CM could transmit these polymorphisms
until the present. As described above, CM TRIM5α has Q at amino
acid position 339 (Nakayama et al., 2005), where Rh-TRIM5α has
a Q-to-TFP polymorphism (Newman et al., 2006; Figure 2). This
Q-to-TFP polymorphism in the PRYSPRY domain also altered
the spectrum of anti-lentiviral activity of TRIM5α (Kono et al.,
2008; Wilson et al., 2008a; Kirmaier et al., 2010; Lim et al., 2010b;
Figure 4). Therefore, it is tempting to speculate that the selection
pressure in CM drove amplification and diversification in TRIM-
Cyp, while that in Rh drove diversification of the PRYSPRY domain
of TRIM5α. It will be of interest to examine what retroviruses have
driven the evolution of TRIMCyp and TRIM5 genes (Figure 7).

With respect to SIV infection, Rh TRIMCyp failed to restrict
SIVmac239 (Brennan et al., 2008; Wilson et al., 2008b; Kirmaier
et al., 2010) but could restrict SIVsm (Kirmaier et al., 2010). The
unique LPA-to-QQ change at positions 89–91 in L4/5 of SIVmac
was critical for escape from Rh TRIMCyp (Figure 4). Rh heterozy-
gous for the TFP allele of TRIM5α and TRIMCyp suppressed viral
infection of both SIVsmE543 (Kirmaier et al., 2010) and SIVsm660
(Reynolds et al., 2011) more efficiently than Rh homozygous for
either TRIMCyp or TRIM5α. It is possible that Rh heterozygous
for the TFP allele of TRIM5α and TRIMCyp express two different
molecules that bind distinct regions of CA and eliminate incom-
ing virus more effectively than Rh with TRIM5 molecules targeting
only one region of CA.
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FIGURE 7 | Diversity of Rh and CMTRIM5 genes. The RING, B-box2, Coiled-coil, and PRYSPRY domains of TRIM5α and TRIMCyp are shown by squares.
CypA domains in TRIMCyp are shown as filled squares. Major alleles in Rh and CM are shown in bold lines. Polymorphisms are shown outside the squares.

OTHER RESTRICTION FACTORS AND DEVELOPMENT OF
MONKEY-TROPIC HIV-1
To establish a monkey model for the study of HIV-1/AIDS,
Kamada et al. (2006) developed an HIV-1 strain with minimal
segments of SIVmac239. This virus (NL-ScaVR and DT5R) con-
tains the L4/5 of CA and the entire vif segment of SIVmac239,
and was designed to escape restriction mediated by ApoB mRNA
editing catalytic subunit (APOBEC) 3G and CypA in OWM cells.
APOBEC3G modifies the minus strand viral DNA during reverse
transcription, resulting in impairment of viral replication (Sheehy
et al., 2002; Harris et al., 2003; Mangeat et al., 2003), but this activ-
ity could be counteracted by the viral Vif protein (Mariani et al.,
2003; Marin et al., 2003; Sheehy et al., 2003). Although HIV-1
Vif can potently suppress human APOBEC3G, it is not effective
against Rh APOBEC3G, which at least partly explains the restric-
tion of HIV-1 replication in monkey cells. CypA binds directly
to L4/5 of HIV-1 CA but not to SIVmac CA and augments HIV-
1 infection in human cells but inhibits its replication in OWM
cells (Kootstra et al., 2003; Berthoux et al., 2004; Nakayama et al.,
2008). Although DT5R could replicate in PM primary CD4+ T
cells as well as in the CM T cell line HSC-F but not in Rh cells
(Kamada et al., 2006), inoculation of this monkey-tropic HIV-1
(HIV-1mt) into PM did not cause CD4+ T cell depletion or any
clinical symptoms (Igarashi et al., 2007), probably due to ineffi-
cient viral growth in monkeys. In the case of CM, replacement of
L6/7 of HIV-1 with that of SIVmac239 greatly enhanced viral repli-
cation in PBMC (Kuroishi et al., 2009, 2010) and in animals (Saito
et al., 2011b). However, the virus could not escape completely from
CM TRIM5α (Kuroishi et al., 2010). Another HIV-1mt carrying
202 amino acid residues of SIVmac239 CA and vif, generated by

Hatziioannou et al. (2006), could replicate efficiently in Rh cells,
confirming that the N-terminal half of CA is required to be that
of SIVmac to escape from Rh-TRIM5α. Unfortunately, this virus
has replaced nearly all of CA sequence with that of SIVmac239
and has lost important CTL epitopes of HIV-1, and thus further
improvement is required to use Rh as an HIV-1 infection model.
H87Q and/or V86M mutations induced by adaptation of HIV-1
to the cells expressing Rh-TRIM5α (Pacheco et al., 2010) would
be useful. In contrast, lack of functional TRIM5α expression in
PM enabled Hatziioannou et al. (2009) to construct an HIV-1mt
strain that differs from HIV-1 only in the vif gene and can effi-
ciently replicate in PM. This is the most promising HIV-1/monkey
model at present, if PMs are available in sufficient numbers for
research.

Other host factors capable of suppressing HIV-1 replication
were recently identified (Figure 1). One is tetherin (also know
as BST2 or CD317; Neil et al., 2008; Van Damme et al., 2008).
BST2 is an interferon-inducible membrane protein that interferes
with the detachment of virus particles from infected cells. HIV-
1 overcomes this restriction by expressing an accessory protein,
Vpu, which counteracts BST2. BST2 restriction is also counter-
acted by primate lentiviruses that do not express a Vpu pro-
tein. Anti-BST2 functions are provided by the Env protein in
HIV-2 and SIVtan (Gupta et al., 2009) or the Nef protein in
SIVsm/mac and SIVagm (Jia et al., 2009; Zhang et al., 2009).
As chimeric virus containing the tat, rev, vpu, and env of the
HXB2 strain of HIV-1 in the genetic background of SIVmac239
is pathogenic in Rh and PM (Joag et al., 1996), BST2 in mon-
keys can be canceled by HIV-1 Vpu. Another recently identified
host factor is SAMHD1 as dendritic and myeloid-cell-specific
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HIV-1 restriction factor counteracted by HIV-2/SIV Vpx (Laguette
et al., 2011; Yeh et al., 2011). As HIV-1 lacks Vpx, it is
necessary to elucidate whether monkey SAMHD1 restricts
HIV-1.
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Current human immunodeficiency virus type 1 pandemic is believed to originate from cross-
species transmission of simian immunodeficiency virus (SIV) into human population. Such
cross-species transmission, however, is not efficient in general, because viral replication is
modulated by host cell factors, with the species-specificity of these factors affecting viral
tropism. An understanding of those host cell factors that affect viral replication contributes
to elucidation of the mechanism for determination of viral tropism.This review will focus an
anti-viral effect of ApoB mRNA editing catalytic subunit, tripartite motif protein 5 alpha, and
cyclophilins on SIV replication and provide insight into the mechanism of species-specific
barriers against viral infection in human cells. It will then present our current understanding
of the mechanism that may explain zoonotic transmission of retroviruses.

Keywords: HIV-1, SIV, APOBEC3G,TRIM5α, cyclophilin A, cyclophilin B

INTRODUCTION
There is significant evidence that the ongoing worldwide acquired
immunodeficiency syndrome (AIDS) epidemic was caused by
cross-species transmission of simian immunodeficiency viruses
(SIVs) into the human population. Replication of primate
lentiviruses in their natural hosts is generally non-pathogenic;
however, cross-species transmission of these viruses can result
in highly pathogenic phenotypes. How and when this transmis-
sion occurred is still debated but it is now generally accepted that
HIV-2 originated from a sooty mangabeys strain of SIV (SIVsm;
Hirsch et al., 1989; Chen et al., 1996) while HIV-1 appears to
have originated from a chimpanzee strain of SIV (SIVcpz; Gao
et al., 1999). Zoonotic transmission of SIVs, however, is not
common and is controlled by host factors that generally pro-
hibit SIV replication in human hosts and many human-derived
cell lines.

Viral replication is modulated by host cell factors, with the
species-specificity of these factors affecting viral tropism. Some of
these host factors can restrict viral replication and the anti-viral
systems mediated by such host restriction factors, termed intrinsic
immunity, play an important role in determining species-specific
barriers against viral infection. For instance, Fv-1 in mice is known
to restrict replication of a murine leukemia virus (Rein et al., 1976;
Gautsch et al., 1978; Towers et al., 2000) and tripartite interaction
motif 5α (TRIM5α) recently has been found to be responsible
for restricting HIV-1 but not SIV infection in Old World monkey
(OWM) cells (Hatziioannou et al., 2004b; Keckesova et al., 2004;
Stremlau et al., 2004; Yap et al., 2004; Song et al., 2005; Ylinen et al.,
2005). Restriction of retroviral replication by these host cell fac-
tors takes place after viral entry, but before the integration step,
and the viral determinants for this type of restriction have been
mapped to the capsid (CA) protein (Gautsch et al., 1978; Kozak
and Chakraborti, 1996; Towers et al., 2000; Goff, 2004; Stremlau
et al., 2006). Two recent studies showed that the cellular protein
SAMHD1 is myeloid-lineage cell-specific HIV-1 restriction factor

counteracted by Vpx proteins from HIV-2 and SIVsm (Hrecka
et al., 2011; Laguette et al., 2011). Restriction of lentivirus infec-
tion by SAMHD1 is likely to take place at the reverse transcription
step. Another anti-retroviral protein, tetherin (also referred to as
BST-2, CD317, or HM1.24) inhibits retrovirus release and is antag-
onized by HIV-1 Vpu protein, Nef protein of many SIVs, or Env
protein of HIV-2 (Neil et al., 2008; Le Tortorec and Neil, 2009;
Zhang et al., 2009). Understanding how host cell factors affect
viral replication, positively or negatively, would contribute to elu-
cidating the molecular mechanism that determines viral tropism.
Here, we discuss an anti-viral effect of ApoB mRNA editing cat-
alytic subunit (APOBEC), TRIM5α, and cyclophilins (Cyps) on
SIV replication.

APOBEC: ENZYMATIC RESTRICTION FACTOR THAT
TARGET RETROVIRUSES
Replication of HIV-1 in primary CD4+ T cells, monocyte, and
some immortalized T cell lines depends on the presence of the
HIV-1 accessory gene product, Vif (standing for virus infectiv-
ity factor; Fisher et al., 1987; Strebel et al., 1987), and it works
in a host cell-specific manner. Vif is required for enhanced HIV-
1 replication in some cell types called non-permissive cells. In
contrast, HIV-1 replication is Vif-independent in permissive cells
(Akari et al., 1992; Fan and Peden, 1992; Gabuzda et al., 1992;
Blanc et al., 1993; Sakai et al., 1993; von Schwedler et al., 1993;
Borman et al., 1995). Recently, some cytidine deaminases were
identified as a new class of host restriction factors that target retro-
viruses such as HIV-1 or SIV (Harris and Liddament, 2004; Cullen,
2006). APOBEC3G (Apo3G), a member of the APOBEC family of
cytidine deaminases, is the first identified enzymatic restriction
factor and the determinant that makes cells permissive or non-
permissive. Apo3G is also a host factor that restricts replication
of human and simian lentiviruses in their respective target cells.
Unlike TRIM5α or Fv-1, Apo3G does not exert its anti-viral activ-
ity by targeting the viral CA protein, but it has to be incorporated
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into a newly synthesized virion during a production step, and then
inhibits virus replication by targeting single-stranded viral cDNA
during a subsequent infection step. HIV-1 counteracts Apo3G with
Vif expression. During the production of progeny virions, Vif
binds to Apo3G and induces Apo3G’s proteasomal degradation,
resulting in the decreased steady-state levels of human Apo3G
(hApo3G; Yu et al., 2003).

There are several anti-retroviral mechanisms of Apo3G against
HIV-1 infection. First, Apo3G-containing virus can accumulate
in a large number of substitutions that register as cytidine (C) to
deoxyuridine (dU) in a virus minus-strand during reverse tran-
scription, resulting guanine (G) to adenine (A) mutations in a
viral plus-strand, known as “G-to-A hypermutation” (Harris et al.,
2003; Lecossier et al., 2003; Mangeat et al., 2003; Mariani et al.,
2003; Zhang et al., 2003; Yu et al., 2004b). Second, Apo3G can
inhibit tRNA annealing or tRNA processing during reverse tran-
scription (Guo et al., 2006, 2007; Mbisa et al., 2007). Third, Apo3G
inhibits DNA strand transfer or integration (Li et al., 2007; Luo
et al., 2007; Mbisa et al., 2007). Although Apo3G has the most
potent anti-HIV-1 activity among the APOBEC family of proteins,
another member of the family, APOBEC3F (Apo3F) was shown to
inhibit HIV-1 infection in the absence of Vif (Bishop et al., 2004a;
Liddament et al., 2004; Wiegand et al., 2004; Zheng et al., 2004),
whereas APOBEC3B (Apo3B) can inhibit HIV-1 infection in both
the presence and absence of Vif (Bishop et al., 2004a; Doehle et al.,
2005; Rose et al., 2005).

Although we can imagine the broad range of anti-retroviral
activity of APOBEC family because APOBEC proteins from
non-human species can also inhibit HIV-1 infection (Mari-
ani et al., 2003; Bishop et al., 2004a,b; Wiegand et al., 2004;
Cullen, 2006), the Vif-Apo3G interaction is thought to be
species-specific (Simon et al., 1998; Mariani et al., 2003). Accord-
ingly, hApo3G is insensitive to SIVagm Vif while African green
monkey Apo3G (agmApo3G) is insensitive to HIV-1 Vif and
the determinant of this species-specificity depends on amino
acid 128 of hApo3G and agmApo3G (Mariani et al., 2003; Bogerd
et al., 2004; Mangeat et al., 2004; Schrofelbauer et al., 2004; Xu
et al., 2004).

However, such species-specificity is not strictly controlled,
for example, a report from the laboratory of Klaus Strebel
demonstrated that SIVagm Vif supported replication of SIVagm
virus in the hApo3G-positive human A3.01 T cell line (Takeuchi
et al., 2005). Replication of vif-defective SIVagm in A3.01 cells
was severely restricted, resulted in an accumulation of cyti-
dine deaminase-induced G-to-A mutations in SIVagm genome
(Takeuchi et al., 2005).

Moreover, two independent groups showed that the differ-
ent APOBEC3 family members function to neutralize specific
lentiviruses (Yu et al., 2004a; Dang et al., 2006). One report from
the lab of Dr. Nathaniel R. Landau showed that APOBEC3B and
APOBEC3C were potent inhibitors of SIV (Yu et al., 2004a). Both
enzymes were efficiently encapsidated by HIV-1 and SIV. Another
report from the lab of Dr. Yong-Hui Zheng demonstrated that
APOBEC3DE blocked the replication of both HIV-1 and SIV but
not that of MLV (Dang et al., 2006) and APOBEC3H inhibited
the replication of HIV-1 by a cytidine deamination-independent
mechanism (Dang et al., 2008). These findings raise the possibility

that the various APOBEC3 family members protect against dif-
ferent lentiviruses and point to a possible role in the zoonotic
transmission of SIV.

TRIM5α: FV-1-TYPE HOST FACTOR RESTRICTING
HIV-1 IN PRIMATE CELLS
The host protein which dictates Ref1 activity was identified as an
α-isoform of rhesus macaque TRIM5 protein by the laboratory
of Dr. Joseph Sodroski (Stremlau et al., 2004). TRIM5 is a mem-
ber of the TRIM family of proteins, and has RING, B-box 2, and
coiled-coil as common and conserved domains among the family
and B30.2 (PRYSPRY) domain on its C-terminal region (Nisole
et al., 2005). Subsequently, the human and non-human primate
homologs of TRIM5α were shown to restrict retroviruses, such as
N-MLV, and equine infectious anemia virus (Hatziioannou et al.,
2004b; Keckesova et al., 2004; Perron et al., 2004; Yap et al., 2004;
Song et al., 2005; Ylinen et al., 2005; Si et al., 2006). Rhesus mon-
key TRIM5α (rhTRIM5α) has strong anti-HIV-1 activity but only
modestly restricts SIV isolated from a macaque monkey (SIVmac)
and does not block MLV infection, whereas its human homolog
does not restrict HIV-1 infection.

TRIM5α recognizes incoming viral cores, but not a monomeric
CA protein, thorough its B30.2 (PRYSPRY) domain. B-box 2 and
coiled-coil domains are required for TRIM5α multimerization,
and both coiled-coil and B30.2 (PRYSPRY) domains are essen-
tial for viral core binding (Reymond et al., 2001; Stremlau et al.,
2006). TRIM5α captures HIV-1 core at a very early step(s) after
infection, immediately after the release of the core into cyto-
plasm. To restrict HIV-1 infection and to recognize viral core,
TRIM5α must oligomerize through its B-box 2 and coiled-coil
domains (Mische et al., 2005; Li and Sodroski, 2008). Its RING
domain has E3 ubiquitin ligase activity. It self-ubiquitination
occurs TRIM5α is quickly degraded (Diaz-Griffero et al., 2006).
This rapid degradation of TRIM5α is not required for post-
entry restriction since replacement of TRIM5α RING domain
with the corresponding domain of TRIM21, which has lower
self-ubiquitination activity and a longer half-life than TRIM5α

did not alter the anti-viral activity (Kar et al., 2008). Recently,
the laboratory of Dr. Mark Yeager discussed a novel architecture
made with dimers of TRIM5-21R. TRIM5α-21R forms a dimer
through its B-box 2 and coiled-coil domains, and these dimers
form six-sided rings on CA lattices to promote rapid core disas-
sembly (Ganser-Pornillos et al., 2011). Overexpression of TRIM5α

leads to the formation of cytoplasmic bodies and is believed to
be required for its anti-viral activity (Stremlau et al., 2006; Camp-
bell et al., 2008). During TRIM5α-mediated post-entry restriction,
disassembly of viral cores is induced too quickly and the accumu-
lation of viral RT-products is reduced (Stremlau et al., 2006). On
the other hand, MG132 treatment inhibited quick-disassembly,
yet HIV-1 infectivity was still restricted. Two reports showed that
TRIM5α could block not only viral cDNA accumulation but also
the nuclear import of viral cDNA (Berthoux et al., 2004; Wu et al.,
2006). Thus, TRIM5α-mediated post-entry restriction is thought
to have at least two phases: (i) TRIM5α induces rapid disassembly
of viral core in a proteasome-dependent manner and (ii) TRIM5α

degrades HIV-1 cDNAs in a proteasome-independent manner.
The determinant of specificity and magnitude of the post-entry
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restriction lies on B30.2 (PRYSPRY) domain. Previous report
showed that TRIM5α alleles did not cluster by species between rhe-
sus macaques and sooty mangabeys and none of the alleles from
either species restricted SIV, suggesting that there is little effect
of rhTRIM5α on transmission of SIVsm within species (New-
man et al., 2006). Recently, Pacheco et al. (2010) reported that
New World monkey (NWM) TRIM5α restricts foamy virus infec-
tion. Another consideration is the clinical significance of TRIM5α

against AIDS in human. Moreover, several reports showed that
the efficacy of TRIM5α-mediated suppression of HIV-1 replica-
tion might interfere with disease progression of AIDS in humans
(van Manen et al., 2008; Cagliani et al., 2010; Takeuchi et al., 2012).
Thus, TRIM5α-mediated restriction may be a multi-step process
in retrovirus replication with the relationship between other host
factor(s).

Recently, the lab of Dr. Yasuhiro Ikeda reported that rhesus
macaque TRIM5α also inhibits HIV-1 production by inducing
the degradation of a viral precursor Gag protein (Sakuma et al.,
2007). To restrict HIV-1 production, amino acid residues in
B-box 2 and coiled-coil domains dictated the specificity of the
restriction. In the late restriction, the accumulation of HIV-1
RNA was not affected but the accumulation of precursor Gag
was inhibited in an ubiquitin–proteasome-independent man-
ner. This TRIM5α-mediated late-restriction is still controversial
(Zhang et al., 2008), yet it is conceivable that TRIM5α restricts
HIV-1 infection and production in two distinct mechanisms.
Although TRIM5α restricts HIV-1 infection in a broad range of
cells, its late restriction involved transient overexpression (Sakuma
et al., 2007).

Here is another notable class of the TRIM family called TRIM-
Cyp isolated from NWM. A report from the laboratory of Dr.
Jeremy Luban demonstrated that owl monkey cells express TRIM-
Cyp that restricts HIV-1 infection (Sayah et al., 2004). Although
TRIM-Cyp has a cyclophilin A (CypA) sequence in its C-terminal
region instead of B30.2 (PRYSPRY) domain that dictates the
specificity and the magnitude of post-entry restriction in OWM
TRIM5α-mediated post-entry restriction, it recognizes incoming
core structure and restricts HIV-1 infection (Stremlau et al., 2006).
Recently, TRIM-Cyp mRNA was also detected in a rhesus macaque
cell, and overexpressed rhesus TRIM-Cyp restricts HIV-1 infection
and production (Newman et al., 2006; Brennan et al., 2008; Wilson
et al., 2008; Dietrich et al., 2010).

Unlike other restriction factors, there is no known accessory
gene product of HIV-1 to antagonize TRIM5α-mediated restric-
tions. Indeed, human TRIM5α has only a modest restriction
activity against HIV-1 infection. TRIM5 proteins from several
NWM species restrict infection by SIVmac and SIVagm (Song
et al., 2005). This suggests that TRIM5α could be a key molecule
of the species-species barrier.

CYCLOPHILINS: HOST FACTORS INVOLVED IN
RETROVIRUS REPLICATION
Cyclophilins are ubiquitous proteins and first identified as the
target of cyclosporine A (CsA), an immunosuppressive reagent
(Takahashi et al., 1989). CypA has proline-isomerase activity that
catalyzes the cis–trans isomerization of proline residue (Fischer
et al., 1989). The binding of CsA to CypA inhibits this isomerase

activity (Takahashi et al., 1989). In retrovirus replication, CypA
was found to bind HIV-1 CA in the yeast two-hybrid system
(Luban et al., 1993). The sequence Ala88-Gly89-Pro90-Ile91 of
CA protein is the major fragment bound to the active site
of CypA (Franke et al., 1994; Gamble et al., 1996; Zhao et al.,
1997). Interestingly, The peptidyl-prolyl bond between Gly89
and Pro90 of the CA fragment has a trans conformation, in
contrast to the cis conformation observed in other known CypA–
peptide complexes (Zhao et al., 1997; Bosco et al., 2002), and
Gly89 preceding Pro90 has an unfavorable backbone formation
usually only adopted by glycine, suggesting that special Gly89-
Pro90 sequence but not other Gly-Pro motif is required for
the binding of CA protein to CypA. Therefore, CypA might be
likely to act as a molecular chaperone but not a cis–trans iso-
merase (Zhao et al., 1997). However, one report showed that
CypA does not only bind CA protein but also catalyzes effi-
ciently cis–trans isomerization of Gly89-Pro90 peptidyl-prolyl
bond (Bosco et al., 2002). The relationship between the Gly89-
Pro90 bond and catalysis of cis–trans isomerization by CypA
remains unclear.

It has been well established that CypA promotes an early step
of HIV-1 infection in human cells (Franke et al., 1994; Thali et al.,
1994; Braaten et al., 1996a,c; Franke and Luban, 1996; Braaten
and Luban, 2001; Sokolskaja et al., 2004; Hatziioannou et al.,
2005). CypA is efficiently encapsidated into HIV-1 produced
from infected cells through interaction with the CA domains
of the Gag polyprotein and disruption of CypA incorporation
into virions by CsA or HIV-1 Gag mutants caused a decrease
in replication efficiency (Franke et al., 1994; Thali et al., 1994;
Ott et al., 1995; Braaten et al., 1996a; Bukovsky et al., 1997; Ack-
erson et al., 1998; Braaten and Luban, 2001). It is still unclear
how CypA is efficiently packaged into HIV-1 virion, but several
reports showed that both dimerization of CA and multimer-
ization of CypA are required for efficient interaction (Colgan
et al., 1996; Javanbakht et al., 2007). Although CA-CypA inter-
action is required for infectivity, the important point is that
CypA interacts with incoming HIV-1 cores in newly infected
target cells rather than during HIV-1 budding from the virion
producer cells, indicating that target cell CypA promotes HIV-1
infectivity (Kootstra et al., 2003; Towers et al., 2003; Sokolskaja
et al., 2004).

CypA-dependent virus replication is only limited to retro-
viruses which encode CA that binds CypA. In fact, only those
retroviruses are dependent upon CypA for replication (Luban
et al., 1993; Franke et al., 1994; Thali et al., 1994; Braaten et al.,
1996c; Franke and Luban, 1996). These observations suggested
that CA–CypA interaction might contribute tropism determinants
for retroviruses. HIV-1 infection in non-human primate cells is
blocked prior to reverse transcription after virus entry (Shibata
et al., 1995; Himathongkham and Luciw, 1996; Hofmann et al.,
1999; Besnier et al., 2002; Cowan et al., 2002; Munk et al., 2002;
Hatziioannou et al., 2003; Towers et al., 2003). This restriction
is thought to be the same step in the retrovirus life cycle where
CypA works (Braaten et al., 1996b). Indeed, analysis of CypA-
binding region of CA with chimeric viruses of HIV-1 and SIV
showed the viral determinant for species-specificity (Shibata et al.,
1991, 1995; Dorfman and Gottlinger, 1996; Bukovsky et al., 1997;
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FIGURE 1 | A schema for the effect of CsA on HIV/SIV replication in

human/macaque cells. (A) CsA treatment impairs the replication of HIV-1
(left panel) but enhances SIV replication (right panel) in human cells. (B) CsA
treatment inhibits SIV replication in macaque cells. The solid line indicates
virion accumulation of culture supernatant in the absence of CsA and the
broken line indicates that of culture supernatant in the presence of CsA.

Cowan et al., 2002; Kootstra et al., 2003; Owens et al., 2003, 2004;
Towers et al., 2003; Berthoux et al., 2004; Hatziioannou et al.,
2004a, 2006; Ikeda et al., 2004; Sayah et al., 2004; Stremlau et al.,
2004; Kamada et al., 2006).

Human CypA is required for efficient HIV-1 infection but not
SIV. There is no known role for CypA in SIV infection in human
cells. Recently, the first report from the laboratory of Klaus Strebel
showed that human CypA acts as restriction factor against the
infection of two SIVs (SIVmac and SIVagm) in human cells,
and Vif protein of two SIVs counteracts a CypA-imposed inhi-
bition against the infection of two SIV strains with exclusion of
CypA from SIV virion (Takeuchi et al., 2007). This phenomenon
is different from the function of SIVagm Vif against hApo3G
previously reported from the same laboratory (Takeuchi et al.,
2005) because they used human cells lacking detectable deaminase
activity.

Moreover, a recent report showed a species-specific effect of
CsA, a peptidyl-prolyl cis–trans isomerase (PPIase) inhibitor, on
SIV replication, implying a possible contribution of Cyps to the
determination of SIV tropism (Figure 1; Takeuchi et al., 2012).
They demonstrated a host species-specific effect of CypA on SIV
replication: CypA affects the replication of two SIVs (SIVmac
and SIVagm) negatively in human cells but positively in macaque
cells (Figure 1). Further analysis indicated that the infection of
two SIVs was not significantly affected by CypA but inhibited by
cyclophilin B (CypB), another PPIase, in human cells (Figure 2A;
Takeuchi et al., 2012). In contrast, CypA is likely to have positive

FIGURE 2 | A schema for the effect of cyclophilin A and cyclophilin B on

HIV/SIV replication in human/macaque cells. (A) CypA knock-down
(CypA-KD) impairs the replication of HIV-1 (upper left panel). In contrast, SIV
replication is not reduced but rather enhanced by CypA knock-down (upper
right panel). CypB knock-down (CypB-KD) shows no significant effect on HIV-1

replication (lower left panel) but enhances the replication of SIV (lower right
panel). (B) CypA-KD inhibits SIV infection. The solid line indicates virion
accumulation of culture supernatant produced from normal cells and the
broken line indicates that of culture supernatant produced from CypA or CypB
knock-down cells.
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effects on the infection of two SIVs in macaque cells (Figure 2B;
Takeuchi et al., 2012). These results suggest that Cyps might have
a host species-specific effect of Cyps on SIV replication and pro-
vide insight into the mechanism of species-specific barriers against
viral infection.

CONCLUDING REMARKS
Viral replication is modulated by host cell factors. Many of these
factors function in a species-specific manner. On the other hand,
there exist host factors that restrict viral replication. The anti-
viral system mediated by some of these restriction factors, termed
intrinsic immunity, which is distinguished from the conventional
innate and adaptive immunity has been indicated to play an

important role in making species-specific barriers against viral
infection. As discussed in this review, we describe the current
progress in understanding of such restriction factors against retro-
viral replication, especially focusing on TRIM5α and APOBEC
whose anti-retroviral effects have recently been recognized. Addi-
tionally, we mentioned a host species-specific effect of Cyps
including CypA and CypB on SIV replication. Such restriction fac-
tors would play an important role in determining species-specific
barriers against viral infection.
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Human immunodeficiency virus type 1 (HIV-1) is tropic and pathogenic only for humans,
and does not replicate in macaque monkeys routinely used for experimental infections.This
specially narrow host range (species tropism) has impeded much the progress of HIV-1/
acquired immunodeficiency syndrome (AIDS) basic research. Extensive studies on the
underlying mechanism have revealed that Vif, one of viral accessory proteins, is critical
for the HIV-1 species tropism in addition to Gag-capsid protein. Another auxiliary protein
Vpu also has been demonstrated to affect this HIV-1 property. In this review, we focus on
functional interactions of these HIV-1 proteins and species specific-restriction factors. In
addition, we describe an evolutional viewpoint that is relevant to the species tropism of
HIV-1 controlled by the accessory proteins.

Keywords: HIV-1, species tropism, accessory protein,Vif,Vpu

INTRODUCTION
Human immunodeficiency virus type 1 (HIV-1) is strictly adapted
to humans, and cause disease-inducing persistent infection only
in humans (Nomaguchi et al., 2008). This property is unique
among primate immunodeficiency viruses, and represent one of
the most evident and important viral characteristics to under-
stand the biology/molecular biology of HIV-1. Of numerous
primate immunodeficiency viruses so far identified (Kirchhoff,
2009; Sharp and Hahn, 2011), HIV-1 with an extremely lim-
ited host range exhibits exceptionally high replication ability,
transmissibility, and pathogenicity in sensitive host humans. For
basic HIV-1 researchers, it would be final goal to realize the
basis/mechanism underlying these properties by experimental
approaches.

Primate immunodeficiency viruses can be divided into three
groups based on their genome structure in the central regions
(Kirchhoff, 2009; Fujita et al., 2010; Sharp and Hahn, 2011). While
viruses of HIV-1 type contain vpr and vpu genes, viruses of HIV-2
type carry vpx and vpr genes in tandem (Figure 1). The other
simian immunodeficiency viruses (SIVs), the prototype virus,
have only the vpr gene in the corresponding genomic region.
HIV-1 is believed to emerge from the prototype virus via SIV-
mon/mus/gsn (isolated from the mona, mustached, and greater
spot-nosed monkeys), SIVcpz (isolated from the chimpanzees),
and SIVgor (isolated from the gorilla) through mutational and
recombinational events. SIVmon/mus/gsn is known to recombine
with SIVrcm (isolated from the red-capped mangabey mon-
key) to generate SIVcpz (for genome structures, see, Figure 1).
SIVcpz served as parental virus for HIV-1 (M and N) and SIVgor
(and finally for HIV-1 P).

The biological and molecular biological bases for species
tropism of HIV-1 should reside in the above outlined evolutional

processes. In particular, the so-called accessory proteins encoded
by extra genes are important. Each virus group has a unique set
of the accessory proteins in terms of their combinations and of
their activities. Therefore, studies on viral accessory proteins are
also meaningful for understanding viral evolution by cross-species
transmission.

VIRAL AND CELLULAR DETERMINANTS FOR
HIV-1 SPECIES TROPISM
Our early studies have already suggested the possible viral deter-
minants and viral replication stage involved in the HIV-1 species
tropism described above (Shibata et al., 1991, 1995; Shibata
and Adachi, 1992). By the use of numerous chimeric molec-
ular clones between HIV-1 and dual-tropic (tropic for human
and monkey cells) SIVmac (isolated from the macaque mon-
key), we have claimed in essence, together with a work on
the cyclophilin A (CypA; Dorfman and Gottlinger, 1996), that
Gag-capsid (CA) and a viral protein(s) encoded by the central
genomic region of HIV-1 are the determinants. We also have
showed that HIV-1 is replication-incompetent in monkey cells
because a certain replication step(s) before/during reverse tran-
scription, other than the viral entry into cells, does not proceed
normally. Subsequent extensive studies by us and others have
clearly indicated that the interactions of Gag-CA/CypA, Gag-
CA/tripartite motif (TRIM) proteins, and Vif/apolipoprotein B
mRNA-editing enzyme-catalytic (APOBEC) proteins are major
determinants for the HIV-1 species tropism (Nomaguchi et al.,
2008, 2011; Nakayama and Shioda, 2012; Sakuma and Takeuchi,
2012) as summarized in Table 1. Gag-CA, CypA, and TRIM pro-
teins have been described in detail in two articles in the Research
Topic of this journal (Nakayama and Shioda, 2012; Sakuma and
Takeuchi, 2012).
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FIGURE 1 | Genome organization of primate immunodeficiency viruses.

Various proviral genomes are schematically shown. As indicated by colored
boxes, the vpr and vpu genes of SIVcpz/HIV-1 came from those of SIVrcm
and SIVmon/mus/gsn, respectively. Also, the vif genes of SIVcpz/HIV-1

originated from that of SIVrcm. In addition, as shown by colored boxes, HIV-1
nef gene is similar to but distinct from SIVcpz nef gene. HIV-1 nef gene is
different from those of SIVmon/mus/gsn, SIVrcm, and HIV-2 as indicated.
For virus designations, see text.

Table 1 | Major viral and cellular determinants for HIV-1 species

tropism.

Virus Cell Viral replication step affected

Gag-CA CypA

Gag-CA TRIM5α Uncoating (early phase)

Gag-CA TRIMCyp Uncoating (early phase)

Vif APOBEC3G Reverse transcription (early phase)

APOBEC3F Reverse transcription (early phase)

Vpu Tetherin/BST-2 Virion release (late phase)

For details, see references (Nakayama and Shioda, 2012; Sakuma and Takeuchi,
2012) for Gag-CA, and Figures 3 and 4 for Vif/Vpu.

ACCESSORY PROTEINS OF PRIMATE
IMMUNODEFICIENCY VIRUSES
All primate immunodeficiency viruses encode a number of extra
proteins (Vif, Vpx, Vpr, Vpu, and Nef) in addition to regula-
tory (Tat and Rev) and structural (Gag, Pol, and Env) proteins

(Figure 1). Structural proteins are common to all retroviruses,
but the regulatory and accessory proteins are unique to the
complex primate lentiviruses and not found in the other sim-
ple mammalian retroviruses. Regulatory Tat and Rev proteins
are trans-activators for transcription and for the expression of
late viral proteins, respectively. While the regulatory and struc-
tural proteins are essential for viral replication, the extra proteins,
unfairly generically called “accessory,” are dispensable under cer-
tain circumstances. However, in some cells, some of them are
essential and the others are quite critical/important for optimal
viral replication as illustrated for ΔVif and ΔVpu viruses (viruses
that lack Vif or Vpu) in Figure 2. Another point to be men-
tioned here is relating to Vpr/Vpx proteins. Although Vpr and
Vpx are genetically very similar (Khamsri et al., 2006), some pri-
mate immunodeficiency viruses bear two of them as described
above (Fujita et al., 2010). Furthermore, the other viruses have
Vpr only. What about the functional relationship of the two
proteins? At present, the function of Vpr/Vpx is least well under-
stood relative to that of the other accessory proteins (Malim
and Emerman, 2008; Fujita et al., 2010). Table 2 summarizes
the important information regarding these accessory proteins so
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FIGURE 2 | A schema of replication kinetics by HIV-1 wild-type and

mutant viruses. Viral growth properties in cells are illustrated based on
numerous infection experiments in our laboratory. WT, wild-type.

FIGURE 3 | HIV-1 replication and APOBEC3G. On the basis of results
reported so far, the action mechanism of Vif is depicted. Replication
process for wild-type (WT) and ΔVif mutant viruses are schematically shown

on the basis of previously reported review articles (Holmes et al., 2007;
Huthoff and Towers, 2008; Strebel et al., 2009). A3G, APOBEC3G; IN, viral
integrase protein.

Table 2 | Accessory proteins of primate immunodeficiency viruses.

Viral Proteins Major functions for viral replication reported so far

Vif Neutralize APOBEC3G/F. Essential for viral replication

in natural target cells.

Vpx Degrade SAMHD1/APOBEC3A. Critical for viral replication

in natural target cells.

Vpr Important for viral replication in macrophages (HIV-1).

Vpu Down-regulate Tetherin/BST-2. Important for viral

replication in CD4-positive cells.

Nef Down-regulate cell surface molecules (CD4, MHC-I etc.).

far reported. In total, it is fairly reasonable to believe that the
accessory proteins are regulators to optimize viral replication and
persistence in vivo thereby enhancing viral transmission between
individuals.
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Vif AND Vpu PROTEINS
Vif protein is essential for viral replication in natural target cells
such as CD4-positve lymphocytes and macrophages. Recent iden-
tification of its cellular object for attack (Sheehy et al., 2002)
has clearly revealed the biological and biochemical bases for the
growth property of ΔVif virus in natural target cells. This find-
ing (identification of a family of APOBEC3 proteins, cellular
cytidine deaminases, as potent inhibitors of HIV-1 replication
in primary cells) has also contributed much to establish the
concept of “the restriction factor” to well understand virus–
cell interaction (Malim and Emerman, 2008; Sato et al., 2012).
Of the APOBEC3 family proteins, APOBEC3G and APOBEC3F
(Kitamura et al., 2011) strongly inhibit viral replication in the
absence of Vif (Figure 3). Although HIV-1 Vif can abrogate the
activities of human APOBEC3, it cannot do so against monkey
APOBEC3. In contrast, SIVmac Vif can neutralize the anti-
viral activity of APOBEC3 of both origins. Finally, it has been
demonstrated that Vif and APOBEC3 are the major determi-
nants for the HIV-1 species tropism by constructing macaque-
tropic HIV-1 (HIV-1mt) and monitoring the HIV-1mt growth

property in various genetic contexts of macaques (Hatziioan-
nou et al., 2006, 2009; Kamada et al., 2006; Igarashi et al., 2007;
Thippeshappa et al., 2011).

Vpu protein, unique to viruses of the HIV-1 group (Figure 1),
modulates viral replication in human CD4-positive cell lines
and primary cells. Mutant HIV-1 without Vpu (ΔVpu virus)
grows poorly relative to wild-type virus. Recently, a cellular pro-
tein named Tetherin (also called BST-2) has been identified as
a restriction factor against HIV-1 and is antagonized by Vpu
(Neil et al., 2008; Van Damme et al., 2008). Vpu down-regulates
the Tetherin from cell surface, and thereby promotes extracellu-
lar production of progeny virions (Malim and Emerman, 2008;
Arias et al., 2011; Sato et al., 2012). The baseline mechanism for
this action of Vpu is well studied as shown in Figure 4. Here,
it must be attentive that the anti-Tetherin activity of Vpu is
host species-specific as observed for Vif. HIV-1 Vpu acts against
human but not (or poorly) macaque Tetherins (Sauter et al., 2009,
2010). Although the biological effect of Vpu is much milder than
that of Vif as judged by the growth kinetics of mutant viruses
(Figure 2), Vpu may be critical for interspecies transmission

FIGURE 4 | HIV-1 replication andTetherin. On the basis of results
reported so far, the action mechanism of Vpu is depicted. Replication
process for wild-type (WT) and ΔVpu mutant viruses are schematically

shown on the basis of previously reported review articles (Tokarev et al.,
2009; Douglas et al., 2010; Evans et al., 2010). TGN, trans-Golgi
network.
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through mutation/adaptation/recombinations (Kirchhoff, 2009;
Sauter et al., 2009, 2010; Sharp and Hahn, 2011). Thus, Vpu and
Tetherin affect the HIV-1 species tropism, but the effect may be
relatively small.

In sum, Vif and Vpu counteract the major restriction factors
APOBEC3 proteins and Tetherin/BST-2, respectively, and repre-
sent viral determinants for the host range of HIV-1 (Tables 1
and 2). It is intriguing to note that these factors would have
shaped HIV-1 and made it unique among various primate
immunodeficiency viruses (Figure 1).

Vpx AND Vpr PROTEINS
Vpx and Vpr proteins are necessary for efficient viral replication
(Malim and Emerman, 2008; Fujita et al., 2010). In macrophages,
ΔVpx replication is not detectable and this defect has been shown
to be present at post-entry and before/during the reverse transcrip-
tion process (Fujita et al., 2008, 2010; Srivastava et al., 2008). Also
in some lymphocyte cell lines and in primary lymphocytes, Vpx
protein is critical for viral replication (Ueno et al., 2003; Fujita
et al., 2010; Doi et al., 2011). Because ΔVpr virus is somewhat
replication-defective in some cells (for both HIV-1 and HIV-
2), it is not unreasonable to assume that Vpr may play a role
in the viral growth cycle. As such, Vpx and Vpr are important
for in vivo viral replication and finally for viral pathogenicity
(Fujita et al., 2010).

Very recently, SAMHD1 and APOBEC3A have been reported
to be myeloid cell-specific restriction factors against HIV-1 coun-
teracted by Vpx (Berger et al., 2011; Hrecka et al., 2011; Laguette
et al., 2011). Whether these proteins are associated with the HIV-1
species tropism described in this review article, and whether they
can explain the in vitro and in vivo situation of HIV-2/SIVmac
mutant viruses mentioned above remain to be determined (Fujita
et al., 2010; Nomaguchi et al., 2011).

CONCLUSION
In this review, we have described the major determinants for the
species tropism of HIV-1. Structural Gag-CA and accessory Vif
and Vpu proteins are clearly involved in this host range of HIV-
1 as viral factors (Table 1). Cellular proteins that interact with
these and contribute to this tropism are definitely the restriction
factors (Table 1). In total, interplays between the viral and cel-
lular responsible factors decide this unique and limited tropism
of HIV-1. Whether there are the other factors that affect the
HIV-1 species tropism is awaiting further investigations. In this
regard, the biology of Vpx deserves attention. Because Vpx is
present in SIVmac but not in HIV-1 (Figure 1), it may inactivate
a cellular anti-viral protein(s) which is not recognized by HIV-1
proteins.

In both basic and applicable points of view, the narrow host
range of HIV-1 is burdensome obstacle to overcome. Assuming
that HIV-1mt can grow and cause disease similarly with SIVmac
in macaques, we would be able to better perform model studies to
precisely analyze viral replication and pathogenicity in vivo, and
to establish the effective anti-HIV-1/AIDS strategies. To the best
of our knowledge, there are no such HIV-1mt clones so far (Hatzi-
ioannou et al., 2006, 2009; Kamada et al., 2006; Igarashi et al., 2007;
Kuroishi et al., 2009; Saito et al., 2011; Thippeshappa et al., 2011).
We may further improve the ability of HIV-1mt by today’s pow-
erful methodology if we knew all the cellular determinants for the
species tropism of HIV-1. Studies in this direction are in progress
in our laboratory.
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Viral vectors have been available in various fields such as medical and biological research
or gene therapy applications. Targeting vectors pseudotyped with distinct viral envelope
proteins that influence cell tropism and transfection efficiency are useful tools not only for
examining entry mechanisms or cell tropisms but also for vaccine vector development.
Vesicular stomatitis virus (VSV) is an excellent candidate for development as a pseudotype
vector. A recombinant VSV lacking its own envelope (G) gene has been used to produce a
pseudotype or recombinantVSV possessing the envelope proteins of heterologous viruses.
These viruses possess a reporter gene instead of a VSV G gene in their genome, and there-
fore it is easy to evaluate their infectivity in the study of viral entry, including identification
of viral receptors. Furthermore, advantage can be taken of a property of the pseudotype
VSV, which is competence for single-round infection, in handling many different viruses that
are either difficult to amplify in cultured cells or animals or that require specialized contain-
ment facilities. Here we describe procedures for producing pseudotype or recombinant
VSVs and a few of the more prominent examples from envelope viruses, such as hepatitis
C virus, Japanese encephalitis virus, baculovirus, and hemorrhagic fever viruses.

Keywords: vesicular stomatitis virus, pseudotype, recombinant, entry mechanism

INTRODUCTION
Viruses are obligate parasites of living organisms, and their repli-
cation is absolutely dependent on the host cell’s machinery. The
entry of enveloped viruses requires host cell binding and mem-
brane fusion that is mediated by envelope proteins located on the
surface of the virion.

Some viruses utilize a single molecule as a receptor for entry
into the host cell, while many viruses require co-receptor(s) local-
ized near the receptor for complete entry. Identification of viral
entry receptors that are composed of membrane proteins, lipids,
or carbohydrates is important for examining the life cycle of a
virus and for further developing entry inhibitors. However, recep-
tors or co-receptors of several viruses have been difficult to identify
because of the lack of reliable cell culture systems, an insufficient
amount of native viral particles, or difficulty in handling because
of the requirement for biosafety level (BSL)-3 or -4 containment.
Therefore, several surrogate systems have been developed to study
the initial step of infection. One of the most primitive assays is
a binding assay. Purified soluble envelope proteins, viral-like par-
ticles which are produced in insect cells by baculoviral vectors,
and authentic viral particles obtained from patients have been
used to study the mechanisms of viral attachment and to identify
binding receptor molecules. However, these binding assays cannot
be used to analyze further steps of infection such as fusion and
penetration. A cell fusion assay was established to examine the
membrane fusion activity of viral envelope proteins. This assay
is sensitive and can easily determine cell fusion using reporter
genes. Pseudotype virus systems based on vesicular stomatitis virus
(VSV), influenza virus, retroviruses, and lentiviruses have also

been established to examine entry mechanisms and to identify
putative entry receptors for targeted viruses (Table 1). Pseudotype
viruses have also been applied in neutralization tests for antibod-
ies and vaccine development (Table 1). As for the application of a
pseudotype virus system for VSV, a recombinant virus system with
a heterologous viral envelope gene together with a reporter gene
encoded into its own genome instead of the G gene has also been
developed.

In this paper, we describe the properties of pseudotype or
recombinantVSVs and their application to some enveloped viruses
we have studied, such as the hepatitis C virus (HCV), Japan-
ese encephalitis virus (JEV), baculovirus, and hemorrhagic fever
viruses.

PSEUDOTYPE AND RECOMBINANT VSV
Vesicular stomatitis virus is a non-segmented, negative-stranded
RNA virus that belongs to the family Rhabdoviridae, genus
Vesiculovirus. VSV infects a broad range of animals, includ-
ing cattle, horses, and swine. The genome of the virus codes
for five major proteins, glycoprotein (G), matrix protein (M),
nucleoprotein (N), large protein (L), and phosphoprotein (P).
The G protein mediates both viral binding and host cell fusion
with the endosomal membrane following endocytosis. The L
and P proteins are subunits of the viral RNA-dependent RNA
polymerase.

The simple structure and rapid high-titer growth of VSV in
mammalian and many other cells has made it a useful tool in
the fields of cellular and molecular biology and virology, and this
was further strengthened with the establishment of the reverse
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genetics system for VSV. Recombinant VSV in which native enve-
lope G protein is replaced with a foreign reporter gene such as a
fluorescent reporter protein, luciferase, or secreted alkaline phos-
phatase (SEAP) can normally bud from producing cells even in
the absence of G protein, and heterologous viral envelope proteins
are incorporated into the virion. Previous studies demonstrated
that VSV forms a “pseudotype” when a cell is co-infected with
VSV and other enveloped viruses (Huang et al., 1974; Witte and
Baltimore, 1977). A pseudotype virus is defined as a viral par-
ticle harboring other types of viral envelopes or host cellular
proteins with or without its own envelope. By virtue of these
characteristics of VSV, pseudotype virus systems, in which VSV
G proteins are completely replaced with other types of viral enve-
lope proteins, have been established (Figure 1). Up to the present,
numerous types of pseudotype viruses have been constructed
with heterologous viral envelope proteins and used in studies
examining the entry of viruses, for identification of novel viral
receptors, for development of neutralization tests, and as vac-
cine vectors (Table 1). In particular, availability of pseudotype
viruses has been useful in the study of several high-risk viruses
that require high-level containment facilities, i.e., in the handling
of BSL-3 or -4 viruses. Infectivity of these pseudotype viruses
can be easily and quantitatively evaluated by measurement of
the reporter gene activities. A recombinant virus system, which
encodes a heterologous viral envelope gene instead of an envelope
gene in its own genome, has also been made available by estab-
lishment of reverse genetics (Figure 2). This recombinant virus
is replication-competent both in vitro and in vivo and can con-
tribute to the study of targeted viruses that inefficiently replicate
in experimental systems. Although the pseudotype virus is lim-
ited to single-step infection and therefore provides a poor model
for actual infection processes, the recombinant virus is a far more
authentic and powerful tool for investigating targeted viral infec-
tion. Currently, this system is applicable to the VSV or other

FIGURE 1 | Schematic representation of the production of pseudotype

VSV. Producer cells were transfected with an expression plasmid encoding
foreign envelope genes and then infected with a VSV G-complemented
pseudotype virus (*G-VSVΔG). The pseudotype virus released from the
producer cells infected target cells but was not able to produce infectious
progeny viruses.

several viruses and not to retroviruses or lentiviruses. Recom-
binant VSV can be produced in various cells without regard to
transfection efficiency; on the other hand, recovery of pseudotype
VSV as well as pseudotype retroviruses or lentiviruses is restricted
to 293T or some other type of cells that exhibit a high compe-
tency of transfection. Recombinant VSV could also lead to the
induction of cellular and humoral host immunity (Schnell et al.,
1996).

CONSTRUCTION OF PSEUDOTYPE AND RECOMBINANT VSV
Seeded or recombinant VSVs in which the G gene is replaced
by a foreign reporter gene such as a fluorescent reporter pro-
tein (green fluorescent protein, GFP; red fluorescent protein, RFP;
and so on), luciferase, or SEAP or each viral envelope gene were
generated as described below. Either 293T or BHK cells were
grown to 90% confluence on 35-mm tissue culture plates. The
cells were infected with a recombinant vaccinia virus encoding
the bacteriophage T7 RNA polymerase (vTF7-3) at a multiplicity
of infection (MOI) of 5. After incubation at room temperature
for 1 h, the cells were transfected with helper plasmids, pBS-N,
pBS-P, pBS-L, and pBS-G, and template plasmids, pVSVΔG–
GFP (RFP), pVSVΔG–Luci, pVSVΔG–SEAP, or pVSVΔG–Env
using a cationic liposome reagent. After 4 h, the supernatants were

Table 1 | Application studies of pseudotype and recombinant VSV.

Target viruses Reference

CHARACTERIZATION OF GLYCOPROTEIN, ENTRYTROPISM, ETC.

Ebola virus Takada et al. (1997)

HCV Lagging et al. (1998)

Matsuura et al. (2001)

Tani et al. (2007)

HIV-1 Boritz et al. (1999)

Measles virus Tatsuo et al. (2000)

HTLV-1 Okuma et al. (2001)

RSV Kahn et al. (2001)

SARS–CoV Fukushi et al. (2005)

HBV Saha et al. (2005)

Arenavirus Vela et al. (2007)

JEV Tani et al. (2010)

Baculovirus Kaname et al. (2010)

LCMV Muik et al. (2011)

VACCINE VECTORS

Influenza Virus Roberts et al. (1998)

Papillomavirus Roberts et al. (2004)

Marburg, Ebola, Lassa Garbutt et al. (2004)

HIV-1 Publicover et al. (2005)

West Nile virus Iyer et al. (2009)

HBV Cobleigh et al. (2010)

Norovirus Ma and Li (2011)

DIAGNOSIS

Borna disease virus Perez et al. (2001)

Hantaan Virus Lee et al. (2006)

SARS–CoV Fukushi et al. (2006)

Nipah virus Kaku et al. (2009)
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FIGURE 2 | Schematic representation of the production of

recombinant VSV. Various mammalian producer cells were inoculated with
a VSV G-complemented recombinant virus encoding foreign envelope
genes instead of VSV G. The recombinant VSV was able to undergo a fully
productive infection generating infectious progeny viruses that could be
passaged into naïve cells.

replaced with 10% FBS DMEM, and cells were incubated at 37˚C
for 48 h. The supernatants were then filtered through a 0.22-μm-
pore-size filter to remove vaccinia virus and were applied to 293T
or BHK cells that had been transfected with pCAGVSVG 24 h pre-
viously. If BHK cells constitutively expressing the bacteriophage
T7 RNA polymerase (BHKT7) were utilized, the cells were only
transfected with helper plasmids, pIRES-N, pIRES-P, pIRES-L,
pIRES-G, and template plasmids using a cationic liposome reagent
without the vaccinia virus infection. Recovery of the virus was
assessed by examining the cells for the cytopathic effects that are
typical of a VSV infection after 24 h. Stock of ∗G-complemented
viruses, i.e.,VSVΔG virus or recombinant viruses transiently bear-
ing VSV G protein on the virion surface, were grown from the
single plaque on BHK cells transfected with pCAGVSVG and then
stored at −80˚C. The infectious titers of the recovered viruses
were determined by a plaque assay. To generate pseudotype virus,
293T, BHK, or some other type of cells that exhibit a high compe-
tency of transfection were transfected with a plasmid expressing
the envelope protein using a cationic liposome reagent. After 24 h
of incubation at 37˚C, cells were infected at an MOI of 0.5 with the
∗G-VSVΔG–Luci and ∗G-VSVΔG–SEAP, or 5 with ∗G-VSVΔG–
GFP (RFP). The virus was adsorbed for 2 h at 37˚C and then
extensively washed four times or more with serum-free DMEM.
After 24 h of incubation at 37˚C, the culture supernatants were
collected, centrifuged to remove cell debris, and stored at −80˚C.
To generate recombinant virus in various mammalian cells, cells
were infected with the ∗G-complemented VSVΔG–Env at an MOI
of 5 for 2 h at 37˚C and then extensively washed four times or
more with serum-free DMEM. After 24 h of incubation at 37˚C,
the culture supernatants were collected and stored at −80˚C. The
infectious titers of the viruses were determined by evaluation of
each reporter assay or a focus-forming assay. Further details of the
protocol can be found in a recent paper (Whitt, 2010).

APPLICATION IN THE STUDY OF ENTRY MECHANISMS OF
HCV
Hepatitis C virus has already infected more than 3% of the world-
wide population and 80% of those infected develop persistent
HCV infection (Cerny and Chisari, 1999; Theodore and Fried,
2000). Persistent HCV infection often leads to chronic hepatitis,
hepatic steatosis, cirrhosis, and hepatocellular carcinoma. Cur-
rently, there are still 1.5 million or more HCV carriers in Japan.
In past years, anti-hepatitis C therapy has modestly improved;
however, a currently available combination therapy, consisting of
interferon and the nucleoside analog, ribavirin, shows a sustained
response in only less than half of the treated patients. The devel-
opment of innovative treatment alternatives for patients infected
with HCV is urgently required, and a better understanding of
the life cycle of HCV should allow us to improve HCV thera-
pies. However, due to the lack of an in vitro cell culture system
for the isolation of virus directly from patient sera at present,
various surrogate systems such as replicon cells (Lohmann et al.,
1999), pseudotype viruses (Lagging et al., 1998; Matsuura et al.,
2001; Bartosch et al., 2003; Hsu et al., 2003; Tani et al., 2007), or
trans-complement particles (Ishii et al., 2008; Steinmann et al.,
2008) have been developed to study each step of HCV infection.
Although in vitro binding assays using soluble purified envelope
proteins or HCV–LPs have identified several candidate receptors
for HCV, the final determination of a true entry receptor or co-
receptor capable of internalizing HCV may be made using an
infection assay. Toward this end, pseudotype virus systems based
on VSV and retrovirus or lentivirus have been established and
applied to identify entry receptors for HCV. Although it is still
unknown how HCV envelope proteins retained in the endoplasmic
reticulum (ER) are incorporated into both VSV and retroviruses,
which naturally bud from the plasma membrane, significant infec-
tivity of these pseudotype viruses has been exhibited in several
human hepatoma cell lines. These infections could be inhibited
by treatment with antibodies or soluble proteins against putative
receptors or HCV envelope proteins, or by a knockdown of recep-
tor molecules by small interfering RNAs (siRNAs), suggesting that
innate HCV infection had occurred. We also successfully gener-
ated infectious pseudotype and recombinant VSVs incorporating
unmodified HCV envelope proteins in hepatic and non-hepatic
human cell lines. These viruses exhibited high infectivity in a
human hepatoma cell line, Huh7, which is highly susceptible to
infection by cell-cultured HCV (HCVcc). The recombinant virus,
but not the pseudotype virus, was able to propagate and form
foci only in Huh7 cells. The infection of Huh7 cells with pseudo-
type and recombinant viruses was inhibited by anti-hCD81 and
anti-E2 antibodies and by sera from chronic HCV patients. These
viruses, as well as pseudotype retroviruses (HCVpp) or HCVcc,
were sensitive to the inhibitors of vacuolar acidification, such as
ammonium chloride, concanamycin A, or bafilomycin A1, or for-
mation of clathrin-coated pits, chlorpromazine, suggesting that
these viruses enter via pH-dependent and clathrin-mediated endo-
cytosis into target cells (Blanchard et al., 2006; Tani et al., 2007).
The infectivity of the recombinant virus was inhibited by an ER α-
glucosidase inhibitor, N -(n-nonyl) deoxynojirimycin (Nn-DNJ),
but not by a Golgi mannosidase inhibitor, deoxymannojirimycin
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(Tani et al., 2007). Focus formation of the recombinant virus
was also impaired by Nn-DNJ treatment. It was obvious that the
appearance of infectious or non-infectious viruses was dependent
on the cell type as a result of the infectivity of the recombinant
viruses generated from various cell lines. Although the precise
mechanisms of HCV assembly or budding that cause the differ-
ences in infectivity of viruses generated from different cell lines is
still unclear, host cellular factors might be involved in the assembly
or budding steps in the generation of infectious particles.

APPLICATION IN THE STUDY OF ENTRY MECHANISMS OF
JEV
Japanese encephalitis virus, a mosquito-borne zoonotic pathogen,
is the leading cause of viral encephalitis in humans, with ∼50,000
cases reported annually worldwide. JEV is an enveloped virus
belonging to the family Flaviviridae and the genus Flavivirus,
which also includes Dengue virus, West Nile virus, Yellow fever
virus, and Tick-borne encephalitis virus (Gubler et al., 2007).
The genome consists of a single-stranded positive-sense RNA of
approximately 11 kb, encoding a single large polyprotein, which
is cleaved by host- and virus-encoded proteases into three struc-
tural (C, PrM, and E) and non-structural (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5) proteins. The envelope protein (E) is a
53-kDa glycoprotein, which is a major component of the virion
surface and has been found to be associated with all the biological
properties of the virus, such as attachment to cellular receptors,
penetration, fusion with the endosomal membrane, host cell range
and cell tropism, and neutralization to antibodies. Although a
number of cellular components that interacted with E protein,
such as heat shock cognate protein 70 (Ren et al., 2007), heat
shock protein 70 (Das et al., 2009), vimentin (Das et al., 2011),
glycosaminoglycans (Su et al., 2001; Lee and Lobigs, 2002), and
laminin (Boonsanay and Smith, 2007), have been shown to par-
ticipate in JEV binding or penetration, the precise mechanisms
remain largely unknown. The pseudotype and recombinant VSV
systems have offered us useful tools to focus on the study of entry
mechanisms of JEV E proteins by using control viruses harbor-
ing an appropriate protein on identical particles. Both pseudotype
(JEVpv) and recombinant (JEVrv) VSV bearing the JEV E pro-
tein exhibited high infectivity for the target cells, and JEVrv, but
not JEVpv, was able to propagate and form foci, as did authentic
JEV (Tani et al., 2010). Both JEVpv and JEVrv were neutral-
ized by anti-JEV E antibodies. Treatment of cells with inhibitors
for vacuolar ATPase and clathrin-mediated endocytosis reduced
the infectivity of JEVpv, suggesting that JEVpv enters cells via
pH- and clathrin-dependent endocytic pathways. Treatment of
the JEVpv and JEVrv with cholesterol drastically reduced the
infectivity, as previously reported on authentic JEV (Lee et al.,
2008). In contrast, depletion of cholesterol from the viruses by
treatment with methyl β-cyclodextrin enhanced the infectivity.
Furthermore, treatment of cells with sphingomyelinase (SMase),
which hydrolyzes membrane-bound sphingomyelin to ceramide,
drastically enhanced infection with JEVpv and JEVrv (Tani et al.,
2010). These enhancements were inhibited by treatment with an
SMase inhibitor or C6-ceramide. Involvement of ceramide in the
entry of JEV was confirmed by co-precipitation of the JEV E pro-
tein with labeled-ceramide (Tani et al., 2010). In our study, it was

demonstrated that cellular lipid components such as cholesterol
and ceramide play crucial roles in the entry of JEV. Modifica-
tion of sphingolipids on the plasma membrane of the cells might
be a novel target for the development of antivirals against JEV
infection.

APPLICATION IN THE STUDY OF COMPLEMENT RESISTANCE
OF BACULOVIRUS GP64
Baculovirus vectors have been shown to exhibit not only a high-
level of gene expression in insect cells but also efficient gene
transduction into a wide variety of mammalian cells with lower
cytotoxicity (Hofmann et al., 1995; Boyce and Bucher, 1996; Shoji
et al., 1997). In contrast, the complement systems of animals have
been defined to represent a potent primary barrier to in vivo appli-
cation of baculovirus vectors produced in insect cells (Hofmann
and Strauss, 1998; Tani et al., 2001, 2003). However, pseudotype
viruses based on retroviruses or lentiviruses bearing baculovirus
envelope protein GP64 have recently been shown to exhibit effi-
cient gene transduction into mouse organs for long periods com-
pared with those bearing the VSV G protein, which is commonly
used for pseudotyping (Kumar et al., 2003; Schauber et al., 2004;
Kang et al., 2005; Sinn et al., 2005, 2008). It was considered that
serum resistance of the pseudotype viruses bearing GP64 pro-
tein is caused by differences between insect and mammalian cells,
because pseudotype retroviruses or lentiviruses were generated
from mammalian cells, and in contrast, baculovirus was gener-
ated from insect cells. Therefore, we generated recombinant VSV
bearing GP64 protein in both insect and mammalian cells and
examined the role of the GP64 on resistance to inactivation by
human or guinea-pig sera (Kaname et al., 2010). Recombinant
VSVs generated in human cell lines exhibited the incorporation of
human decay accelerating factor (DAF) in virions and were resis-
tant to serum inactivation, whereas those generated in insect cell
lines exhibited no incorporation of human DAF and were sensitive
to complement inactivation. Recombinant baculoviruses gener-
ated in insect cells expressing human DAF or carrying the human
DAF gene exhibited resistance to complement inactivation, sug-
gesting that acquisition of resistance to human complement by the
incorporation of DAF with baculovirus GP64 represents a step in
the development of novel viral vectors for improved gene therapy.

APPLICATION IN THE STUDY OF VIRAL ENTRY AND
NEUTRALIZATION TEST OF ARENAVIRUSES
Viral hemorrhagic fever viruses, such as members of the Arenaviri-
dae family, including Lassa virus, Junin virus, Machupo virus,
and Chapare virus, cause fulminating disease characterized by
acute fever followed by generalized hemorrhagic syndrome that
is associated with 90% mortality in the severe forms.

Because these viruses cannot be handled under BSL-2 or -
3 containment facilities, pseudotype viruses bearing each GPC
envelope protein of various arenaviruses, such as Lassa virus,
Junin virus, Machupo virus, Sabia virus, Chapare virus, Gua-
narito virus, and Lujo virus, were generated as surrogate mod-
els for the study of viral infection or neutralization. All of the
pseudotype viruses exhibited high susceptibility to various cell
lines and were neutralized by sera from patients infected with
each virus. Reduction of the infectivity of the pseudotype virus
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in the cells treated with various entry inhibitors depended on the
species of pseudotype virus, suggesting that several entry mech-
anisms were involved in the infection of arenaviruses (Tani et
al., unpublished data). In studies on serological diagnosis of are-
naviruses, cross reaction occurred among species of arenaviruses
in enzyme-linked immunosorbent assay or immunofluorescence
assay, whereas neutralization tests using pseudotype viruses exhib-
ited a specific reaction with each species of virus (Nakauchi et al.,
2009; Iha et al., unpublished data). Although Old or New World
arenaviruses have been shown to utilize α-dystroglycan or human
transferrin receptor 1, respectively, as one of the cellular receptors,
infectivities of the pseudotype viruses have not been consistent
with the expression levels of the receptor molecules in our pre-
liminary studies. The infection of pseudotype viruses was not
completely inhibited by soluble protein or antibodies of recep-
tor molecules, suggesting that another receptor molecule(s) might
be involved in the entry of these viruses. Although further char-
acterization of the pseudotype viruses bearing GPC envelope
proteins of arenaviruses will be needed, these viruses are thought
to mimic the functional properties of wild type arenaviruses and
are suitable for the study of entry mechanisms, including investi-
gation of novel cellular receptor(s), neutralization tests, or vaccine
development.

CONCLUSION AND PERSPECTIVES
Up to the present, various viral vectors aimed at gene transfer
or therapy have been developed and applied in biological and

medical research fields. Pseudotype or recombinant VSV are useful
tools as alternative viruses to study entry mechanisms, identifica-
tion of novel cellular receptors, screening antiviral libraries, or
development of serological diagnosis for various kinds of viruses,
especially unmanageable BSL-3 or -4 viruses. These viruses have
also been applied in targeting vectors to specific cells. VSV vectors
with monoclonal antibodies against specific oncogenic proteins
or viral receptor molecule(s) incorporated on virion surface have
been targeted specifically to cells expressing oncogenic proteins or
infected cells expressing the viral envelope proteins, respectively,
without any influences on normal or uninfected cells. This raises
the possibility of the elimination of cancer cells or chronic viral
infections by using acute VSV infection. Genetically engineered
VSVs encoding suicide cassettes or immune response genes have
also been generated as more specific, safer, and effective agents for
cancer therapies. Further studies and applications of VSV vectors
will provide us not only with useful tools for virological stud-
ies but also various benefits for biological sciences and medical
research.
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Rickettsiae are obligate intracellular parasitic bacteria that cause febrile exanthematous
illnesses such as Rocky Mountain spotted fever, Mediterranean spotted fever, epidemic,
and murine typhus, etc. Although the vector ranges of each Rickettsia species are rather
restricted; i.e., ticks belonging to Arachnida and lice and fleas belonging to Insecta usually
act as vectors for spotted fever group (SFG) and typhus group (TG) rickettsiae, respec-
tively, it would be interesting to elucidate the mechanisms controlling the vector tropism
of rickettsiae. This review discusses the factors determining the vector tropism of rick-
ettsiae. In brief, the vector tropism of rickettsiae species is basically consistent with their
tropism toward cultured tick and insect cells. The mechanisms responsible for rickettsiae
pathogenicity are also described. Recently, genomic analyses of rickettsiae have revealed
that they possess several genes that are homologous to those affecting the pathogenic-
ity of other bacteria. Analyses comparing the genomes of pathogenic and non-pathogenic
strains of rickettsiae have detected many factors that are related to rickettsial pathogenicity.
It is also known that a reduction in the rickettsial genome has occurred during the course
of its evolution. Interestingly, Rickettsia species with small genomes, such as Rickettsia
prowazekii, are more pathogenic to humans than those with larger genomes. This review
also examines the growth kinetics of pathogenic and non-pathogenic species of SFG rick-
ettsiae (SFGR) in mammalian cells. The growth of non-pathogenic species is restricted in
these cells, which is mediated, at least in part, by autophagy. The superinfection of non-
pathogenic rickettsiae-infected cells with pathogenic rickettsiae results in an elevated yield
of the non-pathogenic rickettsiae and the growth of the pathogenic rickettsiae. Autophagy
is restricted in these cells. These results are discussed in this review.

Keywords: Rickettsia, tropism, pathogenicity, spotted fever group, typhus group, vector, tick, insect

INTRODUCTION
Rickettsioses in the broad sense are caused by a variety of
gram-negative bacteria from the Rickettsia, Orientia, Ehrlichia,
Anaplasma, or Neorickettsia genera. Rickettsia are now further
classified into the typhus group (TG) and spotted fever group
(SFG; Table 1), although Orientia used to belong to the scrub
TG of Rickettsia (Tamura et al., 1995; Fournier et al., 2005).
Coxiella, the causative agent of Q fever, used to be classified
into the Rickettsiales order but now belongs to the Legionellales
order (Weisburg et al., 1989). As Rickettsia are obligate intra-
cellular parasites, many of the mechanisms involved in their
attachment and internalization into host cells are shared by
viruses.

Rickettsiae cause febrile exanthematous illnesses, such as spot-
ted fever, epidemic, and murine typhus, etc. (Dyer et al., 1931;
Zinsser and Castaneda, 1933). Until nearly two decades ago, only
five species of SFG rickettsiae (SFGR), R. rickettsii, R. conorii,
R. sibilica, R. australis, and R. akari, which are responsible for
Rocky Mountain spotted fever (Wolbach, 1919), Mediterranean
spotted fever or Boutonneuse fever (Brumpt, 1932), North Asian
tick typhus or Siberian tick typhus (Shmatikov and Velik, 1939),
Queensland tick typhus (Plotz et al., 1946), and Rickettsialpox
(Huebner et al., 1946), respectively, were known to be patho-
genic. However, since the isolation and identification of a new

SFGR species, R. japonica, from Japanese patients with a form
of SFG rickettsiosis known as Japanese spotted fever or Oriental
spotted fever (Uchida et al., 1988, 1989, 1991, 1992; Uchiyama
and Uchida, 1988; Uchiyama et al., 1991), many pathogenic SFGR
species have been newly isolated and identified, and some of the
previously identified SFGR species have now been recognized as
pathogenic (Table 1; Beati and Raoult, 1993; Beati et al., 1993,
1997; Kelly et al., 1996; Raoult et al., 1997; Stenos et al., 1998;
Fournier et al., 2003, 2005; Mediannikov et al., 2004; Paddock
et al., 2004). More recently, R. bellii was isolated from amebas,
and it was suggested that it should be classified into the ances-
tral group (AG), which contains Rickettsia species that have been
demonstrated by phylogenetic analyses to have the oldest genomic
features among the previously isolated and identified Rickettsia
species (Philip et al., 1983; Stohard et al., 1994; Gillespie et al.,
2012). R. bellii displays weaker pathogenicity in experimental
animals than R. conorii, although its pathogenicity in humans
remains unknown (Ogata et al., 2006). Although the mechanism
by which rickettsiae cause disease has not been well established,
it is thought that rickettsial pathogenicity involves the infiltration
of cells into the vascular environment, hemorrhaging, and throm-
bosis due to the degeneration of endothelial vein cells caused by
the growth of the rickettsiae. Lipopolysaccharides (LPS) on the
outer membranes of rickettsiae are also thought to participate in
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Table 1 | Classifications, vectors, and reservoirs of Rickettsia that are known to be pathogenic to humans.

Antigenic group Species Disease Vector Reservoir(s)

Spotted fever group R. aeschlimannii Rickettsiosis Tick Unknown

R. africae African tick-bite fever Tick Ruminants

R. akari Rickettsialpox Mite Mice, rodents

R. australis Queensland tick typhus Tick Rodents

R. conorii Mediterranean spotted fever or Boutonneuse fever Tick Dogs, rodents

R. felis Cat flea rickettsiosis Flea Cats, rodents, opossums

R. heilongjiangensis Far Eastern spotted fever Tick Rodents

R. helvetica Aneruptive fever Tick Rodents

R. honei Flinders Island spotted fever, Variant Flinders Island

spotted fever, Thai tick typhus

Tick Rodents, reptiles

R. japonica Japanese spotted fever or Oriental spotted fever Tick Rodents

R. massiliae Mediterranean spotted fever-like disease Tick Unknown

R. parkeri Maculatum infection Tick Rodents

R. rickettsii Rocky Mountain spotted fever, Febre maculosa,

São Paulo exanthematic typhus, Minas Gerais

exanthematic typhus, Brazilian spotted fever

Tick Rodents

R. sibirica North Asian tick typhus, Siberian tick typhus Tick Rodents

R. sibirica mongolotimonae Lymphangitis-associated rickettsiosis Tick Rodents

R. slovaca Tick-borne lymphadenopathy (TIBOLA),

Dermacentor -borne necrosis and

lymphadenopathy (DEBONEL)

Tick Lagomorphs, rodents

Typhus group R. prowazekii Epidemic typhus, Brill-Zinsser disease Louse Humans, flying squirrels

R. typhi Murine typhus Flea Rodents

the eruption, pyrexia, and endotoxin shock observed during the
course of rickettsial infection.

It is worth noting that the vector ranges of each rickettsial
species are rather restricted; i.e., the vectors for SFGR species are
usually ticks (except those for R. akari and R. felis, which are mites
and fleas, respectively) belonging to Arachnida. On the other hand,
those for TGR species are lice and fleas, which belong to Insecta
(Table 1; Higgins et al., 1996). R. felis carries its pRF genes on a
plasmid so it does not fully meet the criteria for the SFG or TG.
Rather, this indicates that R. felis has participated in horizontal
gene transfer involving the AG and might be better classified into
a transitional group along with R. akari, which displays both SFG
and TG characteristics (Gillespie et al., 2007, 2012). This plas-
mid might have been incorporated into the chromosomes of the
other Rickettsia during the course of their evolution (Gillespie
et al., 2007). The mechanisms responsible for the vector tropism
of rickettsiae have not been studied in detail.

TROPISM OF RICKETTSIAE TOWARD ARTHROPOD VECTORS
AND CULTURED CELLS
Although the relationships between rickettsiae and their vectors
are relatively fixed, the mechanisms responsible for the tropism
of rickettsiae toward arthropod vectors have not been elucidated.
Studies using cell lines derived from arthropods are indispens-
able for clarifying these mechanisms. In studies using insect cells,
Uchiyama reported that the growth of some SFGR species, R.
japonica, and R. montanensis, was restricted in the NIAS-AeAl-
2 (AeAl2) insect cell line, which is derived from Aedes albopictus,
even though SFGR species have been demonstrated to be capable

of adhering to and invading these cells (Figures 1–3; Mitsuhashi,
1981; Mizuki et al., 1999; Noda et al., 2002; Uchiyama, 2005).
Scanning and transmission electron microscopy confirmed these
results (Figure 3; Uchiyama, 2006). Rickettsiae seem to begin their
invasion of AeAl2 cells immediately after adhering to them. The
superinfection of SFGR-infected AeAl2 cells with a TGR species
on day three of infection resulted in the growth of the TGR species
but not the SFGR species. Furthermore, the SFGR-infected AeAl2
cells suffered rapid cell death; however, as no DNA fragmenta-
tion, lobed nuclei, or peripheral chromosome condensation were
observed, the growth inhibition of these cells was possibly due
to their non-apoptotic necrotic cell death. Concerning this issue,
induced cell death (subsequently renamed programmed necro-
sis), which is one of the candidates for the mechanism responsible
for growth inhibition, has been found to act in opposition to anti-
apoptotic factors (Laster et al., 1988; Holler et al., 2000; Chan et al.,
2003; Cho et al., 2009; He et al., 2009). For example, cells infected
with Cowpox virus cause tumor necrosis factor (TNF)-induced
programmed necrosis, which is opposed by the anti-apoptosis fac-
tor CrmA (Chan et al., 2003). When T cells or fibroblastic cells are
infected with the Vaccinia virus, apoptosis is inhibited by the anti-
apoptotic factor B13R/Spi2; however, TNF-induced programmed
necrosis can also occur (Cho et al., 2009). Thus, programmed
necrosis might occur when AeAl2 cells are infected with SFGR.
Contrary to our results, a previous report found that some non-
pathogenic SFGR species, R. montanensis, and R. peacockii, were
able to grow in two mosquito cell lines (the A. albopictus cell line
Aa23 and the Anopheles gambiae cell line Sua5B; Sakamoto and
Azad, 2007). The reason for this discrepancy is poorly understood;
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FIGURE 1 | Basic tropism of rickettsiae toward cultured cells. The
growth of SFGR and TGR was monitored in cells derived from ticks,
insects, and mammals. SFGR grew well in tick cells, while TGR grew
well in insect cells. However, the growth of SFGR was restricted in

insect cells and that of TGR was restricted in tick cells. Both groups of
pathogenic rickettsiae grew well in mammalian cells. Both groups of
rickettsiae were confirmed to be capable of adhering to all of the tested
cells.

however, the abovementioned growth was only detected by FISH
and PCR, rather than in an infective assay. Another report found
that the transcription of spoT gene paralogs was suppressed dur-
ing the maintenance of R. conorii in A. albopictus (C6/36) cells at
10˚C for 38 days. Shifting the temperature to 37ºC resulted in a
rapid upregulation of spoT1 gene expression (Rovery et al., 2005).
Although R. conorii were confirmed to be able to survive in the
cells at low temperature, their growth was not directly assayed after
the temperature was increased.

As for studies using tick cell lines, several reports have demon-
strated the growth of SFGR species in cells derived from ticks
(Policastro et al., 1997; Munderloh et al., 1998). In our study
(Uchiyama et al., 2009), the DALBE3 cell line from Dermacen-
tor albipictus and the ISE6 cell line from Ixodes scapularis were
inoculated with R. japonica and R. conorii as SFGR species and
R. prowazekii and R. typhi as TGR species. The SFGR grew well
in these tick cells as well as in Vero, HeLa, and ECV304 mam-
malian cells (Figures 1 and 2). On the contrary, the growth of
TGR was restricted in these tick cells, even though they successfully
adhered to the cells, which was also true for other combinations of
rickettsiae and host cells. These findings were confirmed by trans-
mission electron microscopy. Rickettsiae were also found to be able
to escape into the cytoplasm from phagosomes after being engulfed
by the tick cells. Thus, the observed growth restriction occurred
after these steps, although the precise mechanism responsible for
it is yet to be elucidated. These results from studies using various
combinations of SFGR or TGR and tick or insect cells suggest that
the host vector tropism of rickettsiae is at least partially based on
host cellular tropism (Figure 1).

PATHOGENICITY OF RICKETTSIAE
As shown in Table 1, many rickettsial species have displayed evi-
dence of being pathogenic to humans. On the other hand, many
other species have not displayed any evidence of being patho-
genic to humans, some of which might be weakly pathogenic.
To date, various putative factors that might be associated with the

pathogenicity of rickettsiae have been proposed; however, the mol-
ecular basis for the pathogenicity of rickettsiae is yet to be precisely
established.

It is reasonable to think that the degree of growth of Rickettsia
in human blood vessels; i.e., endothelial cells (EC), primarily deter-
mines the severity of their effects on the host, with the exception
of R. akari, the causative agent of Rickettsialpox, which prin-
cipally targets macrophages (Walker et al., 2007). Thus, every
step of the growth of rickettsiae in host cells could affect their
pathogenicity. The events involved in host cell infection by rick-
ettsiae are summarized in Figure 4. The first steps involve the
adherence of the rickettsiae to host cells and their subsequent
invasion of these cells, since Rickettsia are obligate intracellu-
lar parasitic bacteria. Internalization occurs within minutes, and
rickettsiae escape from phagosomes into the cytoplasm via the
phospholipase activities of hemolysin C (TlyC) and phospholi-
pase D (Pld; Teysseire et al., 1995; Whitworth et al., 2005). It
has been clarified that among the 17 subfamilies of Sca auto-
transporter proteins, rOmpA (=Sca0), and rOmpB (=Sca5) are
involved in host cell adherence and invasion by rickettsiae. rOmpA
is one of the major surface antigen proteins of SFGR, and treat-
ment with the antibody against rOmpA or immunization with
recombinant rOmpA protected animal models against infection
by rickettsiae (Anacker et al., 1985, 1987; McDonald et al., 1987;
Li et al., 1988; McDonald et al., 1988; Vishwanath et al., 1990;
Sumner et al., 1995; Crocquet-Valdes et al., 2001). The role of
rOmpA in the adherence of rickettsiae to host cells has also been
examined using cultured cells (Li and Walker, 1998). However, TG
rickettsiae do not possess rOmpA, although a remnant (369 bp)
of its ORF (6,063 bp) still exists in the equivalent region in R.
prowazekii. rOmpB, which is the only major surface antigen pro-
tein common to the genus Rickettsia, was also confirmed to play
roles in host cell adherence and invasion by rickettsiae in studies
using Escherichia coli expressing recombinant R. japonica rOmpB
on their surface (Uchiyama, 1999; Uchiyama et al., 2006; Chan
et al., 2009). rOmpB is well conserved among the Rickettsia genus
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FIGURE 2 | Growth kinetics of SFGR andTGR in insect, tick, and
mammalian cells. Various cultured cells were infected with SFGR alone
or TGR alone, and the yield of rickettsiae was monitored. Some of the

infected cultures were superinfected with TG or SFGR, respectively, on
day three of infection, and the growth of each Rickettsia species was
monitored.

including SFGR and TGR, e.g., the rOmpB amino acid sequences
of R. prowazekii and R. conorii share 70% homology, which might
reflect the importance of the molecule for rickettsial growth (Carl
et al., 1990; Gilmore et al., 1991; Hahn et al., 1993). rOmpB might
also play other roles, e.g., in the maintenance of the structure of
the bacteria or as a molecular sieve, etc. rOmpB associates with
Ku70 on the plasma membrane (Martinez et al., 2005), and this
interaction is sufficient to mediate the rickettsial invasion of non-
phagocytic host cells (Chan et al., 2009). Clathrin and caveolin-
2-dependent endocytosis are responsible for the internalization
of rickettsiae. The recruitment of c-Cbl, a ubiquitin ligase, to the
entry site is also required for the ubiquitination of Ku70 (Martinez
et al., 2005). R. conorii enters non-phagocytic cells via an Arp2/3

complex-dependent pathway (Martinez and Cossart, 2004). Path-
ways involving Cdc42, phosphoinositide 3-kinase, c-Src, cortactin,
and tyrosine-phosphorylated proteins activate Arp2/3, resulting
in localized actin rearrangement during rickettsial entry. Fur-
thermore, activation of the p38 mitogen-activated protein kinase
module facilitates host cell invasion by R. rickettsii in vitro (Ryd-
kina et al., 2005, 2008). Recently, it has been clarified that some of
the other outer membrane proteins belonging to the Sca family,
Sca1, and Sca2, also play roles in host cell adherence and invasion
by rickettsiae (Cardwell and Martinez, 2009; Riley et al., 2010).
Overlay assays involving biotinylated EC, 2D-PAGE, and mass
spectrometry have demonstrated that the β-peptide, Adr1, and
Adr2 are also putative rickettsial adhesins (Renesto et al., 2006).
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FIGURE 3 | Scanning electron microscopy of cells infected withTGR and
SFGR. (A) AeAl2 cells infected with R. typhi at 10 and 60 min after infection.
(B) AeAl2 cells infected with R. japonica at 10 and 60 min after infection.

Successful adherence to and invasion of AeAl2 insect cells was achieved by
both TGR and SFGR soon after their inoculation. The yellow and red arrows
indicate adherent and invading rickettsiae, respectively.

In addition to studies of these early events during the course
of rickettsial infection, there have been many genomic analyses
of the pathogenicity of rickettsiae (Andersson et al., 1998; Li and
Walker, 1998; Ogata et al., 2001; Uchiyama, 2003; Joshi et al., 2004;
Sahni et al., 2005; Whitworth et al., 2005; Uchiyama et al., 2006;
Chan et al., 2009; Fournier et al., 2009; Clark et al., 2011). Rick-
ettsial genomes possess homologs of the virB operon, which is

known to be related to the type IV secretion system (T4SS) and
might be associated with rickettsial pathogenicity. It was reported
that Vero cells that had been infected with R. conorii displayed
upregulated virB operon expression when they were exposed to
nutrient stress (La et al., 2007). The factors secreted by the T4SS,
such as Sec7, LepA, LepB, and patatins, might upregulate the syn-
thesis of nutrients that allow rickettsiae to survive in stressful
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FIGURE 4 | Model of the rickettsia-host cell interactions that occur
during the course of infection.The first step in SFGR entry into host cells
is the adhesion of rickettsiae to cells due to the binding of many rickettsial
adhesins to host cell receptors, followed by the activation of intracellular
signaling pathways that induce actin polymerization and membrane
rearrangement, causing the attached rickettsiae to be engulfed. Just after
clathrin and caveolin-2-dependent phagocytosis, rickettsiae escape from
the phagosomes that engulfed them by secreting the phospholipases TlyC

and Pld. In the case of SFGR, the surface molecules RicA and Sca2 recruit
Arp2/3 to polymerize actin, resulting in the formation of an actin tail, which
aids the movement of the bacteria. However, in the case of TGR, R.
prowazekii does not have an actin tail, while R. typhi has a very short actin
tail. SFGR invade the adjacent cells very early in the course of the
infection. Rickettsiae grow within cells by binary fission. The VirB-related
T4SS is essential for the intracellular survival of rickettsiae as it allows
them to secrete effector molecules.

environments. Moreover, of the ten Staphylococcus aureus genes
(capA–M ) involved in the biosynthesis of capsular polysaccha-
rides, which are related to pathogenicity, three have homologs in
the Rickettsia genome (Lin et al., 1994).

The infection of cultured human EC with R. rickettsii induced
the early cell-to-cell spread of the bacteria, resulting in widespread
membrane damage and finally cell death (Silverman, 1984). How-
ever, EC are not only injured by infection, but also initiate cellular
responses such as endothelial activation. Specifically, the infection
of EC with R. rickettsii or R. conorii induces surface platelet adhe-
sion (Silverman, 1986); the release of von Willebrand factor from
Weibel–Palade bodies (Sporn et al., 1991; Teysseire et al., 1992);
and increased expression of tissue factor (Teysseire et al., 1992;
Sporn et al., 1994), E-selectin (Sporn et al., 1993), IL-1α (Kaplan-
ski et al., 1995; Sporn and Marder, 1996), cell-adhesion molecules
(Dignat-George et al., 1997), and plasminogen activator inhibitor-
1 (Drancourt et al., 1990; Shi et al., 2000). The infection of EC
with the TGR R. prowazekii resulted in enhanced prostaglandin
secretion (Walker et al., 1990). Thus, EC infected with rickettsiae
demonstrate procoagulant and proinflammatory features, which
might contribute to the severity of rickettsioses. Rickettsial infec-
tion of EC also activates nuclear factor (NF)-κB, which inhibits
apoptosis and mediates the production of the proinflammatory
cytokines IL-6, IL-8, and monocyte chemoattractant protein 1
(Joshi et al., 2004; Bechelli et al., 2009). Conversely, EC activated
by IFN-γ, TNF-α, IL-1β, or RANTES degenerate intracellular rick-
ettsiae through nitric oxide production and hydrogen peroxide
production (Valbuena et al., 2002; Rydkina et al., 2004).

A comparative study of rickettsial genomes suggested that
the inactivation of some genes by genome reduction during
the course of their evolution abrogated host-induced rickettsial
growth restriction (Blanc et al., 2007). In fact, a conflicting rela-
tionship was detected between a smaller genome size and increased
pathogenicity in rickettsiae, e.g., R. prowazekii, which possesses
a smaller genome, causes more severe symptoms than Rickettsia
species with larger genomes such as R. conorii (Fournier et al.,
2009; Botelho-Nevers and Raoult, 2011). A comparison of the
growth of the virulent and avirulent strains of R. rickettsii revealed
that the relA/spoT gene is essential for growth restriction (Clark
et al., 2011).

The growth kinetics of pathogenic rickettsiae in mammalian
cells were compared with those of non-pathogenic rickettsiae.
Vero and HeLa cells derived from mammals were inoculated with
a non-pathogenic species of SFGR, R. montanensis (Bell et al.,
1963; Uchiyama et al., 2012). The growth of R. montanensis in
the mammalian cells was restricted; however, the infection was
persistent, and low levels of rickettsiae were produced through-
out its course (Figure 5). On the other hand, superinfection of
the R. montanensis-infected cells with the pathogenic R. japonica
resulted in increased yields of the non-pathogenic R. monta-
nensis and R. japonica growth. Western blotting confirmed that
autophagy had been induced in the cells infected with R. monta-
nensis alone. On the contrary, autophagy was restricted in the R.
montanensis-infected cells that had been superinfected with path-
ogenic R. japonica. These results were consistent with the findings
of ultrastructural observations (Figure 6). Thus, it is suggested
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FIGURE 5 | Growth kinetics of non-pathogenic and pathogenic SFGR in
mammalian cells. The growth of non-pathogenic and pathogenic rickettsiae
was monitored. Some of the cells that had been infected with non-pathogenic
R. montanensis were superinfected with pathogenic R. japonica on day three

of infection, and the growth of each Rickettsia was monitored. The growth of
non-pathogenic SFGR was restricted in mammalian cells. The superinfection
of the infected cells with pathogenic SFGR induced an elevated yield of the
non-pathogenic SFGR and the growth of the pathogenic species.

that the growth restriction of the non-pathogenic species, R. mon-
tanensis, was at least partly due to the occurrence of autophagy
in the infected cells and that the pathogenic species, R. japon-
ica, might secrete an unidentified autophagy restriction factor(s).
Although autophagy is one of the innate defense systems against
invading microbes, other pathogenic bacteria that display intra-
cellular growth, such as Shigella, Listeria, and Burkholderia, also
possess mechanisms for escaping from autophagic degeneration
(Sasakawa, 2010). Shigella escapes from autophagic recognition
by secreting IcsB via the type III secretion system (TTSS; Ogawa
et al., 2005). Listeria recruits the Arp2/3 complex and Ena/VASP to
its surface via the bacterial ActA protein and disguises them from
autophagic recognition (Yoshikawa et al., 2009), and Burkholde-
ria secretes the BopA protein via the TTSS to evade autophagy
(Cullinane et al., 2008). It is also known that the BopA pro-
tein shares 23% homology with IcsB of Shigella. Another of the
putatively non-pathogenic SFGR, Rickettsia sp. LON, which was
isolated from Haemaphysalis longicornis (a tick), but has never
been isolated from human spotted fever patients in Japan (Fujita,
2008; Hanaoka et al., 2009), is genetically closely related to R.
japonica and in fact is classified within the R. japonica group.
Its growth in mammalian cells was examined in a recent study
(Uchiyama and Fujita, 2012). The growth of Rickettsia sp. LON
is restricted in mammalian cells, as was found for R. montanen-
sis. However, its growth can be recovered by superinfection of
the pathogenic R. japonica. These results further strengthen the
hypothesis that the degree of rickettsial growth in mammalian
cells basically determines the pathogenicity of Rickettsia. Another
non-pathogenic Rickettsia, R. peacockii, which is also known as
the East Side agent, was isolated from Rocky Mountain Wood
ticks (Dermacentor andersoni) from Montana, USA (Bell et al.,
1963; Burgdorfer et al., 1981). R. rickettsii-carrying D. andersoni
display a markedly reduced prevalence on the east side of the Bit-
terroot Valley, while Rocky Mountain spotted fever predominantly
occurs on the west side of the valley (Philip and Casper, 1981).
Thus, the presence of R. peacockii in D. andersoni ticks might
prevent the transovarial transmission of R. rickettsii and limit its
spread in the tick population, although it is uncertain whether R.

peacockii actively interferes with R. rickettsii in ticks or whether
ticks carrying R. peacockii have a reproductive advantage over
those carrying R. rickettsii. R. rickettsii has been demonstrated to
have a lethal effect on its tick vector D. andersoni (Niebylski et al.,
1999). A comparative study has also been performed of the genome
sequences of the pathogenic R. rickettsii and the non-pathogenic
R. peacockii (Niebylski et al., 1997; Felsheim et al., 2009). In R. pea-
cockii, the genes encoding an ankyrin repeat containing protein,
DsbA, RickA, protease II, rOmpA, Sca1, and a putative phospho-
ethanolamine transferase, which are related to its pathogenicity,
were deleted or mutated. The gene coding for the ankyrin repeat
containing protein is especially noteworthy as it is also mutated in
the attenuated Iowa strain of R. rickettsii. The precise mechanisms
by which these factors contribute to the pathogenicity of SFGR are
yet to be clarified.

PERSPECTIVES
The vector tropism of rickettsiae seems to correspond with their
growth in cultured mammalian cells. It has been clarified that
the growth restriction of SFGR in AeAl2 cells depends on the
non-apoptotic cell death induced after host cell adherence and
invasion by rickettsiae. It is important to analyze the mecha-
nisms responsible for this cell death and the cell death inhibition
observed in AeAl2 cells infected with TGR. Moreover, the mech-
anisms responsible for the restriction of TGR growth in tick cells
and the abrogation of the growth restriction in tick cells infected
with SFGR also need to be elucidated.

A relationship was detected between the ability of Rickettsia
species to grow in cultured mammalian cells and their pathogenic-
ity; however, the growth abilities of Rickettsia species are affected
by many host and rickettsial factors during the various stages of
rickettsial infection. In order to elucidate the mechanisms gov-
erning rickettsiae pathogenicity, it is necessary to compare these
factors between pathogenic and non-pathogenic strains.

Although I have attempted to elucidate the relationships
between various rickettsiae species and cell types in this review, it is
also necessary to clarify the roles of innate and acquired immunity
against rickettsiae infection.
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FIGURE 6 |Transmission electron microscopy of Vero cells infected with
non-pathogenic and pathogenic SFGR. (A) Vero cells infected with R.
montanensis alone was observed at 7 days after infection. An arrow marks a
degenerating rickettsia in an autophagosome-like vacuole. (B) R.

montanensis-infected cells were superinfected with R. japonica on day three
of infection and observed at 7 days after the first infection. Many free
rickettsiae around 1 µm in length surrounded by halos and those in the course
of binary fission were seen in the cytoplasm. Bars, 1 µm.
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