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possibly  
, which would explain the smaller cellular populations found in the coinfected mouse 

thymi. The potential for HHV-6A to induce p  
  sphingosine-1 phosphate receptor (S1P1) was also 

investigated.   
 
 

 
  HIV/AIDS as well as a possible 

mechanism of the involvement of HHV-6A in multiple sclerosis (MS) and other autoimmune 
diseases.
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Cellular chemotaxis is important to tissue homeostasis and proper development. Human

herpesvirus species influence cellular chemotaxis by regulating cellular chemokines and

chemokine receptors. Herpesviruses also express various viral chemokines and chemokine

receptors during infection. These changes to chemokine concentrations and receptor

availability assist in the pathogenesis of herpesviruses and contribute to a variety of diseases

and malignancies. By interfering with the positioning of host cells during herpesvirus infection,

viral spread is assisted, latency can be established and the immune system is prevented from

eradicating viral infection.

INTRODUCTION

Cells respond to a variety of cytokines and chemokines that
allow them to migrate in different areas in the body
depending on where they are needed. This process is essen-
tial for appropriate tissue maintenance, homeostasis,
formation, repair and pathogen clearance (Turner et al.,
2014; Zhou et al., 2014). Dysregulation of the delicate
balance of cellular signals and/or improper positioning
could impede these processes. Aside from being related
to a range of diseases, viral-induced chemotaxis contributes
to the epidemiology and persistence of human herpes-
viruses. These viruses regulate a multitude of cellular
genes that direct cellular chemotaxis, thereby manipulating
these genes for the benefit of the invading virus. Herpes-
viruses also produce various chemokines and chemokine
receptors from genes in the viral genome, further affecting
cellular chemotaxis. In essence, viral infection results in the
piracy of cellular function as it directs cell movement in
both infected and uninfected cell types.

The family Herpesviridae is divided into various subfamilies

including Alphaherpesvirinae, Betaherpesvirinae, and

Gammaherpesvirinae (Flint & American Society for Micro-

biology, 2009; Yoshida & Yamada, 2006). The nine human

herpesviruses (HHVs) include herpes simplex virus

type 1 (HHV-1 or HSV-1) and 2 (HHV-2 or HSV-2),

varicella–zoster virus (HHV-3 or VZV), Epstein–Barr

virus (HHV-4 or EBV), human cytomegalovirus (HHV-5

or hCMV), human herpesvirus 6A (HHV-6A) and 6B

(HHV-6B or roseola virus), human herpesvirus 7 (HHV-7)

and Kaposi’s sarcoma-associated herpesvirus (HHV-8 or

KSHV) (Siakallis et al., 2009). All of these viral species

share similar structural characteristics with a genome

composed of double-stranded DNA, an icosahedral
capsid, an envelope studded with a variety of viral and
host proteins, and viral tegument proteins in an amor-
phous layer between the capsid and envelope (Flint &
American Society for Microbiology, 2009). Herpesviruses
are able to remain latent in host cells for the life of the indi-
vidual, during which time viral particles are undetectable
but viral nucleic acids can be found, and viral gene
expression is very limited. Various stimuli can cause viral
reactivation, wherein viral gene expression recommences
and infectious particles can be detected and shed to new
hosts. Herpesviruses encode a complex assortment of
proteins that manipulate cellular functions during
infection in order to promote viral persistence. Human
herpesviruses are an integral part of human existence,
with over 90% of adults being persistently infected with
one or more of these nine herpesviruses in their lifetimes.
Although the incidence of serious herpesvirus-induced
diseases is rare in most cases, the prevalence of infection
is so high that the overall disease burden takes a toll on
society.

It has been hypothesized that several herpesvirus species
affect development or progression of diseases, including
lymphomas, atherosclerosis, autoimmune disorders, and
disruption of angiogenesis, through interference with cellu-
lar chemotaxis (Ehlin-Henriksson et al., 2009; Franciotta
et al., 2008; Rosenkilde & Schwartz, 2004; Stern & Slobed-
man, 2008; Streblow et al., 2001). In this review we will
elaborate on the known human HHV mechanisms and
pathways that influence cellular chemotaxis during viral
infection. Potential benefits to herpesviruses in evolving
these mechanisms will be presented as well as the resulting
potential for their roles in disease development.
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ALPHAHERPESVIRINAE

HSV-1, HSV-2 and VZV encompass the human pathogens
of the subfamily Alphaherpesvirinae, typically showing lytic
replication in epithelial cells and harboured as a latent
infection in neuronal cells. HSV-1 is quite common in
industrialized countries, with a seroprevalence of around
90% (Viejo-Borbolla et al., 2012) in the adult population.
Symptoms of viral infection include cold sores and redness
of the skin; however, many infections are asymptomatic.
HSV-1 transmittance only occurs when viral replication
takes place, either during primary infection or in a reacti-
vation event. The most common methods of transferring
HSV-1 include direct skin contact and via saliva. Similar
to HSV-1, HSV-2 can mask its presence from the host’s
immune system, demonstrating a preference to lie
dormant in the sacral ganglia (HSV-1 in trigeminal
ganglia) and manifest occasional lytic outbreaks, typically
in the genital area. HSV-2 is one of the most common
sexually transmitted diseases, with a seroprevalence of
12–20% in the USA. HSV-2 infection is of greater concern
in developing countries, where seroprevalence is much
higher (Weiss, 2004; Xu et al., 2006). VZV primary infec-
tion results in the common childhood disease varicella
(chickenpox) after which the virus establishes latency in
the ganglia of a variety of neurons (Gilden et al., 2014).
Reactivation of the virus results in zoster (shingles) and
other chronic pain diseases, which can be manifest in
various places on the epithelium (Gilden et al., 2014).

Until recently, not much was known about HSV and how it
affects chemotaxis; however, current work has demon-
strated that HSV infection has a strong influence on
chemotaxis (see Table 1). Viejo-Borbolla et al. (2012)
showed that a secreted form of viral glycoprotein G
(SgG) from both HSV-1 and HSV-2 binds chemokines
with high affinity. Membrane-bound glycoprotein G (gG)
was shown to be necessary for chemokine-binding activity.
They found that HSV SgG in both HSV-1 and HSV-2
increased chemotaxis of monocytes in infected individuals
towards CXCL12 and that gG attaches to glycosamino-
glycans (GAGs) at the surface of cells without negative
effects on G-protein-coupled receptors (GPCRs). Another,
more recent, study further investigated the mechanism by
which viral SgG enhances chemotaxis. It was found
that gG binds to GAGs, which induces lipid raft
clustering, leading to increased CXCR4 incorporation.
The conformational change causes an increase in

functional chemokine–receptor complexes at the cell sur-
face (Martinez-Martin et al., 2015). CXCL12 is the natural
ligand for CXCR4 and is secreted constitutively in a variety
of tissues, including the lymph nodes, bone marrow, lungs
and adrenal glands (Alkhatib, 2009; Luker & Luker, 2006).
It is also known that CXCR4 signalling is important in
modulating the survival of neuronal cells and modulating
synaptic function (Nash & Meucci, 2014). The increased
functionality of CXCR4 could potentially allow infected
cells to migrate to these areas in vivo. By migrating to
areas secreting CXCL12, infected cells could come into
contact with more target cells. Similar results had been
observed by Bellner et al. (2005) when they tested the
chemotactic ability of HSV-2 gG (gG-2p20). These authors
found that isolated human neutrophils and monocytes
followed a gradient of gG-2p20 via binding of the formyl
peptide receptor (FPR) on the surface of these cells. While
the chemoattractant properties have never been displayed
using the full-length gG2 protein, several speculations can
be made based on the findings that suggest that neutrophils
and monocytes could be attracted to areas with infected
cells expressing gG-2p20. This could possibly be beneficial
for HSV-2 infection. Attracting a large number of phagocy-
tic cells would increase tissue damage and activated cells,
potentially enabling viral spread and propagation (Bellner
et al., 2005). It was shown that gG-2p20 is an FPR-activating
agonist. Activation of FPR in vivo led to the downregulation
of other chemotactic receptors. These observations suggest
the possibility that the change in expression could lead to
impaired clearance of HSV-2 during infection (Bellner
et al., 2005). In summary, a variety of studies have demon-
strated the effectiveness of HSV-1 and HSV-2 in manipulat-
ing CXCR4 in infected cells.

HSV-2 has demonstrated the ability to manipulate chemo-

taxis via a host chemokine as well. A study performed by

Huang et al. (2012) demonstrated an elevated expression

of CXCL9 in the cervical mucosa of HSV-2-positive

women. Further research confirmed that HSV-2 regulated

the expression of CXCL9 in human cervical epithelial

cells by inducing the phosphorylation and translocation

of C/EBP-b to the nucleus, where it transactivates

CXCL9. The known receptor for CXCL9 is CXCR3,

which is expressed predominantly in non-resting T cells

(Van Raemdonck et al., 2015). Expression has also been

observed in epithelial, endothelial, fibroblast and smooth

muscle cells (SMCs) (Billottet et al., 2013; Van Raemdonck

Table 1. Alphaherpesviruses change cellular receptors/chemokines

Cell type Receptor or chemokine Virus Amount or functionality References

Monocyte CXCR4 HSV-1, HSV-2 Increase Bellner et al. (2005);

Viejo-Borbolla et al. (2012)

Neutrophil CXCR4 HSV-1, HSV-2 Increase Bellner et al. (2005)

Epithelial CXCL9 HSV-2 Increase Huang et al. (2012)
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et al., 2015). This upregulation of CXCL9 was shown to
result in increased migration of activated peripheral
blood leukocytes (PBLs) and CD4+T lymphocytes
(Huang et al., 2012). Huang and associates postulate that
HSV-2 is responsible for upregulating CXCL9; however,
it was not shown what viral protein induced the expression
or if the increase in CXCL9 expression was a cellular
response to viral infection. The viral benefits for inducing
migration of CD4+T cells and PBLs to sites of infection
are unclear. The ability of HSV-2 to regulate CXCL9
could be investigated more in depth as this is the only
study demonstrating this type of subversion in epithelial
cells.

Past research has also suggested that VZV could utilize
glycoproteins as chemoattractants, inducing migration of
polymorphonuclear leukocytes (Ihara et al., 1991).
No other recent research has been conducted to determine
if VZV affects chemotaxis of other infected cell types,
although several studies do provide evidence for how
VZV might influence cellular chemotaxis (Desloges et al.,
2008; Shavit et al., 1999; Steain et al., 2011). We now
understand that HSV-1 and HSV-2 can manipulate mono-
cytes through increasing the functionality of CXCR4 by
making lipid rafts with the viral SgG protein. HSV-2 can
further change the migration of cells by increasing the
expression of CXCL9 in infected epithelial cells, potentially
attracting CD4+T cells and PBLs to sites of infection.

BETAHERPESVIRINAE

Human cytomegalovirus (hCMV)

Also known as human herpesvirus 5, hCMV is a prominent
member of the Betaherpesvirinae subfamily. With a sero-
prevalence worldwide ranging from 45 to 100%, hCMV

is a common human pathogen that is often asymptomatic
in infected adults and children (Cannon et al., 2010; Chen
et al., 1999; McGavran & Smith, 1965). hCMV has gained
public scrutiny and awareness owing to further under-
standing of its prevalence in causing congenital infections
leading to birth defects (Bialas et al., 2015). In the USA it
is a more common cause of birth defects than many
other causes, including fetal alcohol syndrome, Down syn-
drome, spina bifida, HIV/AIDS, Haemophilus influenzae
type B and congenital rubella syndrome (Cannon &
Davis, 2005). Like other herpesviruses, hCMV is associated
with various post-transplant complications and is a main
viral cause of solid organ transplant and haematopoietic
stem cell transplant morbidity and mortality (Ariza-
Heredia et al., 2014; Gandhi & Khanna, 2004). It is also
known to cause severe disease in other immunocompro-
mised individuals, such as AIDS patients. Viral shedding
can occur via saliva, urine, breast milk, semen and tears.
hCMV is known to infect various cell types, including epi-
thelial cells, endothelial cells, smooth muscle cells, fibro-
blasts, dendritic cells and lymphocytes, the latter cell type
typically remaining latently infected for the life of the host.

Using a variety of viral proteins to manipulate migration of
host cells and potential target cells, hCMV uses both surface
receptors and secreted chemokines (see Tables 2 and 3).
Among the viral chemokines secreted by hCMV-infected
cells are the products of the UL128 and UL146 genes.
Numerous studies have been performed demonstrating
how these viral gene products affect the migration of
hCMV-infected cells. It has been noted that hCMV-
infected monocytes demonstrate a reduced chemotactic
ability owing to a downregulation of CCR1, CCR2 and
CCR5 (Frascaroli et al., 2006). A similar downregulation
of various chemokines was observed along with an increase
in migratory inhibitory factor in hCMV-infected macro-
phages, resulting in a lack of motility (Frascaroli et al., 2009).

Table 2. Human herpesvirus-encoded chemokine receptors

Virus Viral receptor Result References

hCMV US27 Potentiates CXCR4, increases migration

to various tissues

Arnolds et al. (2013)

US28 Migration of infected cells to areas

of inflammation

Streblow et al. (1999); Vomaske et al. (2009)

UL33 and UL78 Prevents migration to sites of inflammation

and certain tissues

Tadagaki et al. (2012); Tschische et al. (2011)

HHV-6A U51 Prevents NK cell interaction and prevents

apoptotic signals

Catusse et al. (2008); Fitzsimons et al. (2006)

HHV-6B U12 Migrates to inflammatory and T cell-rich

zones

Isegawa et al. (1998)

HHV-7 U51

U12

Migration of infected cells to T cell-rich

and inflammatory areas

Nicholas (1996); Tadagaki et al. (2005)

KSHV KSHV-GPCR Increases cell survival Couty et al. (2009); Pati et al. (2001);

Shepard et al. (2001)
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Later it was demonstrated by Frascaroli and associates that
in the presence of UL128 there was a resulting downregula-
tion of CCR1, CCR2 and CCR5 in monocytes
(Straschewski et al., 2011). Because of this impairment,
monocytes could no longer migrate following the chemo-
kines CCL5 and CCL2, which are ligands of the afore-
mentioned receptors. CCL2 and CCL5 are known to be
involved in the recruitment of monocytes and T cells and
are secreted as pro-inflammatory cytokines in response to
tissue damage or viral detection (Ansari et al., 2013; Soria
& Ben-Baruch, 2008). Recently, using a UL128-transfected
cell line (CHO-UL128) to produce UL128, Gao et al.
(2013) studied the effects of this b chemokine on cell
migration. They found that UL128 acted as a chemoattrac-
tant for peripheral blood mononuclear cells (PBMCs)
in vitro and functioned similarly to CCL3 as a chemoattrac-
tant. These results suggest that UL128 could act to prevent
chemotaxis of monocytes following other gradients, such as
CCL5 and CCL2, and could use a separate receptor to
attract the monocytes to areas of infected cells (Gao
et al., 2013). This increases the cells available to be infected
by hCMV, potentially furthering viral spread. The other
known chemokine produced, UL146, codes for an
a chemokine and viral homologue to CXCL1 (vCXCL1)
(Penfold et al., 1999). Two studies demonstrated that
vCXCL1 could induce the chemotaxis of neutrophils
in vitro (Lüttichau, 2010; Penfold et al., 1999). Using
calcium mobilization, chemotaxis and phosphatidylinositol
turnover assays, it was found that vCXCL1 was a ligand for
CXCR1 and CXCR2. CXCR1 and CXCR2 are both
expressed on neutrophils, and it is expected that hCMV-
infected endothelial cells express vCXCL1 as a chemo-
attractant to increase the numbers of neutrophils and
assist in viral spread to other endothelial cells (Lüttichau,
2010). In a study conducted by Smith et al. (2004), it
was observed that hCMV-infected monocytes induced

transendothelial migration in vitro, although the viral
mechanism is unknown (Smith et al., 2004).

Regulating host cell chemokines can also result in chemo-
tactic changes (see Table 4). hCMV UL144 is a viral protein
that activates NF-kB (Poole et al., 2006). This leads to a
cascade of multiple pathways, including induced
expression of host CCL22, which acts as a chemoattractant
for Th2 and regulatory T cells (Tregs). By recruiting these
cells to sites of viral infection it is possible to suppress
T helper and CD8+T cells, tapering the immune response
(Fielding, 2015). It has also been found that granulocyte
macrophage progenitors (GMPs) latently infected with
hCMV demonstrate increased expression of CCL2 (Stern
& Slobedman, 2008). CCL2 is a pro-inflammatory cytokine
that acts as a chemoattractant to monocytes, macrophages,
dendritic cells and T cells expressing CCR2. This increase in
CCL2 acts to attract CD14+monocytes to latently infected
GMPs (Stern & Slobedman, 2008). This behaviour of
latently infected GMPs is likely a viral strategy employed
to recruit new leukocytes to be infected; however, too
little is known about in vivo hCMV reactivation to know
if this spread and reactivation occurs before or after
GMPs develop into macrophages. Further research could
be done into the manipulation of hCMV-infected GMPs
as there is currently just one study demonstrating this
change in chemotaxis.

There are a variety of hCMV chemokine receptors shown
to affect cell migration, including US27, US28, UL33 and
UL78 (Fielding, 2015), all of which are homologous to
human GPCRs. US27 is expressed late during lytic infec-
tion and has no known ligand (Fraile-Ramos et al., 2002;
Stapleton et al., 2012). However, it was found to potentiate
CXCR4-mediated chemotaxis, increasing the expression
and amount of surface CXCR4 (Arnolds et al., 2013).
As previously explained, CXCR4 is a seven-membrane-

Table 3. Human herpesvirus-encoded chemokines

Virus Viral chemokine Result References

VZV GP I and GP II Chemoattractant for polymorphonuclear

leukocytes

Ihara et al. (1991)

HSV gG2 Chemoattractant for monocytes Bellner et al. (2005)

hCMV UL146 Chemoattractant for neutrophils Lüttichau, (2010); Penfold et al. (1999)

hCMV UL128 and UL146 Attracts PBMCs and

prevents monocyte migration

Frascaroli et al. (2006); Gao et al. (2013);

Straschewski et al. (2011)

HHV-6A U83A Chemoattractant for T cells,

monocytes and immature

dendritic cells

Catusse et al. (2007); Dewin et al. (2006)

HHV-6B U83B Chemoattractant for monocytes Clark et al. (2013); Lüttichau et al. (2003)

KSHV vCCL1 Chemoattractant for monocytes Nakano et al. (2003); Weber et al. (2001)

KSHV vCCL2 Prevents Th1 T cell chemotaxis

and attracts monocytes

Nakano et al. (2003); Weber et al. (2001)

KSHV vCCL3 Inhibits chemotaxis of Th1 T cells

and NK cells

Lüttichau et al. (2007)

KSHV vIL-6 Attracts endothelial cells Wu et al. (2014)
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spanning GPCR that allows the cell to follow the chemo-
kine gradient of its natural ligand, CXCL12, which is
secreted constitutively in a variety of tissues, including
the lymph nodes, thymus, bone marrow, lungs and adrenal
glands (Alkhatib, 2009; Luker & Luker, 2006). The poten-
tiation of CXCR4 resulted in increased migration to
CXCL12 during in vitro migration assays (Arnolds et al.,
2013). It has been speculated that increased CXCR4 levels
at appropriate times could allow hCMV-infected cells to
migrate to bone marrow or lymph nodes, where there
would be an increased opportunity to spread to susceptible
cells (Arnolds et al., 2013).

US28 was first shown to affect migration in vascular SMCs
(Streblow et al., 1999). It was found that US28 directed cell
migration following the chemokines CCL2 and possibly
CCL5. In the absence of CCL2, there was no migration of
hCMV-infected SMCs (Streblow et al., 1999). This would
allow infected SMCs to migrate to areas of inflammation,
potentially providing opportunity for viral spread to leuko-
cytes. Later it was demonstrated that US28 acted to control
migration of both infected SMCs and infected macro-
phages. Kledal et al. (1998) found that US28 also bound
CX3CL1, which is a chemokine that is found on the cell
surface and extracellularly in a secreted form; this work
was later followed up by others (Murphy et al., 2008;
Vomaske et al., 2009). CX3CL1 is only known to be pro-
duced by endothelial cells and results in the recruitment
of inflammatory cells (Bazan et al., 1997; Vomaske et al.,
2009). These authors found that the presence of CX3CL1
inhibited the migration of hCMV-infected SMCs, but
induced the migration of hCMV-infected macrophages.
It was also demonstrated that the inverse was true, in the
presence of CCL5, hCMV-infected macrophages US28-
mediated migration was inhibited, but hCMV-infected
SMCs demonstrated normal chemotaxis, as expected
(Vomaske et al., 2009). This makes the viral GPCR US28
unique in that it is chemokine- and cell-type-specific.

It seems important for the virus to control cellular
migration during hCMV infection. Evidence for how
US28 functions was provided by Tschische et al. (2011),
when they found that hCMV chemokine receptors hetero-
merize with each other. It was observed that UL33 and
UL78 heteromerization resulted in silencing of US28-
mediated activation of the NF-kB pathway. Tadagaki
et al. (2012) investigated UL33 and UL78, and found that
these two GPCR homologues formed heteromers with
CCR5 and CXCR4 on the surface of infected THP-1 cells.
This was found to prevent cell chemotaxis facilitated by
CCR5 and CXCR4 in vitro. CCR5 allows the cell to
follow a variety of chemokines, including CCL3, CCL4
and CCL5, these being the best agonists, while CXCR4 is
known to be chemoattracted to CXCL12 (Alkhatib,
2009). The majority of chemokines that act as CCR5
ligands are pro-inflammatory.

During hCMV infection the virus is able to regulate host
receptors in various ways to prevent chemotaxis. It has
been demonstrated that hCMV prevents CCR7 expression
in monocyte-derived dendritic cells, preventing chemotaxis
following CCL19 and CCL21 chemokine gradients in vitro
(Moutaftsi et al., 2004). hCMV-infected Langerhans cells
also demonstrate reduced chemotaxis in response to lym-
phoid chemokines (Lee et al., 2006). After these obser-
vations it was found by Wagner et al. (2008) that hCMV
UL18 inhibited chemotaxis of dendritic cells in vitro. The
extracellular UL18 is expressed late in hCMV infection
and binds the leukocyte immunoglobulin-like receptor 1
molecule on the surface of dendritic cells. This results in
various changes, including reduced chemotaxis, increased
pro-inflammatory cytokine production, upregulation of
CD83 and inhibition of CD40 (Park et al., 2002; Wagner
et al., 2008). It was also observed that hCMV-infected den-
dritic cells showed downregulated chemokine expression
and inhibited maturation due to vIL-10, a product of the
hCMV UL111A gene. Dendritic cells that were able to

Table 4. Betaherpesviruses change cellular receptors/chemokines

Cell type Receptor or chemokine Virus Amount or functionality References

Dendritic cell CCR7 hCMV Decrease Moutaftsi et al. (2004)

CCR1 hCMV Decrease Varani et al. (2005)

CCR5 hCMV Decrease Varani et al. (2005)

GMP CCL2 hCMV Increase Stern & Slobedman (2008)

Monocyte CCR1 hCMV Decrease Frascaroli et al. (2006, 2009);

CCR2 hCMV Decrease Straschewski et al. (2011)

CCR5 hCMV Decrease

CCL22 hCMV Increase Poole et al. (2006)

T cell CCL5 HHV-6A Decrease/increase Cerdan et al. (2001)

CCR7 HHV-6 Increase Hasegawa et al. (1994)

CXCR4 HHV-6 Decrease Yasukawa et al. (1999)

CXCR4 HHV-7 Decrease Yasukawa et al. (1999)

CCR7 HHV-7 Increase Hasegawa et al. (1994)
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mature during hCMV infection showed an increase in
chemotactic ability to follow the lymph node homing che-
mokine (Chang et al., 2004). It has further been observed
that chemotaxis is disrupted in infected endothelial cells.
Reinhardt et al. (2014) demonstrated how hCMV-infected
human coronary artery endothelial cell (HCAEC) chemo-
taxis to vascular endothelial growth factor is inhibited.
HCAEC migration is important for repair post-vascular
injury (Deanfield et al., 2007; Waltenberger, 2007). While
the observation explains how hCMV can play a role in con-
tributing to pro-atherosclerotic phenotypes, the viral strat-
egy for inhibiting HCAEC migration remains unknown.
A further way to inhibit chemotaxis of cells is by secreting
chemokine-binding proteins. hCMV-produced UL21.5 acts
in this capacity by binding CCL5, acting as a chemokine
sink or decoy receptor (Wang et al., 2004a). This would
prevent the cellular receptor from being able to bind
CCL5 and follow the chemoattractant. hCMV also utilizes
miR-UL148D to silence CCL5 protein synthesis in infected
cells (Kim et al., 2012). These studies emphasize the
importance of CCL5 regulation during hCMV infection.
Preventing immune cell production and detection of

CCL5 would assist in preventing the attraction of mono-
cytes and T cells to areas of hCMV infection. While a cer-
tain number of monocytes would be beneficial for viral
spread, an overabundance of monocytes and the presence
of T cells could result in the impairment of viral spread.

To better enhance viral spread, hCMV uses virally encoded

chemokines UL128, UL146 and vCXCL1 to attract target

immune cells. The piracy of host chemokine CCL22 further

assists in this process. By upregulation of CCL22 in infected

monocytes, Tregs are attracted, and could assist in down-

regulation of an immune response to viral infection.

By increasing the functionality of CXCR4, chemotaxis of

virally infected cells to other tissues could be encouraged.

By manipulating host chemokine receptor CCR7, hCMV

can avoid migration to primary and secondary lymph

tissue, evading possible detection. The dysregulation of

virus-infected cell movement appears to allow hCMV the

edge in evading immune detection and increase the oppor-

tunity for viral spread (see Fig. 1). Future studies investi-

gating the function of viral chemokines and chemokine

receptors could examine their effects in vivo utilizing

Lymph tissue

ThP1 cell
PBMCs

UL146

Neutrophils

CMV-infected
cells

GMP

CCL2

CCL22

Dendritic cells

Endothelial cells

Smooth muscle
cells

Macrophage

Treg cells

Fig. 1. Changes in cellular chemotaxis resulting from hCMV infection. hCMV uses virally encoded chemokines UL128,
UL146 and vCXCL1 to attract target immune cells such as neutrophils and PBMCs. Increases in CCL2 expression further
assist in attracting monocytes, macrophages and dendritic cells. Upregulation of CCL22 in infected monocytes attracts Treg
cells, which can assist in downregulation of an effective immune response to viral infection. Increasing the functionality of
CXCR4 allows virally infected cells to migrate to other tissues, including secondary lymphoid tissues.
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animal models, as has been done with hCMV US28
(Bongers et al., 2010).

Human herpesvirus 6 (HHV-6)

HHV-6, initially named human B lymphotropic virus, was
first discovered in 1986 in patients with lymphoprolifera-
tive disorders (Salahuddin et al., 1986). HHV-6A and
HHV-6B were recognized as different variants of the
same species in 1992, and in 2012 the International Com-
mittee on Taxonomy of Viruses classified them as two
distinct viruses (Ablashi et al., 1993; Adams & Carstens,
2012). Because classification as two distinct viruses has
come relatively recently, it makes it difficult to distinguish
between HHV-6A and HHV-6B in some of the early litera-
ture. The seroprevalence of HHV-6 in adults worldwide is
approximately 83–100% (Hall et al., 2006).

HHV-6A

HHV-6A is a betaherpesvirus that has primary tropism for
CD4+T cells and can also infect CD8+T cells, natural
killer (NK) cells, gamma/delta T cells, human neural stem
cells, human progenitor-derived astrocytes, and oligoden-
drocyte progenitor cells (Ablashi et al., 2014; Lusso et al.,
1991, 1993, 1995). It has also been shown to lytically
infect B cells that have been immortalized with EBV
(Ablashi et al., 1989). HHV-6A can alter the expression
of different cellular markers involved in cellular homing
and trafficking, which causes significant disruption to
immune cell function and viability. The virus has been
implicated in a number of diseases including multiple
sclerosis, Hashimoto’s thyroiditis, and AIDS. In vitro studies
show that HHV-6A causes upregulation of CD4 on cells
that do not typically express this marker, making these
cells susceptible to HIV infection and possibly contributing
in the progression to AIDS (Lusso et al., 1991, 2007).

HHV-6 has one functional chemokine-like protein, U83
(see Table 3). The viral chemokine U83A from HHV-6A
is involved in chemoattraction and has selective specificity
for receptors CCR1, CCR4, CCR5, CCR6 and CCR8. These
are found on T cells, monocytes/macrophages and acti-
vated T lymphocytes (CCR1, CCR5, CCR8), skin-homing
T lymphocytes (CCR4, CCR8), immature dendritic cells
(CCR1, CCR6) and NK cells (CCR8) (Ablashi et al.,
2014; Catusse et al., 2008; Dewin et al., 2006). The differ-
ence in specificity of U83A (from HHV-6A) and U83B
(from HHV-6B) to attract diverse cell types (see Table 3)
could account for the variable tropism of the two viruses
(Clark et al., 2013). U83A is found in a full-length form
as well as a truncated splice variant (French et al., 1999).
It is thought that, because of the different forms of the pep-
tide, U83A could block both innate and adaptive immune
responses, as well as attract the cells involved in these
responses for further infection (Dewin et al., 2006). U83A
induces chemotaxis and morphological changes in cells

expressing CCR5 in a manner similar to CCL4, but with
a significantly delayed internalization of CCR5 compared
with CCL4. Interestingly, binding of U83A to CCR5 has
been shown to inhibit CCR5 tropic HIV-1 infection
(Catusse et al., 2007).

HHV-6 has two GPCRs, U12 and U51, which encode
chemokine receptors (see Table 2). U51, known to affect
migration in HHV-6A infected cells, is expressed at early
time points post-infection, whereas U12 is expressed late
and influences chemotaxis of HHV-6B-infected cells.
HHV-6A U51A has novel specificity for CCL5 and can
also bind CCL2, CCL11, CCL7 and CCL13. This makes
U51A unique among viral and cellular receptors in that it
overlaps activity with CCR1, CCR2, CCR3 and CCR5 in
the binding of CCL5 (Catusse et al., 2008). There is also
overlap with CCR2, CCR4, US28, UL12, D6 and Duffy in
the binding of CCL2; CCR3 and E1 in the binding of
CCL11; CCR1, CCR3, US28 and D6 in the binding of
CCL7; and CCR2 and CCR3 in the binding of CCL13.
Unlike many viral GPCRs that have constitutive signalling,
U51A has been shown to perform both inducible and
constitutive signalling (Catusse et al., 2008; Fitzsimons
et al., 2006).

U51A expression has been shown to cause a reduction of
CCL5 expression using the Hut78 human CD4+T lym-
phocyte cell line. U51A has high relative affinity for
XCL1, which normally binds human receptor XCR1
found on NK cells and T lymphocytes. This binding
could have a number of effects, including: preventing
infected cells from interacting with NK cells; inducing
chemotaxis to T lymphocytes, which could spread infec-
tion; and preventing apoptotic signals within infected
cells (Cerdan et al., 2001). CCL19, normally bound by
human receptor CCR7, can also be bound by U51A. This
could cause infected cells to migrate to the T cell-rich
lymph node, promoting viral spread. HHV-6A U83A che-
mokine does not bind U51A. Expression of U51A ligands
in the brain could also allow migration of infected cells
into the central nervous system. Damaged epithelial lung
cells and airway parasympathetic nerves express CCL2
and CCL11, which both bind U51A, and could promote
migration of the infected cells to these areas to be trans-
mitted to new hosts.

CCR7, which is expressed in various lymphoid tissues, is
another receptor that is modulated by herpesviruses (see
Table 4). HHV-6A and HHV-6B upregulate CCR7
expression in CD4+T cells (Hasegawa et al., 1994).
CCR7 is specific for CCL19 and CCL21 and plays roles in
cell migration and proliferation (Tadagaki et al., 2005).
This upregulation of CCR7 could be an important aspect
of HHV-6 pathogenesis as upregulation of CCR7 promotes
migration of T cells and dendritic cells to the paracortex in
lymph nodes (where T cell priming occurs) and the peri-
arteriolar lymphoid sheath in the spleen, both of which
are T cell-rich (Comerford et al., 2013).
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As mentioned previously, HHV-6A can also downregulate
cellular receptors. Along with downregulation of CD46
(its entry receptor) and CD3 (Grivel et al., 2003), CXCR4
is downregulated by HHV-6A in primary CD4+ T lympho-
cytes and the Jjhan T cell line, which affect the chemotactic
response of the cells to CXCL12, the natural ligand of
CXCR4 (Yasukawa et al., 1999). The disruption of
CXCR4/CXCL12 signalling by downregulation of CXCR4
by HHV-6A could prevent the retention of haematopoietic
stem/progenitor cells (HSPCs) and more mature leukocytes
in the bone marrow, allowing these cells to be mobilized and
enter into circulation (Karpova & Bonig, 2015). The
migration of CXCR4-expressing thymocytes out of the
thymus was shown to occur in a CXCL12-dependent
manner (Poznansky et al., 2002; Weinreich & Hogquist,
2008); so the downregulation of CXCR4 by HHV-6A
could be another way the virus prevents migration away
from areas where target cells are present. Additionally, the
downregulation of CXCR4 by HHV-6A could prevent
homing of bone marrow-derived precursor cells to the
thymus (Calderón & Boehm, 2011), possibly preventing
positive and negative selection from occurring in these cells.

HHV-6 has been shown to cause modulations to CCL5
expression. This chemokine has selective chemoattractive
activity on resting CD4+ memory T cells (Hasegawa
et al., 1994) and has been shown to be upregulated by
HHV-6 in an ex vivo study where human tonsil blocks
were infected with both HHV-6 and HIV-1. This upregula-
tion of CCL5 was shown to suppress HIV-1 CCR5-tropic
variants and possibly to stimulate replication of CXCR4-
utilizing variants, which gives evidence that HHV-6 may
play a role in HIV pathogenesis by promoting the switch
between CCR5-tropic to CXCR4-tropic HIV-1 (Grivel
et al., 2001). In contrast, CCL5 expression in epithelial
cells is downregulated by U51A from HHV-6A (Milne
et al., 2000). Epithelial cells expressing U51A also had
morphological changes and exhibited increased spreading
and flattening, which could increase the ability of HHV-6
to spread to uninfected cells as it is primarily spread by
cell-to-cell contact (Milne et al., 2000). As has been observed
with other viral chemokines and chemokine receptors, their
functions could be multipurpose in attracting cells to the
area of infection, and also in evading the immune cells of
the host so replication and latency can take place.

As described above, HHV-6A alters the expression of
different cellular markers. Many of these markers are
involved in cellular homing and tracking to specific areas
of the body, and when altered can cause significant disrup-
tion to immune cell function and viability. Further research
into HHV-6A effects on cellular trafficking could serve as a
critical guide for developing new treatments to prevent
these disease-causing disruptions.

HHV-6B

HHV-6B causes exanthem subitum (roseola) (Yamanishi
et al., 1988) and is found in approximately 95–100% of

adults worldwide. Unlike HHV-6A, HHV-6B has very
little to no ability to infect CD8+T cells, NK cells and
gamma/delta T cells (Grivel et al., 2003; Martin et al.,
2012). The cellular receptor for HHV-6B is CD134
which, like the cellular receptor for HHV-6A, CD46, is
expressed on almost all human cells (Tang et al., 2013),
indicating that other factors are required for effective
viral replication.

The HHV-6B viral chemokine U83B is specific for CCR2
and can cause chemoattraction of CCR2-expressing cells
(classical and intermediate monocytes) for infection
(Ablashi et al., 2014; Clark et al., 2013; Lüttichau et al.,
2003) (see Table 3). U83 from HHV-6B induced transient
calcium mobilization and efficient migration in THP-1
cells (a monocyte cell line derived from monocytic leukae-
mia) (Zou et al., 1999). U83B has been shown to have a
different specificity from U83A as U83B chemoattracts
CCR2-expressing monocytes, whereas U83A has a broader
but still selective specificity as mentioned previously
(Catusse et al., 2008; Dewin et al., 2006). The specificity
of U83B for CCR2 appears to be due to its N-terminal
region. Human chemokines can induce rapid internali-
zation of CCR2 upon binding, whereas in vitro experiments
show U83B does not cause CCR2 internalization. This
finding is similar to the delayed internalization of CCR5
observed with U83A. CCR2 expression is induced in
pro-inflammatory conditions and, interestingly, HHV-6B
is associated with inflammatory diseases such as encephali-
tis and myocarditis (Clark et al., 2013).

The HHV-6B GPCR U12 efficiently binds CCL2, CCL5 and
CCL4, so it has overlapping activity with the receptors for
CCL2 and CCL5 as in HHV-6A, but also has overlapping
activity with the receptors for CCL4 (Balkwill, 2004;
Isegawa et al., 1998) (see Table 2). The exact role of chemo-
kine receptors with these viruses is still unknown, but they
could be multipurpose, in that they could have been devel-
oped for immune evasion to intercept chemokines that
would otherwise be attracting immune cells to the area of
infection, to attract uninfected cells that could then be
infected, to induce latency, or to transition from latency
to active replication.

Similar to HHV-6A, HHV-6B was shown to downregulate
CXCR4 in CD4+T lymphocytes as well as MT-4 cells. This
downregulation impaired the chemotactic response of the
cells to the natural ligand, CXCL12 (Yasukawa et al.,
1999). Similar to HHV-6A, this could induce mobilization
of HSPCs into the circulation as well as prevent migration
of cells out of the thymus, both of which aid in the propa-
gation and survival of the virus.

Human herpesvirus 7 (HHV-7)

As part of the same subfamily as HHV-6A and -6B, HHV-7
shares similar characteristics, including also being a
T-lymphotropic virus, although it can infect other cell
types (Ablashi et al., 1995; Ward, 2005). Like other human
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herpesviruses, once HHV-7 is acquired, the host is infected
for life. The virus is shed in saliva and spread through
this route of transmission. Compared with the other
human herpesviruses, much less research has been con-
ducted on HHV-7 infection and pathogenesis. Clinically it
has been associated with the development of pityriasis
rosea, post-infectious myeloradiculoneuropathy, encepha-
lopathy and other syndromes. There is some speculation
on the involvement of HHV-7 in the development and
progression of these diseases (Chuh et al., 2004; Mihara
et al., 2005; van den Berg et al., 1999). HHV-7 infections
can have a variety of symptoms, including fever, rash, febrile
respiratory problems, vomiting and diarrhoea (Clark et al.,
1997; van den Berg et al., 1999). Infections typically occur in
children and are most often asymptomatic (Ward, 2005).

HHV-7 has been shown to influence migration in human
cells in a variety of ways (see Tables 1 and 4). Yasukawa
et al. (1999) showed that it downregulated transcription
and surface expression of CXCR4 in CD4+T cells.
As described before, CXCR4 is the receptor for CXCL12,
which is secreted by various cells in the lymph nodes,
bone marrow, etc. With CXCR4 assistance, T cells can
follow a CXCL12 gradient to sites of inflammation
(Domanska et al., 2013). After infection with HHV-7,
Yasukawa et al. (1999) tested the migration and intracellu-
lar levels of Ca2+ of CD4+T cells. It was found that
infected cells demonstrated less migration following the
CXCL12 gradient and decreased levels of intracellular
Ca2+ compared with the mock-infected cells used as
controls. It is currently unknown what viral factor(s)
contribute to the downregulation of CXCR4. It has been
demonstrated that lower levels of CXCR4 in HHV-7-
positive T lymphocytes prevent infection by CXCR5-
tropic HIV-1 (Yasukawa et al., 1999). Future research
could explore how HHV-7 manipulates CXCR4 in infected
cells and further confirm the findings of Yasukawa et al.
(1999), as theirs is the only study investigating this
change in chemotaxis.

While CXCR4 is a cellular GPCR that is influenced post-
viral infection, HHV-7 has two known viral chemokine
receptors, products of the U12 and U51 genes. These
genes were identified as GPCR homologues and later Tada-
gaki et al. investigated the functionality of the protein pro-
ducts of these genes (Nicholas, 1996; Tadagaki et al., 2005).
They verified that these proteins do accumulate on the
surface of the cell. Further, they verified that they could
act as functional chemokine signal receptors. Cells expres-
sing U12 and U51 expressed heightened levels of intracellu-
lar Ca2+ after appropriate signalling through the U12 and
U51 GPCRs. Testing the chemotactic effect of the
expression of these proteins in the Jurkat T cell line using
microchannel migration techniques, it was found that
cells expressing U12 migrated effectively following a gradi-
ent of CCL19 and CCL21. This would make U12 a viral
homologue of the cellular GPCR CCR7, as it also responds
to both CCL19 and CCL21. Both of these chemokines are
strongly expressed in the T cell zone of secondary lymphoid

tissues and are important in lymphocyte homing and
migration (Nomura et al., 2001). It has also been observed
that CCR7 expression is upregulated during HHV-7 infec-
tion (Hasegawa et al., 1994). While the strategy behind the
manipulation of cellular chemotaxis following these ligand
chemokines is still unclear, it could be speculated that
migration to such areas could be beneficial for HHV-7
transmission as T cells are preferential targets of infection.
Tadagaki et al. (2005) also speculated that expression of
these viral proteins could aid in immune evasion and
viral replication. Further research in murine L1.2 cells
showed that U12 and U51 products could respond to
CCL22 and CCL19, respectively (Tadagaki et al., 2007).
Gene products U12 and U51 could act with CCR4 and
CCR7, respectively, to direct migration in this cell line in
response to CCL22 and CCL19 (Luther et al., 2002).
If this were to hold true in human cells infected with
HHV-7, then infected cells would be expected to migrate
more to areas of inflammation, as CCL22 is a pro-inflam-
matory chemokine secreted by a wide variety of cells, and
areas of high T cell density as CCL19 is constitutively
expressed by stromal cells in the T cell zone (Luther
et al., 2002). These areas would be attractive locations for
the viral spread of HHV-7.

GAMMAHERPESVIRINAE

Epstein–Barr virus (EBV)

The main cause of viral mononucleosis, EBV infects naso-
pharyngeal epithelial cells and B lymphocytes (Balfour
et al., 2005; Cohen, 2000). Viral spread is mainly accom-
plished through shedding in saliva (Balfour et al., 2005).
EBV gains access to appropriate host cells by using viral
gp350 to bind CD21 (a type 2 complement receptor) on
the cell surface; the viral envelope then fuses with the cell
membrane, releasing the viral capsid and associated tegu-
ment proteins into the cytoplasm (Toussirot & Roudier,
2008). The virus uses major histocompatibility complex
class II molecules as cofactors when infecting B lympho-
cytes (Li et al., 1997). During its latent infection of host
B cells, EBV expresses one of four possible latency
programmes, depending on cellular development and
conditions (Young & Rickinson, 2004). It is likely that
reactivation in vivo of latent virus is due to the differen-
tiation of infected memory B lymphocytes (Amon &
Farrell, 2005; Hochberg et al., 2004b). EBV is associated
with a variety of malignancies owing to its ability to regu-
late cell proliferation, including Burkitt’s lymphoma,
Hodgkin’s lymphoma, nasopharyngeal carcinoma, gastric
carcinoma, and post-transplant lymphoproliferative
disorder (Hochberg et al., 2004a; Kutok & Wang, 2006;
Shibata & Weiss, 1992; Young & Rickinson, 2004).

During infection of B cells, EBV controls the expression of
various endogenous chemokines and chemokine receptors
(see Table 5). One such manipulated receptor that is shown
to affect migration is CXCR4. As previously described it is
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the receptor for CXCL12, which is secreted by various cells
in a number of organs, including the lymph nodes, lungs,
liver, kidneys, heart and bone marrow (Teicher & Fricker,
2010). Ehlin-Henriksson et al. (2006) demonstrated that
tonsillar B cells infected with EBV showed reduced
expression of CXCR4 (Ehlin-Henriksson et al., 2006).
Assays of chemotactic migration further showed that
infected tonsillar B cells had decreased ability to migrate
towards CXCL12. This decreased expression and the sub-
sequent lack of chemotaxis was demonstrated in EBV-
immortalized B cells as well (Nakayama et al., 2002). The
inability to follow the CXCL12 gradient would prevent
infected B cells from migrating to tissues expressing only
this chemokine. CCR7 is another host receptor that is virally
regulated during EBV infection. In a later study by Ehlin-
Henriksson et al. (2009), it was found that CCR7 is down-
regulated in tonsillar B cells post-infection. This change in
expression led to decreased migration following the natural
chemokine ligand CCL21. CCL21 is produced by stromal
cells in primary and secondary lymphoid tissues and lym-
phatic endothelial cells in the peripheral tissue (Comerford
et al., 2013). It is critical for directing the formation of sec-
ondary lymphoid tissues such as spleen, Peyer’s patches, and
lymph nodes (Ohl et al., 2003). It has also been surmised
that CCR7 ligands are influential in tertiary lymphoid
organs (Comerford et al., 2013). Immortalized B lympho-
blast cell lines (LCLs) have been shown to have an increased
expression of CCR7 compared with uninfected cells. This
upregulation resulted in increased migration following a
CCL21 gradient in assays of chemotaxis (Nakayama et al.,
2002). While these results may seem to be paradoxical, it
is possible that the difference in expression could be a
result of a different latency programme or stage of viral
infection. Ehlin-Henriksson et al. (2009) used harvested
tonsillar B cells and measured CCR7 expression and cellular
migration 7 days post-infection. In contrast, LCLs are a
result of EBV immortalization of B lymphocytes, the process
taking several weeks to establish the cell line and expressing
a type III latency programme (Young & Rickinson, 2004).
The difference in expression could be a result of either the

length of infection or the latency programme employed by
the virus post-infection.

In that same study of LCLs, it was found that they
expressed increased amounts of CCR6 and CCR10, the
natural ligands of which are CCL20 and CCL28, respect-
ively. Migration assays confirmed that this change resulted
in increased chemotaxis towards CCL20 and CCL28
chemokine gradients (Nakayama et al., 2002). CCL20 is
an inflammatory chemokine involved in the recruitment
of dendritic cells, CD4+T lymphocytes and B lymphocytes
(Zhao et al., 2014). CCL28 is secreted by epithelial cells that
line the mucosa and is used to recruit IgA+ plasma cells
(Vazquez et al., 2015; Wilson & Butcher, 2004). CCL28
expression is highest in the salivary glands (Liu et al.,
2012). It would be in the best interest of EBV to regulate
these receptors, allowing the virus to migrate to mucosal
tissues, such as the salivary gland, for effective viral
spread. Chemotaxis to sites of inflammation could result
in viral reactivation and increased targets for further infec-
tion. A final cellular receptor that is downregulated during
infection, effecting a change in chemotaxis, is CXCR5. The
inability to migrate owing to lowered levels of CXCR5 was
observed in LCLs and infected tonsillar B cells (Ehlin-
Henriksson et al., 2009; Nakayama et al., 2002). CXCR5
allows B cells to migrate in response to CXCL13 (Carlsen
et al., 2004). CXCL13 is an important chemokine for sec-
ondary lymphoid tissue development, and the main cells
responsible for secretion of CXCL13 are follicular dendritic
cells (Cyster et al., 2000; Legler et al., 1998). It is expressed
in vascular tissue, Peyer’s patches, and inflamed lymphoid
tissue (Ebisuno et al., 2003; Mazzucchelli et al., 1999;
Okada et al., 2002; Shi et al., 2001). A recent study of
murine B lymphocyte positioning in CXCR5-negative
mice demonstrated that CXCR5 is important for the reten-
tion of B cells in Peyer’s patches (Schmidt & Zillikens,
2013). While avoiding tissue types expressing CXCL13
could be beneficial for the virus, possibly assisting in
immune avoidance, the exact reason for regulating
CXCR5 is still unclear. Another receptor thought to be

Table 5. Gammaherpesvirus changes cellular receptors/chemokines

Cell type Receptor or chemokine Virus Amount or functionality References

B cell CXCR4 EBV Decrease Ehlin-Henriksson et al. (2006, 2009);

CCR7 EBV Decrease/increase Nakayama et al. (2002)

CCR6 EBV Increase Nakayama et al. (2002)

CCR10 EBV Increase

CXCR5 EBV Decrease Ehlin-Henriksson et al. (2009); Nakayama et al. (2002)

EBI2 EBV Increase Birkenbach et al. (1993); Kelly et al. (2011)

Endothelial CXCL8 KSHV Increase Wang et al. (2004b)

CCL2 KSHV Increase Pati et al. (2001); Xu & Ganem (2007)

CCL5 KSHV Increase

CXCL7 KSHV Increase

CXCL16 KSHV Increase
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influenced by EBV is EBV-induced gene 2 (EBI2). Infected
B cells display a heightened expression of EBI2 (Birkenbach
et al., 1993; Kelly et al., 2011). While it remains unknown
how EBV manipulates EBI2 expression in B lymphocytes, it
has been observed that EBI2+ cells migrate following a
7a-OHC gradient (Liu et al., 2011). 7a-OHC is the natural
ligand of EBI2 and is expressed by stromal cells of second-
ary lymph tissue, assisting in directed migration during cell
chemotaxis in these areas (Gatto & Brink, 2013; Hanne-
douche et al., 2011). Exaggerated expression of EBI2 by
EBV could result in migration to the outer follicular zone
in secondary lymph tissue, preventing migration toward
T cell zones and germinal centres (Cyster, 2010).

The viral regulation of host lymphocytes extends to
controlling various chemokines produced during infection,
resulting in a change in the chemotaxis of uninfected cells.
EBNA-3C, a viral product essential in establishing latency
and immortalization of B cells, acts to regulate two host-
produced chemokines, CXCL10 and CXCL11 (McClellan
et al., 2012). EBNA-3C has been found to interact with
both transcriptional co-repressors and co-activators
(Cotter & Robertson, 2000; Radkov et al., 1999; Touitou
et al., 2001). Using the EBV-negative BJAB cell line,
McClellan et al. (2012) showed that expression of EBNA-
3C reduces expression of these two chemokines. The
result is decreased migration of CXCR3+ cells (McClellan
et al., 2012). Cells that express and migrate in response to
CXCL10 and CXCL11 via CXCR3 include various T lym-
phocytes, including CD8+T cells. CXCL10 and CXCL11
are typically expressed to attract Th1 cells in response to
infection. EBV has also demonstrated the ability to influ-
ence the expression of chemokines via microRNAs
(miRNAs). miR-BHRF1-3, an EBV-produced miRNA,
has the ability to silence CXCL11 protein synthesis (Xia
et al., 2008). Downregulation of these chemokines suggests
that immune avoidance could be a reason behind viral
manipulation. Repression of CXCL11 would prevent
attraction of cytotoxic T cells that might recognize virally
infected B lymphocytes.

The chemokine receptor CXCR4 is a popular target for
manipulation, and EBV, like other herpesviruses, uses it
to prevent cell migration to certain tissue areas, probably
to avoid immune detection. To achieve this same purpose,
EBV also downregulates CCR7. During infection, the virus
increases the host chemokine CCR6, allowing infected cells
to more readily migrate to areas of inflammation. CCR10
function is also pirated, allowing infected cells to migrate
toward epithelial cells, such as mucosal epithelial cells.
This is likely vital for the spread of EBV. Reduction in
expression of CXCL10 and CXCL11 could help in
immune avoidance by suppressing the ability to attract
T lymphocytes via these chemokines (see Fig. 2).

Kaposi’s sarcoma herpesvirus (KSHV)

KSHV, also known as human herpesvirus 8 (HHV-8), is
named after Moritz Kaposi, who originally described a

unique skin lesion in the 1870s. The discovery of the associ-
ation of herpesviral DNA sequences in Kaposi’s sarcoma
(KS) did not occur until 1994 (Chang et al., 1994;
Ganem, 2010). KS presents as tumours most often found
in the dermis but can also be found in lungs, liver and
intestines (Moore & Chang, 2003). KSHV is also linked
to primary effusion lymphoma and multicentric Castle-
man’s disease (Avey et al., 2015; Cesarman et al., 1995;
Soulier et al., 1995).

KSHV encodes three secreted chemokines; vCCL1 (ORF K6
or vMIP-I/MIP-1a), vCCL2 (ORF K4 or vMIP-II/MIP-1b)
and vCCL3 (ORF K4.1 or vMIP-III/BCK), which activate
CCR8, CCR3 and CCR4, respectively (see Table 3). This
set of chemokines antagonizes the recruitment of Th1
and NK cells. This redirects the immune response from a
Th1-like response towards a Th2 profile. vCCL2 has also
been shown to prevent CCL5-mediated chemotaxis of
Th1-like lymphocytes (Moore & Chang, 2003; Stebbing
et al., 2003; Weber et al., 2001). The receptor XCR1,
which normally binds the ligand XCL1 and is involved in
T-cell recruitment, is selectively activated by vCCL3 but
is also blocked by vCCL2. The opposing function and dif-
fering time of expression of the two viral chemokines could
indicate the importance of the regulation of the XCR1
receptor in KSHV infection and pathogenesis. Neutrophils
have high levels of XCR1, and vCCL3 chemoattracts these
cells, which may indicate that neutrophils play a role in
viral spread (Lüttichau et al., 2007). vCCL1 and vCCL2
expression were also shown to induce migration of mono-
cytes. This could play a role in the process of tumour devel-
opment in KS as circulating monocytes could be recruited
to KSHV-infected cells, thus propagating the infection
(Nakano et al., 2003).

KSHV encodes a GPCR (vGPCR or ORF74) that is hom-
ologous to CXCR2 and has a high level of constitutive
activity (Arvanitakis et al., 1997; Cesarman et al., 1996;
Hensbergen et al., 2004; Pati et al., 2001) (see Table 2).
Constitutive expression of ORF74 in microvascular lung
endothelial cells inhibits migration and increases cell
survival. This inhibitory effect on migration can be reversed
by endogenous chemokines CXCL10 and CXCL12. These
act as inverse agonists of ORF74, as seen in an in vitro
wound closure assay, where CXCL10 increased migration
of ORF74-expressing cells. Limiting migration of infected
cells may aid in immune evasion and KSHV survival.
Constitutive expression of ORF74 has also been shown to
attract uninfected endothelial cells, which could then be
infected and propagate the infection (Couty et al., 2009).

ORF74 has been shown to activate the transcriptional

activators NF-kB and activator protein 1 (AP-1), leading

to the downstream production of signals including IL-6,

IL-8, granulocyte-macrophage colony-stimulating factor

(GM-CSF) and CCL5 (Pati et al., 2001; Schwarz &

Murphy, 2001; Shepard et al., 2001). Elevated levels of

CXCL8 are observed in KS patients and can activate

KSHV-infected cell growth and induce chemotaxis (Wang
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et al., 2004b). CXCR1 and CXCR2, receptors that bind

CXCL8, have been found to be expressed in KS lesions.
CXCR4 has also been found to be expressed on cells in
these lesions, which is important as this receptor acts as a
co-receptor for CXCR4-tropic strains of HIV (Masood
et al., 2001; Pati et al., 2001; Wang et al., 2004b). These
combined effects of ORF74 could stimulate the prolifer-
ation, migration and chemotaxis of endothelial cells in KS.

KSHV encodes a homologue of IL-6, vIL-6, that has been
shown to promote migration of endothelial cells in both
autocrine and paracrine fashions. Inhibition of this
migration can be specifically inhibited by a DNA methyl-
transferase 1 (DNMT1) inhibitor, suggesting that the
mechanism of vIL-6 is dependent on enhancing expression
of DNMT1. As the control of DNA methylation is crucial
for gene expression and other cellular processes, disruption
of methylation could be a mechanism for KS tumorigenesis
(Wu et al., 2014).

There are a number of different cellular chemotactic
proteins shown to be upregulated by KSHV, including:
CCL2, CXCL7, CCL5, GM-CSF, CXCL16 and angiogenin
(Xu & Ganem, 2007) (see Table 5). Some of these, such
as CCL5 and GM-CSF, likely increase migration of endo-
thelial cells toward KSHV-GPCR-expressing KS cells

(Bussolino et al., 1989; Pati et al., 2001). In contrast,
CXCL16 appears to play an indirect role in tumour
growth and expansion through migration of activated T
cells (Xu & Ganem, 2007). KSHV also causes downregula-
tion of certain genes. The KSHV miRNA miR-K12-10a
downregulates the cytokine receptor TNF-like weak indu-
cer of apoptosis (TWEAK) receptor. This inhibits the
pro-inflammatory response and also provides protection
from TWEAK-induced apoptosis (Abend et al., 2010).

Latency-associated nuclear antigen 1 (LANA-1; encoded by
ORF73), a latently expressed gene, has been shown to
hinder neutrophil chemotaxis, which interferes with
recruitment of neutrophils to infected areas and could be
a way in which latent KSHV survives host-induced acute
inflammation. Neutrophil recruitment is restored in
LANA-1 knockdowns, although not to the level of un-
infected cells, indicating that KSHV has other mechanisms
to repress neutrophil recruitment (Li et al., 2011).

As seen with other herpesviruses, KSHV can induce or
inhibit cellular migration, according to what is most
beneficial for viral infection at the given stage. It not only
interferes with cellular marker expression, it also induces
increased production of specific chemokines and cytokines,
which leads to other issues in cellular function and trafficking.

Mucosal epitheliumMucosal epithelium

CCL28CCL28

Decrease of
CXCL10 & CXCL11

Decrease of
CXCL10 & CXCL11

T cellT cell

CCL20CCL20

Site of
inflammation

Site of
inflammation

Infected cellInfected cell
Decrease of

CXCR5, CXCR4,
CCR7

Decrease of
CXCR5, CXCR4,

CCR7

B cellB cell
To 2nd lymph tissueTo 2nd lymph tissue

Fig. 2. Changes in cellular chemotaxis resulting from EBV infection. EBV decreases expression of cellular CXCR4 and
CCR7 to prevent migration to certain tissue areas, probably to avoid immune detection. Increases in host chemokine CCR6
allow infected cells to migrate to areas of inflammation. CCR10 function is also pirated, allowing infected cells to migrate
toward epithelial cells, such as mucosal epithelial cells. Downregulation of CXCL10 and CXCL11 could help in immune
avoidance by suppressing the ability of infected cells to attract T lymphocytes.
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CONCLUDING REMARKS

With exposure to human herpesviruses being very
common, it is important to understand how these infec-
tious human pathogens influence infected and uninfected
cell types. The viruses of the subfamily Alphaherpesvirinae
use gG to increase the functionality of CXCR4, leading to
increased chemotaxis to a variety of tissues while being
able to manipulate cellular chemokines, such as CXCL9,
to attract PBLs. Viruses of the subfamily Betaherpesvirinae,
also capable of producing and manipulating chemokine
and chemokine receptors, influence a variety of cells
during infection. hCMV inhibits migration in infected
monocytes and potentially attracts monocytes, PBMCs,
macrophages, dendritic cells and regulatory T cells to
sites of infection. Similarly, through its ability to attract
target cells, HHV-6 is able to induce chemotaxis of T lym-
phocytes, monocytes, immature dendritic cells, and NK
cells to areas of infected cells using viral U83. T cells
infected with HHV-6 are further manipulated, as viral
and cellular GPCRs allow cells to migrate to sites of inflam-
mation and areas rich in T cells. Also manipulating T cells,
HHV-7 prevents infected T lymphocytes from migrating to
various organs and tissues by downregulating CXCR4.
However, it too potentially encourages migration to
inflammatory sites and locations high in T cells by indu-
cing cells to follow chemokine gradients of CCR7,
CCL21, CCL22 and CCL19.

Further masters of cellular piracy, viruses of the subfamily
Gammaherpesvirinae also influence cellular chemotaxis to
avoid immune detection and spread viral infection
throughout the host until latency can be established.
To prevent newly infected cells from potentially migrating
to lymph tissue and other organs, EBV reduces expression
of CXCR4, CCR7 and CXCR5. By downregulating the che-
mokines CXCL10 and CXCL11, EBV could prevent
infected cells from attracting cytotoxic T cells. To regulate
chemotaxis of cells during infection, KSHV regulates the
attraction or avoidance of neutrophils and monocytes by
viral chemokines vCCL1, 2 and 3. KSHV would be able
to induce the chemotaxis of uninfected endothelial cells
by upregulating various cellular chemokines and activating
the NF-kB pathway, enabling viral spread.

Though our current understanding of how human herpes-
viruses affect host cell migration during infection is rather
expansive, there still remain various areas for future
research opportunities. In this review we have elaborated
on the cells potentially affected by virally encoded and
virally induced chemokines and chemokine receptors.
However, the full range of cells affected by these chemo-
kines remains to be tested and investigated further. Several
virally regulated cell chemokine receptors suspected of
influencing viral spread and immune avoidance are in
need of confirmatory scientific inquiry. Several human
herpesviruses have not been studied extensively for effects
on cellular chemotaxis, such as the viruses of the subfamily
Alphaherpesvirinae and HHV-7. These areas leave a variety
of opportunities for future research that could contribute

to our understanding of how these viruses lead to disease
pathogenesis and progression.
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Humanized mice represent a valuable model system to study the development and functionality of the human
immune system. In the RAG-hu mouse model highly immunodeficient Rag2−/−γc−/− mice are transplanted
with human CD34+ hematopoietic stem cells, resulting in human hematopoiesis and a predominant production
of B and T lymphocytes. Human adaptive immune responses have been detected towards a variety of antigens in
humanized mice but both cellular and humoral immune responses tend to be weak and sporadically detected.
The underlying mechanisms for inconsistent responses are poorly understood. Here, we analyzed the kinetics
of human B cell development and antibody production in RAG-humice to better understand the lack of effective
antibody responses. We found that T cell levels in blood did not significantly change from 8 to 28 weeks post-
engraftment, while B cells reached a peak at 14 weeks. Concentrations of 3 antibody classes (IgM, IgG, IgA)
were found to be at levels about 0.1% or less of normal human levels, but human antibodies were still detected
up to 32weeks after engraftment. Human IgMwas detected in 92.5% of animals while IgG and IgAwere detected
in about half of animals. We performed flow cytometric analysis of human B cells in bone marrow, spleen, and
blood to examine the presence of precursor B cells, immature B cells, naïve B cells, and plasma B cells. We
detected high levels of surface IgM+ B cells (immature and naïve B cells) and low levels of plasma B cells in
these organs, suggesting that B cells do not mature properly in this model. Low levels of human T cells in the
spleen were observed, and we suggest that the lack of T cell help may explain poor B cell development and
antibody responses. We conclude that human B cells that develop in humanized mice do not receive the signals
necessary to undergo class-switching or to secrete antibody effectively, and we discuss strategies to potentially
overcome these barriers.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Human immune system mice are a useful tool to study the develop-
ment and functionality of the human immune system. Themost common
current human immune systemmousemodels use humanhematopoietic
stem cells (HSCs) isolated from either cord blood or fetal liver and are
then transferred into highly immunodeficient mice such as the Rag2−/−

γc−/− and NOD/SCIDγc−/− strains [1]. These humanized mice produce
a wide variety of human immune cell types, including B cells, T cells,
monocytes/macrophage, and dendritic cells [2]. Production of other
immune components such as granulocytes, erythrocytes, and platelets is
typically weak, and the B and T lymphocyte population represents an
unusually large proportion of blood, bone marrow, and spleen cells due
to poor granulocyte production.

Humanized mouse models have been very useful for studies of viral
pathogens of human immune cells such as Human Immunodeficiency
Virus type 1 (HIV-1) [3], herpesviruses [4], Dengue virus [5], and other
pathogens. Human antibody responses have been reported against a

variety of pathogens in humanized mice, including HIV-1, Dengue
virus, Epstein–Barr virus, Kaposi's Sarcoma-associated herpesvirus,
Herpes simplex virus type 2, and other pathogens/antigens [5–10].
Neutralizing antibody responses that target similar viral proteins as
seen in humans have been reported in the case of Dengue virus [5]. Al-
though the current humanized mouse models are capable of producing
human humoral and cellular immune responses to these pathogens, in
general the results have been inconsistent and when they are detected
the immune responses are typically weak [6,11,12]. The reasons for
thesefindings are currently unclear, but previous studies have indicated
that total human antibody concentrations are much lower in
humanized mice than in humans and there may be a defect in class-
switching, since IgM concentrations tend to be closer to human concen-
trations than for IgG [2,13]. One study attempted to immortalize human
B cells after immunizing humanizedmice and was only able to produce
IgMmonoclonal antibodies and not IgG producing cells, lending further
support to the hypothesis that there is a lack of effective class-switching
[14]. Interestingly, this same paper showed through immunoscope
analysis that a broaddiversity of human antibody sequences are derived
in humanizedmice, indicating that derivation of diverse B cell receptors
functions very similarly in humanized mice as compared to humans. If
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there is a defect in effective antibody class-switching in humanized
mice the mechanisms are not understood.

Since immune responses are critical to controlling pathogens and
for vaccine studies, a better understanding of the reasons for poor B
cell responses in humanized mice would be useful to assist in devel-
oping better humanized mouse models that reproduce normal
human antibody concentrations and more robust antigen-specific
responses. Here, we describe the B cell compartment of HSC-
transplanted Rag2−/−γc−/− mice. We have examined blood, bone
marrow, and spleen for the presence of human B cells and to analyze
the kinetics of B cell engraftment. We have also measured total
human antibody levels in serum across a time course in order to
determine when B cell development is complete in humanized
mice. We found that immature and naive cells are found at a high fre-
quency in spleen and bone marrow and that CD138+ plasma B cells
are found in low levels in these organs. Few T cells were detected
in the spleen, which is an important site for B cell maturation. Our
results suggest that early steps in B cell development function prop-
erly in humanized mice, but that mechanisms governing class-
switching and activation of B cells to become plasma cells are not
very effective. Methods used to enhance T cell development and
maturation in humanized mice may help to solve these issues.

2. Materials and methods

2.1. Cells

Human cord blood samples were obtained from the University of
Colorado Cord Blood Bank. The Brigham Young University Institu-
tional Review Board does not require a protocol for human cord
blood samples because they lack patient identifiers. Human hemato-
poietic stem cells were purified from human cord blood using the
CD34 marker with the EasySep human cord blood CD34-positive se-
lection kit (StemCell Technologies). Cells were cultured for 2 days in
Iscove's modified Dulbecco's medium (IMDM; Invitrogen) supple-
mented with 10% fetal calf serum (FCS) and 10 ng/mL each of
human interleukin-3 (IL-3), IL-6, and stem cell factor (SCF) (R&D
Systems) [15].

2.2. Animals

BALB/c-Rag2−/−γc−/− mice were humanized by engraftment with
CD34+ human HSCs purified from human umbilical cord blood as de-
scribed previously [15]. Mice were maintained in a specific pathogen-
free (SPF) room at the Brigham Young University Central Animal Care
Facility. Drinking water is supplemented with Trimethoprim-Sulfa
antibiotics to prevent bacterial infection. These studies have been
reviewed and approved by the Institutional Animal Use and Care Com-
mittee (protocols 120101 and 150108). Briefly, 1- to 5-day-old mice
were conditioned by gamma irradiationwith 350 rads and then injected
intrahepatically with 2 × 105 to 7 × 105 human CD34+ cells. Mice were
screened for human cell engraftment at 8–10 weeks post-engraftment,
at which time plasma was also collected for antibody concentration
analysis. Animals were additionally bled at numerous other time points
in order to measure human cell types in blood and to collect additional
plasma.

2.3. FACS analysis

70 μL of whole blood was obtained through tail bleed and treated
with a mouse red blood cell lysis buffer for 15 min. Following this
treatment the cells were centrifuged at 3300 rpm for 3 min and the
supernatant was discarded. The pellet was then resuspended in 100 μL
FACS staining buffer. 3 μL blocking buffer was then added and allowed
to incubate in the dark at 4 °C for 15 min. This was followed by the ad-
dition of 3 μL of the desired fluorescent-linked antibodies and incubated

in the dark at 4 °C for a period of 30 min. To determine percent human
peripheral blood engraftment, peripheral blood was stained with
human CD45 PECy-7 and mouse CD45 PE antibodies and FACS analysis
was performed [16]. Antibodies used for B cell characterization were:
hCD45 PECy-7, hCD19 APC eFluor 780 (eBioscience), hCD3 PE, hCD138
PECy5.5 (Invitrogen), and hIgM FITC (BioLegend). Immediately follow-
ing this 30 min step 900 μL of 1% paraformaldehyde in 1× PBS was
added to fix samples. Samples were then centrifuged at 3300 rpm for
3 min and the supernatant was discarded. The pellet was then resus-
pended in 150 μL 1× PBS and submitted for FACS analysis. An Attune
Acoustic Focusing Cytometer (Applied Biosystems) was used to run
samples, and Attune software v2.1 was used to analyze the results. All
antibodies used in these studies do not cross-react with murine anti-
gens, as assessed by staining of unengrafted Rag2−/−γc−/− blood and
lymphoid organs.

2.4. Antibody concentrations

Mouse plasma samples were obtained by centrifuging whole
blood at 3300 rpm for 3 min and then collecting the supernatant.
ELISA tests were run using the Total Human IgM, Total Human IgG,
and Total Human IgA kits (ALerCHEK) according to the
manufacturer's instructions. Since human antibody concentrations
are typically low in humanized mice, plasma was diluted 1:100 for
IgM and IgG assays and 1:20 for IgA assays in order to obtain results
in the linear range of the assay.

2.5. Statistics

Human T and B cell development in mouse peripheral blood was
analyzed by Welch's ANOVA test (with Games–Howell post hoc
test when applicable). To compare B cell levels in bone marrow,
spleen, and blood, an ANOVA with Tukey–Kramer post hoc test
was performed. For comparison of the different time points of plas-
ma antibody concentrations an ANOVA with Tukey–Kramer post
hoc test (where applicable) were performed. Standard error (SE)
was calculated and indicated in all bar graphs. R2 values were cal-
culated to determine if a correlation exists between total antibody
concentrations and peripheral blood engraftment levels in the hu-
manized mice.

3. Results and discussion

3.1. Kinetics of human B and T lymphocyte development in peripheral blood of RAG-hu mice

In the RAG-hu model, purified human CD34+ hematopoietic stem cells are
transplanted into neonatal Rag2−/−γc−/− mice following sub-lethal irradiation
[15]. The kinetics of development of the human immune system following trans-
plantation of human HSCs into mice is poorly understood. We hypothesized that
one reason for weak adaptive immune responses in this model could be due to im-
maturity of the human immune system at the time of exposure to antigen. To ex-
amine the development of human lymphocytes, we used flow cytometry to
monitor the relative frequency of human T cells (CD3+) and B cells (CD19+) in a
time course in peripheral blood following human HSC engraftment (Fig. 1). Our
findings confirmed previous reports that T and B lymphocytes are the major
human cell types in humanized mouse peripheral blood, ranging from a combined
sum of 54.6 ± 3.6% (SE) at 8 weeks post-engraftment (wpe) to 90.8 ± 1.2% at
14 wpe. We found that B cells outnumbered T cells at every time point except for
25–28 wpe, where levels were nearly identical. B cell levels ranged from 29.1 ±
5.0% to 76.7 ± 3.0% of human peripheral blood cells, while T cell levels ranged
from 14.1 ± 2.6% to 28.3 ± 7.0%. The lowest levels of B cells were detected at 25–
28 wpe, while a peak was detected at 14 wpe. The lowest levels of T cells were de-
tected at 8 wpe and 14 wpe, although statistical analysis revealed that no signifi-
cant differences in T cell populations were detected across the entire time course
(Welch's ANOVA test, p = .45). At the 14 week time point there were significantly
greater numbers of human B cells as compared to all other time points (Welch's
ANOVA test, p b 10−5 with post hoc Games–Howell test, p b 0.01). No significant dif-
ferences were found between B cell levels at any other time points (post hoc
Games–Howell test p N 0.05).

Since only a portion of humanized mice are good human antibody producers, we in-
cluded data on peripheral blood T and B cell levels over time for individual animals
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(Table 1). Some animals followed the general trend seen in Fig. 1, while others did not. B
cell levels in peripheral blood increased in all tested animals fromweek 8 to week 14, but
then decreased in all tested animals from weeks 14 to 25. Interestingly, T cell levels in
Fig. 1 showed insignificant changes over time, while individual mice show several differ-
ent patterns. One animal steadily decreased from 8 to 25 weeks (mouse 2070), one animal
showed a peak at 14 weeks (2071) and some animals increased across the time course
(2072/2073). Mouse 2074 T cell levels increased from weeks 8 to 14, then appeared stable
until week 25. These data suggest that T cell levels fluctuatemore across a cohort of human-
ized mice whereas B cell levels follow a more similar pattern across groups of engrafted
animals.

Harris et al. studied theduration of human immune systemreconstitution in theNOD-
Rag1-gammanull model engraftedwith CD34+ cells from cord blood [17]. They examined
human B and T cell fractions in humanizedmouse peripheral blood and found that B cells
were predominant at early time points but that an inversion took place at about 15–
20 wpe and T cells become the predominant lymphocyte in blood. Here, we showed
that T cell levels do not significantly change between 8 and 28 wpe but that B cells had
reached a peak at 14wpe.We suggest thatmodel-specific differencesmay explain our dif-
ferent results.

3.2. Proportions of human B cells in lymphoid organs and blood

Human B cell development in humanized mice has not been carefully studied and
characterization of B cell development in primary and secondary lymphoid organs is
also lacking.We sacrificed humanizedmice and then usedflow cytometry to detect differ-
ent categories of B cells in bone marrow, spleen, and blood based upon phenotypic
markers. We used CD19 as a marker for most human B cell populations, but also used
CD138 as a marker for plasma B cells because CD19 expression is lost upon differentiation
to this cell type. Some types of primitive B cells also express CD138, such as pro-B cells,
pre-B cells, and immature B cells; however each of these populations also expresses
CD19 which allows for differentiation from plasma B cells which are CD19−CD138+. We
found that human B cells (sum of CD19+ cells and CD19−IgM−CD138+ cells) were the
predominant human cell type (of the hCD45+ population) in bone marrow (88.1 ±
4.3%; see Fig. 2), and to a lesser extent in spleen (60.1 ± 10.1%; see Fig. 3) and in blood
(53.9 ± 5.3%; see Fig. 4).

3.3. Characterization of B cell types in bone marrow

In the bone marrow, precursor B cells (CD19+IgM−CD138+) and immature B cells
(CD19+IgM+CD138+) represented the most common human B cells detected, at
42.2± 5.7% and 25.8± 7.6%, respectively (see Fig. 2C). Naïve B cells (CD19+IgM+CD138−

) and plasma B cells (CD19−IgM−CD138+)were found in lower proportions, at 6.1±1.8%
and 1.0 ± 0.5%, respectively. Example FACS plots of stained bone marrow are shown in
Fig. 2A, B. Statistical analyses were performed to determine if there were any significant
differences between various B cell populations in bone marrow, spleen, and blood. The
only significant difference in populations was that the CD19+IgM−CD138+ population
was larger in bone marrow than in spleen or blood (ANOVA p = .003 with post hoc
Tukey–Kramer, p b .05).

Maturation of B cells to become plasma cells is dependent upon T cell help; spe-
cifically, CD40L on T cells interacts with CD40 on B cells to promote antibody secre-
tion [18]. We detected only low numbers of human plasma B cells in the bone
marrow of RAG-hu mice whereas in normal humans 4–5% of bone marrow cells
are plasma cells [19,20]. One problem previously noted with most current human-
ized mice is that human T cells are largely selected based upon murine major his-
tocompatibility complex (MHC) molecules in the thymus due to the lack of
human stromal cells [21]. If human helper T cells are positively selected on murine
MHC-II in the thymus, then their ability to interact with B cells expressing human
MHC-II in the periphery is not expected to be effective and this would prevent ef-
fective plasma cell differentiation. Interestingly, many CD5+ B cells have been re-
ported to exist in humanized mice [22,23]. These cells are less prone to undergo
class-switching and are more prone to produce IgM antibodies independent of T
cell help [24].

The lack of human MHC expression on thymic stromal cells likely has an im-
pact on the ability to derive antigen-specific human T cell responses in humanized
mice because humanized mouse T cells undergo selection on mostly murine MHC.
Attempts to overcome this barrier to T cell development include the development
of the bone marrow/liver/thymus (BLT) model which uses a human fetal thymic
transplant to allow for selection on human MHC and various studies indicate
that both cellular and humoral immune responses are more frequent and robust
in the BLT model as compared to those that lack human thymic stromal cells [8,
21,25] although careful studies to compare various humanized mouse models
are still lacking. The BLT model is technically challenging because it requires
human fetal tissues which can be challenging to obtain, and also requires survival
surgery to implant the tissues. Another option is the use of human HLA-transgenic
animals as another way to generate T cells that are selected on human MHC; this
idea has been explored to some degree and appears to result in enhanced T cell
responses [26,27]. No examination of human B cell responses in HLA-transgenic
mice has been explored to our knowledge. Another hypothesis to explain
the lack of human plasma B cells is that they are initially produced, but do not
receive the survival signals necessary to persist longer than a few days after
differentiation.

3.4. Characterization of B cell types in spleen

In the spleen, the predominant human B cell typewas immature B cells (43.8± 7.5%),
followed by naïve B cells at 27.7 ± 7.8% (see Fig. 3C). Precursor B cells were more rare in
spleen (17.9 ± 3.1%) and plasma B cells were the least frequent (1.9 ± 1.6%). Example
FACS plots of stained splenocytes are shown in Fig. 3A, B.

We also noted that human T cells are found in low numbers in the spleen of
RAG-hu mice, whereas human B cells are found in much greater numbers. T cells
represented an average of 36.6 ± 8.8% of total human leukocytes in the spleen,

Fig. 1. Peripheral blood engraftment of human B and T cells in humanized mice. Flow
cytometry was used to assess engraftment levels of human T cells (CD3+) and human B
cells (CD19+) in peripheral blood. A human leukocyte antibody (anti-hCD45)was initially
used for gating purposes to focus on human leukocyte populations. Mean levels in periph-
eral blood for each cell typewere calculated and SE is indicated. (Welch's ANOVA test for B
cell levels, p b 0.000001 with post hoc Games–Howell, p b .01 for all comparisons with
week 14 except week 10 where p b .05). No significant differences in T cell populations
were detected across the entire time course (Welch's ANOVA test, p = .45). Sample
sizes per time point are n = 11 (8 w), n = 14 (10 w), n = 7 (12 w), n = 6 (14 w), and
n = 9 (25–28 w). Unique cord blood samples used for engrafting animals at each time
point: n = 3 (8 w), n = 5 (10 w), n = 1 (12 w), n = 2 (14 w), n = 4 (25–28 w).

Table 1
Peripheral blood levels of human T and B lymphocytes tracked in individual mice over
time. Human B and T lymphocyte populationswere tracked in individualmice over a time
course using flow cytometry analysis. Human leukocytes were gated based upon hCD45
expression, followed by analysis of CD3+ cells (T cells) and CD19+ cells (B cells).

Gender Cord sample Cells transplanted

Mouse
2070 F A 7.3 × 105

2071 F A 7.3 × 105

2072 F B 9.0 × 105

2073 M B 9.0 × 105

2074 M B 9.0 × 105

2077 M C 2.8 × 105

T fraction Week 8 Week 14 Week 25

Mouse
2070 19.7 14.1 1.4
2071 5.4 10 1.5
2072 9.5 n/t 36.5
2073 6.6 25.2 53.9
2074 3.3 11.7 10
2077 7.1 6.8 n/t

B fraction Week 8 Week 14 Week 25

Mouse
2070 43.4 78.7 46.9
2071 39.4 79.7 46.6
2072 28.6 n/t 2.7
2073 33.7 65.6 20.4
2074 53.7 83.1 28.1
2077 55.5 83.3 n/t
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with a low of 12% and a high of 62%. This finding is similar to that reported in NOD/
SCID gammanull mice engrafted with HSCs from cord blood [28]. Immature B cells
are known to leave the bone marrow and to migrate to the spleen, where matura-
tion to peripheral mature B cells and plasma cells occurs [18]. Thus, the paucity of T
cells in the spleen of humanized mice may also explain the lack of plasma cells. A
study conducted by Lang et al. confirms the necessity of T cells for B cell matura-
tion; in their report they introduced autologous T cells and found increased num-
bers of mature B cells. Conversely, when T cells were depleted, in vivo B cell
maturation was delayed [29]. In previous work with RAG-hu mice, we character-
ized levels of helper T cells (CD3+CD4+) and cytotoxic T cells (CD3+CD8+) in the
blood of 28 humanized mice and found that the ratio of helper T cells to cytotoxic
T cells is similar as compared to humans, with a mean ratio of 2.1:1 (±1.2 SD) for
helper T cells compared to cytotoxic T cells [30]. There was clearly variability pres-
ent between various engrafted animals, with a high of 6.1:1 and a low of 1.0:1. Poor
development of helper T cells may contribute to poor B cell development.

Germinal centers are important locations for antibody class-switching, and
structures that histologically resemble germinal centers are found in RAG-hu
spleen [2]. To our knowledge, no studies have been carried out to analyze the func-
tionality of these germinal centers in humanized mice. Follicular dendritic cells
(FDCs) are critical components of germinal centers, but human FDCs are not de-
tectable in humanized mice because these cells originate from a non-HSC source.
Interestingly, cells bearing murine FDC markers are present in humanized mice
germinal centers [2]. The lack of human FDCs in humanized mice may block effi-
cient class-switching, development of memory B cells, and somatic hypermutation
[31].

3.5. Characterization of B cell types in blood

In the blood, the most common human B cell types were immature and naïve B
cells, at 40.4 ± 11.9% and 36.7 ± 13.2%, respectively (see Fig. 4C). Precursor B cells

were found in lower levels (12.3 ± 3.4%) and plasma cells were even lower (2.2 ±
1.3%). Example FACS plots of stained blood cells are shown in Fig. 4A, B. We noted
that the particular animal chosen for Fig. 4B had an unusually high level of plasma
B cells (CD19−IgM−CD138+). There is high variability in the levels of engraftment
as well as in antibody production in individual humanized mice.

3.6. Measurement of total human plasma antibody concentrations

To examine the functionality of the human B cells, we measured human antibody
concentrations in humanized mouse plasma. Total human IgM, IgG, and IgA concen-
trations were measured by ELISA. Plasma samples from unengrafted mice did not
have detectable human antibody levels for any antibody class (data not shown).
Although all 3 antibody classes were detected in plasma, the frequency of detection
differed amongst the classes. 49 of 53 samples tested positive for IgM (92.5%),
while only 25 of 53 were positive for IgG (47.2%) and 28 of 53 were positive for IgA
(52.8%) (Fig. 5A). The total average concentrations across all time points (only
counting positive samples) were 2.1 μg/mL for IgM, 10 μg/mL for IgG, and
0.036 μg/mL for IgA (Fig. 5B). By way of comparison, the normal concentrations in
human plasma are 1500 μg/mL for IgM, 14,000 μg/mL for IgG, and 3500 μg/mL for
IgA. Thus, for all antibody classes we consistently measured approximately 0.1% or
less of normal antibody concentrations in humanized mouse plasma as compared to
normal humans. IgA concentrations were farthest from the normal human values
(0.001% of normal), IgM levels were the closest (0.14%), and IgG levels were similar
to IgM (0.07%).

Traggiai et al. monitored human B and T cell development over time in RAG-hu
mice [2]. They showed that human antibody levels are immature at 8 wpe, with a
rise in total IgM from 8 to 16 wpe and undetectable levels of IgG at 8 wpe with
higher levels at 16 wpe. Our results somewhat agree in terms of the kinetics of
the response, although we did detect IgG at 9 wpe in many animals. They showed
total human antibody concentrations higher than what we have detected, but the

Fig. 2. Human B cell populations in humanized mouse bone marrow. Human B cells in bone marrow were immunophenotyped by flow cytometry. A human leukocyte antibody
(anti-hCD45)was initially used for gating purposes to focus on human leukocyte populations. (A) FACS plot gated on CD138+ cells to observe precursor B cell (CD19+IgM−CD138+), im-
mature B cell (CD19+IgM+CD138+), andplasmaB cell (CD19−IgM−CD138+) populations. Percentages are out of total humanB cells. (B) FACSplot gated onCD138− cells to observe naïve
B cell population (CD19+IgM+CD138−). Percentages are out of total human B cells. (C) Graph comparing averages of the different bone marrow cell populations in all mice tested. SE is
indicated. The precursor B cell population in bonemarrow is significantly different from this same population in spleen and blood (compare Fig. 3 and Fig. 4) (ANOVA p= .003with post
hoc Tukey–Kramer, p b .05). Sample sizes per population are n=7 (CD19+IgM−CD138+), and n=4 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+). Unique cord
blood samples used for engrafting animals in each population: n = 6 (CD19+IgM−CD138+), n = 4 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+).

Fig. 3.Human B cell populations in humanized mouse spleen. Human B cells in spleen were immunophenotyped by flow cytometry. A human leukocyte antibody (anti-hCD45) was
initially used for gating purposes to focus on human leukocyte populations. (A) FACS plot gated on CD138+ cells to observe precursor B cell (CD19+IgM−CD138+), immature B cell
(CD19+IgM+CD138+), and plasma B cell (CD19−IgM−CD138+) populations. Percentages are out of total human B cells. (B) FACS plot gated on CD138− cells to observe naïve B cell
population (CD19+IgM+CD138−). Percentages are out of total human B cells. (C) Graph comparing averages of the different splenic cell populations in all mice tested. SE is indicated.
Sample sizes per population are n = 7 (CD19+IgM−CD138+), and n = 4 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+). Unique cord blood samples used for
engrafting animals in each population: n = 6 (CD19+IgM−CD138+), n = 4 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+).
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defect in class-switching is similar. They reported a mean IgM concentration of
about 15 μg/mL and a mean IgG of about 200 μg/mL [2] while Chen et al. reported
mean IgM levels of 119 μg/mL and 1.1 μg/mL IgG in humanized NOD/SCID
gammanull mice [32], while Wang et al. showed ~7 mg/mL IgM in humanized
NOD/SCID mice with undetectable IgG [23]. Our results show a mean IgM titer of
2 μg/mL and a mean IgG titer of 10 μg/mL. The use of different mouse strains and
sources of HSCs may explain the differing results.

Wang et al. examined IgG responses and T cell development in NOD/SCID mice
transplanted with CD34+ cells from cord blood [23]. They showed very little IgG re-
sponses, and also very few human T cells engrafted (appears to be much less than

in RAG-humice). Since NOD/SCIDmice are considered to have higher residual murine
immunity than Rag2−/−γc−/− mice, the mouse strain might explain the differences
in our results. B cells require T cell help for effective antibody responses, so we sur-
mise that the increased numbers of human T cells might explain why the RAG-hu
model has higher IgG production.

3.7. Kinetics of production of human antibody classes

In order to study the kinetics of human antibody development in humanized
mice, we measured human antibody concentrations in plasma across a time course

Fig. 4.Human B cell populations in humanizedmouse peripheral blood. Human B cells in blood were immunophenotyped by flow cytometry. A human leukocyte antibody (anti-hCD45)
was initially used for gating purposes to focus on human leukocyte populations. (A) FACS plot gated on CD138+ cells to observe precursor B cell (CD19+IgM−CD138+), immature B cell
(CD19+IgM+CD138+), and plasma B cell (CD19−IgM−CD138+) populations. Percentages are out of total human B cells. (B) FACS plot gated on CD138− cells to observe naïve B cell pop-
ulation (CD19+IgM+CD138−). Percentages are out of total human B cells. (C) Graph comparing averages of the different cell populations from blood in all mice tested. SE is indicated.
Sample sizes per population are n = 6 (CD19+IgM−CD138+), and n = 3 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+). Unique cord blood samples used for
engrafting animals in each population: n = 5 (CD19+IgM−CD138+), n = 3 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+).

Fig. 5. Total human antibody concentrations in humanizedmouse plasma. ELISAwas used tomeasure total human antibody concentrations in plasma. (A) Fraction of animals testing pos-
itive for IgM, IgG, or IgA (n= 53 animals for each group). (B) Mean antibody concentrations for IgM, IgG, IgA; only including positive animals (n= 49, 25, and 28, respectively). A time
course of (C) IgM, (D) IgG, and (E) IgA in plasma after human cell engraftment. (* ANOVA p= .04with post hoc Tukey–Kramer, p b .05). Sample sizes per time point are: C) n=10 (9w),
n = 6 (10 w), n = 3 (12–13 w), n = 4 (16–20 w), and n = 3 (28–32 w); D) n = 4 for all time points; and E) n = 4 (9 w), n = 3 (11–16 w), and n = 3 (20–32 w).
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that lasted up to 32 wpe. All 3 antibody classes (IgM, IgG, IgA) were detectable in
plasma by 9 wpe, and only minor differences in antibody concentrations were
noted at later time points. No significant differences in total antibody concentra-
tions were detected across the time course for IgG (Welch's ANOVA test, p =
0.11) (Fig. 5D) or IgA (Welch's ANOVA test, p = 0.53) (Fig. 5E). A single significant
difference was detected in IgM from 10 wpe to 16-20 wpe where an increase was
detected (ANOVA p = .04 with post hoc Tukey–Kramer, p b 0.05) (Fig. 5C). Howev-
er, this significant increase was not maintained to the 28–32 wpe time point. Our
results show that human antibody production persists through at least 32 wpe,
with no significant decreases at late time points.

3.8. No correlation exists between peripheral blood engraftment and plasma antibody
concentration

Since only a fraction of humanized mice produce detectable antigen-specific
responses to infection or immunization, it would be useful if a marker could be de-
veloped which would allow one to predict the likelihood of an animal producing a
detectable response. However, such a marker has not yet been reported. We ana-
lyzed our data to see if a correlation exists between the percent peripheral blood
engraftment (defined as hCD45+ cells divided by the sum of (hCD45+ plus
mCD45+ cells)) and the plasma concentrations of various human antibody
classes. We failed to detect a correlation between animals with higher peripheral
blood engraftment and those with higher levels of IgM, IgG, or IgA (Supplementary
Fig. 1). These findings suggest that the level of chimerism in humanized mice is not
the most critical aspect involved in antibody responses.

Improvements in human erythrocyte and platelet development have been made
by eliminating murine macrophages which may engulf human immune system com-
ponents [33–35]. In contrast, little research has been conducted to specifically im-
prove B cell development and functionality. One interesting study analyzed the
defect in class-switching from IgM to IgG responses in humanized mice. Chen et al.
used NOD/SCID gammanull mice engrafted with either fetal liver or cord blood
CD34+ cells and found that better human antibody responses and enhanced class-
switching were detected following administration of human Interleukin 4 (IL-4)
and Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) to humanized
mice [32]. IgM responses were 42% higher in cytokine-treated animals and IgG re-
sponses were over 10.5-fold higher using this protocol. In addition, tetanus toxin-
specific IgG went from undetectable to detectable levels in many animals adminis-
tered IL-4 and GM-CSF. Thus, the production of humanized mice in a background
strain that produces human cytokines may also be beneficial to achieve normal
human antibody responses.

4. Conclusions

We have shown that RAG-hu mice produce human B cells which
are dispersed in blood, bone marrow, and spleen. B cell engraftment
in peripheral blood reached a peak in relative numbers of cells at
14wpe, while T cell levels were stable from 8 to 28wpe. The vast ma-
jority of mice had detectable levels of human IgM in plasma, while
only about half had detectable IgG or IgA. The mean antibody con-
centrations were considerably lower than those seen humans, and
in general antibody concentrations did not significantly change
over time from 9 to ~30 wpe. We detected relatively few CD138+

plasma cells in the bone marrow, despite the fact that most plasma
cells reside in this site in humans. Taken together, our results indi-
cate that in the RAG-hu model there are defects in class-switching
from IgM to IgG or IgA production, and that naïve B cells are not ef-
fectively matured to become plasma B cells. Further work can now
be done to test the hypothesis that improvements in T cell levels
may enhance the reproducibility of human antibody responses in
humanized mice.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.trim.2015.03.002.

Abbreviations

FACS Fluorescence activated cell sorting
Rag2 Recombinase activating gene 2
γc Common gamma chain receptor
Wpe Weeks post-engraftment
Ig Immunoglobulin
NOD Non-obese diabetic
SCID Severe combined immunodeficiency
ELISA Enzyme-linked immunosorbent assay

HSC Hematopoietic stem cell
MHC Major histocompability complex
BLT Bone marrow/liver/thymus humanized mice
GM-CSF Granulocyte macrophage colony stimulating factor
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The human herpesviruses (HHVs) are remarkably successful human pathogens, with some

members of the family successfully establishing infection in the vast majority of humans worldwide.

Although many HHV infections result in asymptomatic infection or mild disease, there are rare

cases of severe disease and death found with nearly every HHV. Many of the pathogenic

mechanisms of these viruses are poorly understood, and in many cases, effective antiviral drugs

are lacking. Only a single vaccine exists for the HHVs and researchers have been unable to

develop treatments to cure the persistent infections associated with HHVs. A major hindrance to

HHV research has been the lack of suitable animal models, with the notable exception of the

herpes simplex viruses. One promising area for HHV research is the use of humanized mouse

models, in which human cells or tissues are transplanted into immunodeficient mice. Current

humanized mouse models mostly transplant human haematopoietic stem cells (HSCs), resulting

in the production of a variety of human immune cells. Although all HHVs are thought to infect

human immune cells, the beta- and gammaherpesviruses extensively infect and establish latency

in these cells. Thus, mice humanized with HSCs hold great promise to study these herpesviruses.

In this review, we provide a historical perspective on the use of both older and newer humanized

mouse models to study HHV infections. The focus is on current developments in using humanized

mice to study mechanisms of HHV-induced pathogenesis, human immune responses to HHVs

and effectiveness of antiviral drugs.

Human herpesviruses

Human herpesviruses (HHVs) are nearly ubiquitous
infectious agents that contribute substantially to human
morbidity and mortality. Nine HHVs have been discovered
to date, including herpes simplex virus types 1 and 2 (HSV-
1 and HSV-2), varicella zoster virus (VZV; HHV-3),
Epstein–Barr virus (EBV; HHV-4), human cytomegalo-
virus (hCMV; HHV-5), HHV-6A and HHV-6B, HHV-7,
and Kaposi’s sarcoma-associated herpesvirus (KSHV;
HHV-8). Within the family Herpesviridae, there are three
subfamilies with natural human pathogens listed: the
Alphaherpesvirinae (HSV-1, HSV-2, VZV), the Betaher-
pesvirinae (hCMV, HHV-6A, HHV-6B, HHV-7) and the
Gammaherpesvirinae (EBV, KSHV) (McGeoch et al., 2006).
The HHVs are considered to be some of the most
successful pathogens of humans due to the high rate of
seroconversion and the ability to establish lifelong latent
infections.

HHV infections are linked to a wide spectrum of human
diseases, ranging from skin lesions to encephalitis, from
immune deficiency to autoimmune disease, from blindness
to deafness, from organ transplant rejection to post-
transplant proliferative disorders, and from epilepsy to
several types of cancer. Despite the burden of infection and

disease caused by the HHVs, a preventative vaccine is
available only for VZV (Takahashi et al., 2008). Further,
our ability to control infections and disease is in many
cases limited due to the lack of available antiviral drugs. All
HHVs are able to form a persistent infection, which
typically involves a latent phase characterized by minimal
viral gene expression and inability to detect infectious
virus, followed by reactivation where many viral genes are
expressed, viral particles are produced and virus is shed
from the host. Although persistent HHV infections are
required for many types of pathogenesis, research efforts
have thus far been unable to eliminate persistent HHV
infections in humans.

Animal models for HHVs are needed

Part of the reason for our lack of understanding of HHV
pathogenesis is due to the lack of appropriate animal
models that faithfully recapitulate infection and disease. In
the case of HSV-1 and HSV-2, the availability of small-
animal models has contributed substantially to our under-
standing of these viruses; as a result, they are the best
understood of the HHVs and serve as prototypes for the
family. However, the alphaherpesviruses (HSV-1, HSV-2,
VZV) are fundamentally different from the beta and
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gammaherpesviruses in that the alphaherpesviruses prin-
cipally establish latency in neuronal cells in vivo and are
transmitted predominantly via skin contact or inhalation.
The beta and gammaherpesviruses predominantly establish
latency in immune cells (also endothelial cells in the case of
KSHV) in vivo. These viruses can be transmitted by saliva,
sexual contact or through breast milk.

Despite the inability to adequately study the HHVs directly
in humans due to ethical constraints and the general lack of
good animal models for the HHVs, there are several
homologues of the HHVs that infect animals and that have
been useful towards achieving a better understanding of
the human pathogens. For example, animal homologues
of hCMV have been well-studied in their native hosts,
including murine CMV, rat CMV, guinea pig CMV and
rhesus CMV (McGregor, 2010). Murid herpesvirus 68
(MHV-68) (Stevenson & Efstathiou, 2005) and murid
herpesvirus 4 (Nash et al., 2001) in mice and rhesus rhadi-
novirus (macacine herpesvirus 5) in monkeys (Orzechowska
et al., 2008) serve as models of KSHV infection in humans.
EBV can infect some types of NewWorld primates, including
the common marmoset and the cottontop tamarin (Shope
et al., 1973; Wedderburn et al., 1984). These animal models
have been very useful and will continue to yield valuable data,
but they have several limitations. (i) Animal homologues of
HHVs are genetically divergent from their HHV counter-
parts and thus encode different genes. Hence, any informa-
tion gained on mechanisms of pathogenesis, development of
antiviral drugs and vaccines may not be directly applicable to
HHVs in a human host. (ii) Non-human primate research is
expensive and can only be performed in specialized facilities
that are not available to many researchers. For these reasons,
the availability of new animal models to studymechanisms of
viral pathogenesis in vivo would be greatly beneficial to the
development of vaccines and new treatment strategies.

Humanized mice

One such model is humanized mice, which are immuno-
deficient mice engrafted with human cells or tissues. The
original humanized mouse models, first reported in 1988,
involved SCID (severe combined immunodeficiency) mice
engrafted with either human peripheral blood leucocytes
(SCID-hu-PBL model) (Mosier et al., 1988) or with human
foetal thymic and liver tissues as a model of a human
thymus (SCID-hu Thy/Liv model) (McCune et al., 1988).
Although both models exhibited human immune cell
engraftment, there were several limitations noted in these
models: lack of long-term human cell engraftment (PBL
model), low diversity in types of cells engrafted (PBL and
Thy/Liv models), lack of distribution of human cells in the
mouse (Thy/Liv model) and inability to generate primary
human immune responses (PBL and Thy/Liv models)
(Macchiarini et al., 2005; Shultz et al., 2007). Both of these
models were explored extensively for studies of human
immunodeficiency virus type 1 (HIV-1) (Mosier, 1996)
and limited work was also done with HHVs (see below).

Over the past decade, new humanized mouse models have
emerged based upon greater mouse immunodeficiency
and transplantation of human haematopoietic stem cells
(HSCs). A recent review of the mouse strains used and the
types of cells used for transplantation is available (Tanner
et al., 2014). Briefly, most mouse strains currently in use
are double-knockouts that prevent maturation of T-
lymphocytes via the inability to produce enzymes involved
in the process of DNA recombination required to produce
T/B-cell receptors, including mutations in the recombinase
activating genes (rag1 or rag2) or prkdc gene (SCID)
(Shultz et al., 2007). Natural killer (NK)-cells are also
effective in eliminating xenografts and mutations in the
common c-chain receptor (IL2Rc or cc) or the NOD (non-
obese diabetic) mutation prevent NK-cell development
(Shultz et al., 2007). The use of human HSCs for
transplantation has resulted in a more broad diversity of
human cell types engrafted and the cells are distributed
throughout many organs of the mouse (Traggiai et al.,
2004). Human HSCs can be obtained from umbilical cord
blood, foetal liver or mobilized peripheral blood.

As a result of these advances in humanized mouse
technology, humanized mouse engraftment is long-lived
and primary human adaptive immune responses are
detected against many types of pathogens (Macchiarini
et al., 2005; Shultz et al., 2007). Of note, the predominant
human cell types present in these new models are human
B- and T-lymphocytes, although other cell types (princip-
ally monocytes/macrophages and dendritic cells) are
readily detectable (Traggiai et al., 2004). Human NK-cells,
granulocytes, erythrocytes and platelets are typically found
in low abundance, although newer research is allowing
more efficient production of some of these immune
components (Chen et al., 2009; Hu et al., 2011; Hu &
Yang, 2012; Huntington et al., 2009; Pek et al., 2011).
Human lymphocytes, myeloid cells and HSCs are import-
ant targets and reservoirs of human beta and gammaher-
pesvirus infections and latency in vivo. A variety of HHV
pathogens have begun to be explored in these new models
in order to determine their suitability for studies of HHV
pathogenesis, drug testing, exploration of mechanisms of
latency and reactivation, and vaccines.

Although human T- and B-cell responses are commonly
detected in humanized mice following exposure to HHVs
and other antigens, many experiments have shown
sporadic detection of these responses and the amplitude
of responses also varies. Although the reasons for these
findings are not well understood, it has been hypothesized
that as T-cell maturation occurs in a thymus that expresses
both murine and human MHC-I molecules, this unusual
selection mechanism may play a role in relatively weak
adaptive immune responses (Shultz et al., 2012). The very
high frequency of EBV-induced cancers in humanized mice
(see below) is possibly promoted by weak adaptive
immunity and hence a lack of immunological control of
EBV. Efforts to improve human adaptive immunity in
these models revolve around the introduction of human
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MHC-I expression into the thymus by two main mechan-
isms: (i) transplantation of human thymic stromal cells,
referred to as a BLT (bone marrow, liver, thymus) human-
ized mouse (Melkus et al., 2006), or (ii) a genetic knock-in
of human MHC-I into the mouse genome (Shultz et al.,
2010). These improvements will be critical for future vaccine
studies because weak adaptive immunity will not allow for
effective challenge studies to determine vaccine efficacy.

Other mechanisms to humanize mice also exist, built upon
the same platform that requires an immunodeficient host.
Human liver cells have successfully been transplanted into
mice (Azuma et al., 2007), as has human skin, human
retinal tissues and human aortic tissues (see below). As the
lack of a human receptor molecule is a main obstacle to
viral infection, some efforts have been made to produce
knock-in mice that express a human viral receptor mo-
lecule as another way to confer susceptibility to viral
infection to a mouse (Reynaud et al., 2014).

Gammaherpesvirus studies in humanized mice

Of the HHVs, the gammaherpesviruses have been most
extensively studied in humanized mice, especially EBV. A
number of human EBV-associated diseases have been recapi-
tulated in humanized mice in recent years, thus illustrating the
utility of this model to study HHV pathogenesis.

EBV

The main target cells of EBV in vivo are epithelial cells and
B-lymphocytes, although there is also evidence for infec-
tion of T-lymphocytes and NK-cells. Latency is established
in B-lymphocytes or epithelial cells (Rickinson & Kieff,
2007). EBV infection is correlated strongly with a number
of human diseases, such as infectious mononucleosis and
cancers (including Burkitt’s lymphoma, nasopharyngeal
carcinoma, Hodgkin’s lymphoma and gastric carcinoma);
in addition, EBV infection is associated with autoimmune
diseases, such as multiple sclerosis, systemic lupus ery-
thematosus and rheumatoid arthritis (Longnecker et al.,
2013).

Most of the early work on EBV in humanized mice used
the SCID-hu-PBL model and, as human blood donors have
a high frequency of persistent EBV infection, researchers
were able to characterize the effects of transplantation of
EBV-positive blood into immunodeficient mice (Fuzzati-
Armentero & Duchosal, 1998; Mosier et al., 1989) and
lymphoproliferation was noted in many cases. As these
reports constitute transfer of virus-infected cells rather
than in vivo transmission of cell-free virus, we will focus on
the latter. Humanized mice can be infected successfully
with EBV by several injection mechanisms, including
intrasplenic (Islas-Ohlmayer et al., 2004; Wahl et al.,
2013), intraperitoneal (Cocco et al., 2008; Heuts et al.,
2014; Strowig et al., 2009) and intravenous inoculation
(Kuwana et al., 2011; Sato et al., 2011; Yajima et al., 2008).
Exposure of HSC-humanized mice to EBV results in

detectable viral DNA by 2–4 weeks post-inoculation in the
spleen, blood, bone marrow, liver, kidney, adrenal gland,
lung and lymph nodes (Islas-Ohlmayer et al., 2004;
Traggiai et al., 2004; Yajima et al., 2008). Blood viral load
typically peaked in the range of 104–105 genome copies
(Islas-Ohlmayer et al., 2004).

EBV-associated cancers. Development of lymphopro-
liferative disease and tumours in humanized mice is
dependent upon exposure to higher doses of virus
(Traggiai et al., 2004; Yajima et al., 2008), although
persistence of viral DNA occurs with even a low dose
(Yajima et al., 2008). Animals infected with a low dose
exhibited persistent viral DNA in various organs, but virus
appeared to have been controlled because no cancer was
detected (Yajima et al., 2008). Exposure to higher doses leads
to tumours in multiple organs, followed by death at 5–10
weeks post-infection (Yajima et al., 2008). Tissues without
tumours, but harbouring persistent EBV (bone marrow and
spleen), were analysed for viral gene expression patterns, and
showed expression of Epstein–Barr nuclear antigen (EBNA)
1, EBNA2, latent membrane protein (LMP1) and LMP2a,
indicative of a type III latency program (Yajima et al., 2008).

EBV-positive tumours have been detected in the spleen,
liver, kidney and lymph node (Traggiai et al., 2004; Yajima
et al., 2008), and as early as 4–7 weeks post-infection in
spleen (Heuts et al., 2014; Islas-Ohlmayer et al., 2004).
Tumours had a B-cell phenotype (CD20+) and were
negative for the pan-T-cell marker CD3 (Islas-Ohlmayer
et al., 2004; Yajima et al., 2008). Tumours have been
evaluated for viral gene expression patterns, and have been
found to express EBNA1, EBV-encoded small RNAs
(EBERs), LMP1 and LMP2a, but not EBNA2 (Islas-
Ohlmayer et al., 2004; Traggiai et al., 2004; Yajima et al.,
2008). This pattern is consistent with a type II latency
profile (Islas-Ohlmayer et al., 2004). This characterization
of latency is interesting because only a type III expression
profile is correlated with cellular proliferation in vitro, but
it is type II (and not type III) latency that correlates with
tumour development in vivo in humanized mice. Further
analysis has shown that type I and type IIa latency types are
found more abundantly in CD8 T-cell-depleted humanized
mice and are not found in CD4 T-cell-depleted animals,
indicating that T-cell help is required for proliferation
(Heuts et al., 2014). Ex vivo culture of cells from blood,
bone marrow and spleen resulted in production of
lymphoblastoid cell lines (Islas-Ohlmayer et al., 2004).
Although most reports have focused on B-cell tumours,
another study analysed transplantation of peripheral blood
mononuclear cells (PBMCs) from patients suffering from
chronic active EBV, and found that T-cells and NK-cells
continued to proliferate in the context of a humanized
mouse model, including clonal expansion of T-cells
(Imadome et al., 2011).

Human immune responses to EBV. One of the exciting
achievements with human HSC-transplanted mice is the
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ability to detect and characterize de novo human adaptive
immune responses in response to viral antigens. Both T-
cell and antibody responses have been detected in
humanized mice towards EBV antigens, and it is thought
that the inability of the virus to cause tumours after low-
dose exposure may be due to control of the virus by the
human immune response (Traggiai et al., 2004). T-cell
expansion and an inversion of the normal CD4/CD8 ratio
have been reported (Traggiai et al., 2004; Yajima et al.,
2008), along with EBV-specific T-cell responses that are
commonly measured by ELISPOT assay to detect IFN-c
production after exposure to EBV antigen or by a cell-
killing assay (Ma et al., 2011; Traggiai et al., 2004; Yajima
et al., 2008, 2009). Further evidence of the protective effects
of human T-cell responses was gained by depleting either
all human T-cells or just the CD8+ fraction; these
experiments showed a higher viral load and a reduced
lifespan in EBV-infected humanized mice (Strowig et al.,
2009; Yajima et al., 2009). Lytic antigens are targeted more
frequently by T-cells than latent antigens and the response
is also stronger to these antigens (Strowig et al., 2009).
Human antibody responses to EBV have also been detected
in these models (Yajima et al., 2008). As human lym-
phocytes develop in the mouse, they are exposed to both
murine and human antigens and MHC molecules. In order
to determine if human MHC molecules are used to select
for T-cell receptors, antibodies specific to human MHC-I
and MHC-II were used to block T-cell recognition and
detectable T-cell responses were lost, thus showing that at
least some selection takes place via human MHC (Melkus
et al., 2006; Strowig et al., 2009). One study reported on the
development of immunodeficient mice that were addi-
tionally engineered to express human HLA-A2 molecules
in order to determine if human T-cell responses would be
stronger due to selection of T-cell receptors on human
MHC. Following human HSC engraftment, they infected
these humanized mice with EBV and detected robust HLA-
restricted T-cell responses (Shultz et al., 2010).

EBV genetics and relation to cancer. Several studies have
been designed to analyse EBV genes that contribute to
carcinogenesis in humanized mice in the hope that new
targets might be identified to allow for prevention and
treatment of EBV-associated cancers. An EBV strain with a
mutated BZLF1 gene is defective for lytic replication, but is
still able to establish latency in humanized mice. Animals
infected with the BZLF1 mutant developed cancers at a
lower frequency compared with WT virus, but it is still
unclear if this was due to the BZLF1 mutation itself or due
to diminished levels of virus due to the inability to replicate
(Ma et al., 2011). The same group published a later study
with a strain with increased BZLF1 expression as compared
with WT virus as a ‘super-lytic’ virus in order to see if the
reverse effect had an impact on lymphomagenesis. They
found that the super-lytic virus tended to form abortive
lytic infections, but that latency could still develop and the
frequency of tumour development was not different
compared with WT virus (Ma et al., 2012). These results

are interesting, because it has been difficult to achieve
HHV mutants that are unable to establish latency to date
and a virus with enhanced lytic properties is one way to
accomplish that goal; such results would be highly
beneficial to HHV vaccine research.

Whilst cell culture research has been very informative in
virology, there are many examples of research that differs
from the in vitro to the in vivo environments. An example
of this is a study that examined the EBV-encoded BHRF1
microRNA (miRNA) cluster, and found that deletion of
these miRNAs prevented B-cell expansion and reduced
latent gene expression when studying B-cell transformation
in vitro. These results suggested that the BHFR1 miRNAs
might contribute to cancer development (Feederle et al.,
2011). However, when humanized mice were infected with
a BHRF1 miRNA mutant, no difference in the ability to
develop cancer in vivo was noted, although they did find
that the miRNAs assist in the development of an acute
systemic infection (Wahl et al., 2013). These findings
illustrate the utility of humanized mouse research to
examine the relevance of in vitro research.

EBNA3B is not required for B-cell transformation by EBV
in vitro. The role of EBNA3B in lymphomagenesis was
investigated in vivo in humanized mice. Interestingly,
infection with EBNA3B-deficient EBV leads to production
of aggressive diffuse large B-cell-lymphoma-like cancer in
humanized mice, but T-cells are less apt to infiltrate the
tumours and to kill tumour cells as compared with WT
virus. The authors concluded that EBNA3B is a virus-
encoded tumour suppressor that normally assists in
immune recognition of tumour cells and slows down
tumour progression. After noting these results, the authors
analysed human samples and also discovered EBNA3B
mutations that had a similar effect on human tumour
progression (White et al., 2012). These results indicate that
EBV has evolved a fine balance of promoting B-cell
proliferation, whilst also acquiring mechanisms to prevent
cancer development that would compromise the host.

Other EBV-associated diseases. EBV infection is
associated with rheumatoid arthritis and this disease can
also be reproduced in humanized mice (Kuwana et al.,
2011). Synovial cells were greatly expanded and a variety
of human inflammatory cells infiltrated the synovium,
including both helper and cytotoxic T-cells, B-cells, and
macrophages. Few EBV-positive cells were detected (by
EBER expression) in the synovial membrane of arthritic
joints, whilst many EBV-positive cells were found in the
bone marrow near affected joints. Around 65% of mice
developed these symptoms and the phenomenon was not
dose-dependent, as seen in the above cancer studies.

Haemophagocytic lymphohistiocytosis (HLH) is an auto-
immune disease that is associated with EBV infection
(acquired HLH), and is characterized by leucocytosis,
anaemia and thrombocytopenia, plus very high levels of
inflammatory cytokines, such as IFN-c and TNF-a.

Modelling of HHV infections in humanized mice

http://vir.sgmjournals.org 2109189



Humanized mice were shown to exhibit symptoms similar
to those seen in humans after 10 weeks of EBV infection,
with two-thirds of mice showing this disease and also
showing high/persistent viraemia (Sato et al., 2011).
Engulfment of erythrocytes was detected in bone marrow,
spleen and liver, and higher viral loads were correlated
with higher CD8 T-cell activation frequency and increased
IFN-c secretion.

Summary and future directions. An impressive array of
human EBV-associated diseases has been recapitulated in
humanized mice. Lymphomagenesis has been detected
across all of the new humanized mouse models (Cocco
et al., 2008; Islas-Ohlmayer et al., 2004; Ma et al., 2011,
2012; Traggiai et al., 2004; Wahl et al., 2013; White et al.,
2012; Yajima et al., 2008) and human T-cell responses to
EBV infection have similarly been detected in various
models (Melkus et al., 2006; Shultz et al., 2010; Strowig
et al., 2009; Traggiai et al., 2004; Yajima et al., 2008, 2009).
Not all EBV-associated diseases are expected to be reca-
pitulated in current humanized mouse models, e.g. naso-
pharyngeal carcinoma involves human cell types not present
in current humanized mouse models and the murine
equivalent cells cannot be infected with EBV. It has yet to
be determined if the humanized mouse model used in a
particular report has an impact upon pathogenesis or
immunity because of a lack of studies designed to answer
this question. Future studies will most likely focus on
discovering mechanisms of EBV pathogenesis and the
development of new treatments for EBV-associated cancers.

KSHV

KSHV principally infects human B-cells, but is also able to
infect endothelial cells, fibroblasts, keratinocytes, mono-
cytes/macrophages and HSCs. Latency is mostly detected in
B-cells. The main diseases associated with KSHV in
humans are cancers, including Kaposi’s sarcoma (KS),
pleural effusion lymphoma and multicentric Castleman’s
disease (Lebbé & Francès, 2009). KS is an endothelial cell
cancer and thus it is unlikely to be recapitulated in HSC-
engrafted mice because human endothelial cells do not
arise from HSCs. As mentioned above, other human tissues
and cells have been transplanted to immunodeficient mice
besides blood cells. Human skin transplants in SCID mice
were injected with KSHV and showed viral replication,
with the formation of KS-like lesions (Foreman et al.,
2001).

SCID-hu-PBL mice were found to not support transmis-
sion of KSHV in vivo (Picchio et al., 1997). The lack of
infection in SCID-hu-PBL mice was likely due to a lack of
the appropriate type of human B-cells as only mature cells
are engrafted. The thymic organoid of SCID-hu Thy/Liv
mice was directly injected with KSHV and supported lytic
replication in rare human B-cells in the thymic graft
(Dittmer et al., 1999). However, this model has not been
pursued further, possibly due to the rarity of infected cell

types and/or lack of pathogenesis. KSHV-transformed cell
lines readily produce KSHV-positive tumours in SCID mice
and these studies have been useful to gain an understanding
of tumorigenesis and angiogenesis, and to test novel antiviral
strategies (Boshoff et al., 1998; D’Agostino et al., 1999; Lan
et al., 2009; Picchio et al., 1997; Staudt et al., 2004; Wu et al.,
2005).

Only a few reports exist on KSHV infection in HSC-
engrafted mice. Wu et al. (2006) showed that KSHV
infection of human HSCs prior to engraftment leads to
persistent infection in the transplanted mice. KSHV-
positive human B-cells and macrophages in the spleen
and bone marrow were detectable by flow cytometry for
GFP expressed from recombinant KSHV. Quantitative
real-time (qRT)-PCR analysis further showed maintenance
of viral DNA in spleen, bone marrow and blood for up to
29 weeks post-infection. Parsons et al. (2006) provided
evidence for KSHV replication in immunodeficient NOD/
SCID mice with no human immune cells. Although
published in 2006, to our knowledge that model has not
been examined further. The same study also examined
animals humanized with human HSCs and demonstrated
successful KSHV infection following intravenous injection,
accompanied by increases in splenic viral DNA detection
over 3 months. They also demonstrated detection of
human IgG specific to KSHV.

A recent report describes for the first time KSHV infection
of mice previously humanized with HSCs (Wang et al.,
2014). The authors demonstrated that humanized mice can
be infected via intraperitoneal injection, but also that
transmission through mucosal (oral or vaginal) exposure is
a better representation of the normal infection pathways in
humans. Viral DNA could be detected after infection in the
skin, spleen, lung, lymph node, liver, kidney and intestines.
Recombinant KSHV expressing GFP was used in the study,
thus allowing for detection and characterization of infected
cells by flow cytometry. GFP-expressing human cells were
detected in the spleen and were found to be mostly human
B-cells, with some evidence for macrophage infection.
Antigens representing both latent and lytic infection were
detected in spleen and in skin. No symptoms of cancer (KS
or lymphomas) were noted in this study. It is currently
unclear if EBV infection or HIV/AIDS might be co-factors
necessary for KSHV cancers to occur (Carbone et al., 2009;
da Silva & de Oliveira, 2011), which may explain the lack of
disease in this study.

Summary and future directions. There are relatively few
studies of KSHV in humanized mice and none have
recapitulated any KSHV-associated diseases to date. It is
possible that co-infections with EBV and/or HIV may be
necessary to reproduce KSHV-associated cancers, because
KSHV disease is often associated with these other pathogens.
As mentioned above, an engraftment model using human
skin supported KSHV infection and induction of KS-like
lesions, but that study was published in 2001 and little
follow-up work has been performed in that area. Once
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disease models are established, a greater understanding
of carcinogenic mechanisms can hopefully be achieved,
possibly leading to new treatments for KSHV-induced
cancers.

Betaherpesvirus studies in humanized mice

hCMV

hCMV has an in vivo tropism for human macrophages,
dendritic cells, endothelial cells and epithelial cells. Primary
hCMV infection is typically asymptomatic, although it can
be accompanied by fever and mononucleosis. Transmission
can occur through contact with a variety of bodily secre-
tions, such as saliva, breast milk and urine; transplacental
transmission also occurs and is associated with serious
birth defects. Transplantation of blood or solid organs is
also associated with hCMV transmission, although leuco-
depletion is practiced on blood to prevent transmission of
this and other viruses. hCMV disease is most common in
immunocompromised hosts, such as AIDS patients and
organ transplant recipients (Mocarski et al., 2007).

hCMV infection of HSC-humanized mice. hCMV is
thought to be transmitted principally by cell-associated
infection; accordingly, cell-free virus did not yield successful
transmission, whilst injection of hCMV-infected human
fibroblasts via the intraperitoneal route was successful
for transmission to humanized mice (Smith et al., 2010).
Infection resulted in detectable viral DNA in bone marrow,
spleen and kidney, whilst no viral DNA was detected in
PBMCs, liver, lung, salivary gland or bladder. After showing
evidence of persistent infection, the authors then analysed
the effects of human granulocyte colony-stimulating factor
(G-CSF) treatment on hCMV-infected animals. G-CSF is
commonly used to mobilize human HSCs from bone
marrow for later transplantation, and Smith et al. (2010)
hypothesized that this cytokine could also induce hCMV
reactivation and replication in vivo. Following G-CSF
treatment, viral DNA was detected at higher levels and in
new organs in humanized mice, supporting the idea that G-
CSF promotes viral replication in vivo. Early and late gene
expression was detected in G-CSF-treated animals, but not
in untreated animals, indicating that G-CSF treatment
resulted in reactivation of latent virus. Human liver
monocytes/macrophages expressed viral late glycoproteins.
Thus, a model has been created that allows for studies of
hCMV latency and mechanisms of reactivation, including
the potential to study ways to stimulate or block viral
reactivation.

A follow-up study examined the possibility of increased
probability of hCMV transmission during peripheral blood
stem cell transplantation. In this study, the authors took
G-CSF mobilized peripheral blood stem cells from hCMV-
positive human donors and transplanted them to hCMV-
negative humanized mice. Viral DNA was detected in bone
marrow, liver and spleen following transplantation,
indicating that transmission and dissemination took place

(Hakki et al., 2014). These findings indicate that the use of
G-CSF stimulates hCMV reactivation and may result in
increased probability of viral transmission during blood
stem cell transplantation.

This same HSC-engrafted model was also used to study the
function of the hCMV UL133–UL138 gene locus in vivo
(Umashankar et al., 2011). Humanized mice were infected
with either WT or UL133–UL138-deleted strains and then
virus was stimulated to reactivate using a similar protocol
to that mentioned above. Both viruses were able to
establish infection in the bone marrow of humanized mice
and viral DNA levels were not significantly different either
with or without G-CSF treatment. Following G-CSF
treatment, both viruses exhibited higher DNA levels in
the spleen, but the UL133–UL138 mutant showed higher
genome copy numbers in this organ than the WT virus,
indicating that these genes may play an important role in
viral replication, latency or dissemination.

SCID-hu Thy/Liv and retinal transplant models have also
been used to study viral genetics, as the retinal transplant
humanized mouse model supports hCMV replication in
glial cells of the graft (Bidanset et al., 2001). hCMV UL27
mutants were inoculated into these tissues in order to
determine if the UL27 gene is necessary for in vivo repli-
cation and it was determined to be non-essential (Prichard
et al., 2006). A 15 kb region of the hCMV genome that is
present in virulent hCMV strains, but missing from
attenuated strains, was deleted and then studied for
replicative ability in SCID-hu Thy/Liv mice. Although the
mutant only had a minor growth defect in human foreskin
fibroblast cells, it was unable to replicate in the thymic graft
(Wang et al., 2005).

hCMV drug testing in humanized mice. In the early
1990s, it was discovered that hCMV can replicate in thymic
epithelial cells of SCID-hu Thy/Liv mice (Mocarski et al.,
1993) and in implanted human retinal tissue in immuno-
deficient mice (Epstein et al., 1994). These experimental
systems were used to test new antiviral drugs for efficacy
against hCMV and this topic has been reviewed previously
(Kern, 2006). Some additional studies have taken place
since that review was published (Quenelle et al., 2008),
including a report that human hepatocytes can be
transplanted to immunodeficient mice, that they can be
infected with hCMV and that this model is useful to study
antiviral drug testing (Kawahara et al., 2013). In addition,
human skin grafts can be achieved, infected with hCMV
and controlled by gancyclovir (Bravo et al., 2007).

hCMV pathogenesis in humanized mice. hCMV
infection has been associated with a variety of diseases,
including transplant coronary arteriosclerosis. An immuno-
deficient mouse model with transplanted human artery
tissue was developed and examined for the impact of hCMV
infection upon immune rejection of the graft (Abele-Ohl
et al., 2012). Human internal mammary artery tissue was
obtained and infected with hCMV, then transplanted to the
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infrarenal artery of immunodeficient mice. One week later,
human PBMCs were transferred intraperitoneally into mice
and then analysed for graft rejection. hCMV infection was
confirmed by DNA detection and immunodetection of viral
antigens. Vascular lesions and immune cell infiltrates were
more pronounced in animals receiving hCMV-infected
arterial grafts compared with uninfected grafts, and inter-
cellular adhesion molecule-1 and platelet-derived growth
factor receptor-b expression levels were increased upon
hCMV infection, which may explain the immune infiltration
and vascular lesions.

Summary and future directions. hCMV studies in
humanized mice have mostly been performed in older
models and with the goal of testing antiviral drug efficacy.
Whilst some studies have been performed to examine
hCMV-mediated pathogenesis, there are still many diseases
associated with hCMV that warrant further exploration.
hCMV can cause hepatitis and this disease could be
modelled in a humanized liver mouse model (see above).
Neuropathogenesis has not yet been explored for hCMV in
humanized mice. Interestingly, HIV-1 is able to penetrate
the humanized mouse brain, where it replicates and causes
inflammation (Dash et al., 2011; Gorantla et al., 2010). At
least some human immune cells traffic to the brain in
humanized mice and this is an area that could be explored
for hCMV. However, it is not expected that hCMV will be
able to replicate in murine brain cells. Congenital
transmission of hCMV is a major cause of birth defects,
but this form of pathogenesis is not able to be studied in
current humanized mouse models because animals are
engrafted after birth. Similarly, hCMV-associated pneu-
monia and gastroenteritis are not like to be detected in
current humanized mouse models. In vivo drug testing for
hCMV has an important history in humanized mice and
we expect that other HHVs can similarly be tested for drug
efficacy in these models.

HHV-6

Previously, HHV-6A and HHV-6B were classified as
subtypes of the same virus, but they have recently been
classified as two distinct viruses (Adams & Carstens, 2012).
Both viruses have primary tropism for CD4+ T-cells, but
HHV-6A is also capable of lytic infection in CD8+ T-cells,
cd T-cells and NK-cells (Dagna et al., 2013). HHV-6B causes
roseola – a childhood fever and rash that usually resolves
without complication. We are not aware of any studies
attempting to infect HSC-humanized mice with HHV-6B or
to recapitulate roseola disease. HHV-6A has not been shown
definitively to cause any disease, but it is implicated in
diseases, including autoimmune diseases such as multiple
sclerosis (Virtanen et al., 2007), immunosuppression (Emery
et al., 1999; Gobbi et al., 1999; Lusso & Gallo, 1995) and
graft-versus-host disease (Appleton et al., 1995).

SCID-hu Thy/Liv mice can be infected with HHV-6. In one
study, the implanted Thy/Liv organ of SCID-hu Thy/Liv

mice was surgically exposed and injected with HHV-6A
strain GS. Thy/Liv implants were harvested at 4, 7, 11 and
27 days post-inoculation. HHV-6A replication was demon-
strated by detection of increasing amounts of viral DNA,
which peaked at 14 days post-inoculation. The virus
induced severe depletion of thymocytes, especially the
intrathymic progenitor T-cells (Gobbi et al., 1999).

In a more recent study, Rag22/2cc
2/2 mice were infected

with HHV-6A. Cell-associated or cell-free virus was injected
intraperitoneally into the mice and nearly all infected mice
had detectable levels of HHV-6A DNA by qRT-PCR in at
least one of the samples tested (blood, bone marrow, lymph
node and thymus). Cell-free injected mice were sacrificed
at 1 week post-infection and cell-associated mice were
sacrificed at 6.5–9.5 weeks post-infection. Thymocyte
populations were significantly altered in the HHV-6A-
infected mice sacrificed at time points later than 1 week
post-infection, including a significant decrease in CD3
expression as well as a significant loss of intrathymic T
progenitor cells (CD32CD4+CD82) as was seen in the
previously mentioned study in SCID-hu Thy/Liv mice.
Increased populations of CD4+CD8+ T-cells were detected
in peripheral blood (Tanner et al., 2013).

CD46 transgenic mice have also been shown to be
susceptible to HHV-6 infection (Reynaud et al., 2014).
These mice were injected intracranially with HHV-6A and
HHV-6B. Although HHV-6B DNA levels decreased rapidly
after infections, HHV-6A DNA was detectable in the brain
for up to 9 months post-infection. Primary brain glial
cultures from the transgenic mice that were infected with
HHV-6A showed production of pro-inflammatory cyto-
kines CCL2, CCL5 and CXCL10. This represents the first
murine model to study HHV-6A infection in the brain.

Summary and future directions. HHV-6 viruses have
been associated with a large number of diseases in humans,
but the ubiquitous nature of the viruses has made it
difficult to prove causal relationships. Most data gained to
date in humanized mice show a role of HHV-6 viruses in
immunosuppression, but many other diseases remain to be
explored.

HHV-7

HHV-7 is genetically similar to HHV-6 and also infects
human T-cells, although no known human diseases are
attributed to HHV-7. We are not aware of any attempts to
infect humanized mice with HHV-7 to date.

Alphaherpesvirus studies in humanized mice

HSV-1 and HSV-2

HSV-1 and HSV-2 normally replicate in epithelial cells and
establish latency in neuronal cells, with only limited
evidence for infection of immune cells. As these viruses
infect mice, rats, rabbits and other small-animal models,
they have not been explored much in humanized mice.
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Human skin grafts in SCID mice support replication by
HSV-1 and VZV, and the SCID-hu Thy/Liv model also can
be infected by each virus (Moffat et al., 1998a). HSV-1 only
infected epidermal cells in either model; small, superficial
lesions were detected in the epidermis of skin grafts and no
replication in thymic T-cells was detected. HSV-1 gly-
coprotein C (gC) is dispensable for replication in culture,
but a mutant revealed that gC is an important virulence
factor in HSV-1 replication in vivo (Moffat et al., 1998a).

HSC-humanized mice can be infected with attenuated
HSV-2 (thymidine kinase mutant) by intravaginal inocu-
lation and were used as a model to study protective human
immune responses by later giving a lethal challenge with a
WT stain (Kwant-Mitchell et al., 2009). Primary infection
resulted in human T-cell and NK-cell trafficking to the
genital tract and iliac lymph nodes. Human T-cells in
spleen, lymph nodes and the vaginal tract produced IFN-c
in response to HSV-2 antigens, thus showing an adaptive
cellular response. Human IgG specific to HSV-2 was also
detected. Upon challenge with a lethal dose of HSV-2,
immunized animals survived significantly better if a human
immune system was transplanted; in contrast, none of the
non-humanized mice survived.

VZV

VZV shares a tropism for replication in epithelial cells and
latency in neurons, although unlike the other alphaher-
pesviruses it also infects human T-cells, which it uses to
traffic to the skin. Humans and some non-human primates
are the only hosts infectable by VZV. As VZV replicates in
T-cells, it has been studied in the SCID-hu Thy/Liv model
as well as in skin graft models. Skin graft studies showed
that VZV extensively infected dermal and epidermal cells,
whilst HSV-1 only formed small lesions in the epidermis.
VZV gC was found to be an important virulence factor in
skin, although it is not required for replication in vitro
(Moffat et al., 1998a). Similar studies were performed to
determine the roles of the ORF47 and ORF66 gene

products in thymic and skin implants. Although strains
with mutations in these genes still allowed for tissue culture
replication, ORF47 was found to be required for replica-
tion in skin and thymic grafts, and ORF66 was necessary
for T-cell infectivity and had a partial effect on skin
infectivity (Moffat et al., 1998b). The skin graft model was
used to study mechanisms of T-cell transfer of virus to the
skin, demonstrating that VZV-infected T-cells move to
skin within 24 h of entering the circulation. Memory
CD4+ T-cells were the predominant T-cell type recovered
from skin grafts. VZV is able to downregulate host IFN-a
production in infected skin cells and also blocks the ability
of IL-1a to recruit inflammatory cells to sites of virus
replication (Ku et al., 2004). Taken together, these studies
provide information that could be useful to develop
improved VZV vaccines by identifying virulence factors
and by gaining an understanding of how VZV traffics in
the host.

Summary and future directions. We do not anticipate
much further research on the alphaherpesviruses in
humanized mice, because of the tropism of the HSVs for
standard mouse models, and as VZV replicates principally
in epithelial cells and skin models in humanized mice have
not been adopted widely. However, one area that has
greater potential is for vaccine studies because humanized
mice generate human cellular and humoral immune
responses to HHVs (see above), and can be challenged
with virus after experimental vaccination in order to
determine the efficacy of the vaccine. As human genes are
used to generate human T- and B-cell receptors, the
antigenic targets are expected to be similar to those seen in
humans.

Overall summary and future directions

Humanized mice have served as an excellent model to
study various aspects of HHV biology including patho-
genesis, tropism, establishment of latency, reactivation,

Table 1. Summary of pathological findings in humanized mouse models and future directions for HHV research in humanized mice

Virus Reported findings Future directions

EBV Persistent infection in B-cells

Lymphoproliferation; associated with type II latency

Symptoms of rheumatoid arthritis

Symptoms of HLH

Gain greater understanding of molecular biology of EBV-

induced cancers

Develop new treatments for EBV-associated cancers

hCMV Persistent infection in monocytes/macrophages in bone

marrow and spleen

Viral reactivation due to G-CSF has implications for bone

marrow transplants

Determine mechanisms of latency in vivo

KSHV Persistent infection in B-cells and macrophages

Mucosal transmission through oral and vaginal exposure

KS-like lesions in human skin-transplanted mice

Develop a model for KSHV-associated lymphomas

Develop new treatments for KSHV-associated cancers

HHV-6 Persistent infection in blood and lymphoid organs

Thymocyte depletion due to HHV-6A/HHV-6B

Model roseola pathogenesis by HHV-6B

Determine diseases caused by HHV-6A in humans

Modelling of HHV infections in humanized mice
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efficacy of antiviral drugs and human immune responses. A
summary of the major findings of HHV research in the
new generation of humanized mice is given in Table 1,
accompanied by areas for future research.

It is currently unclear if one humanized mouse model will
be superior to others as it pertains to a particular virus due
to a lack of studies designed to compare the various
models. However, a number of HHVs infect human cell
types that are not produced in the most common and
current humanized mouse models (e.g. epithelial cells,
endothelial cells and neurons). In order to recapitulate
these models, it may be necessary to combine multiple
humanized mouse models together in order to have both
target cells and human immune cells that may be involved
in either infection or pathogenesis. Such a study was
achieved with hepatitis C virus infection in a humanizedmouse
model that combined transplantation of human hepatocytes
with transplantation of human HSCs (Washburn et al., 2011),
and we envision that similar studies can be planned to better
understand immunological control of HHV infection as well
as immune-mediated pathologies.

Clearly, the HSVs already have well-established animal
models and humanized mice are not as important to the
study of those pathogens, although vaccine research of
HSVs would be benefitted by studies of the human
adaptive immune response in humanized mice due to
differences in mouse and human genetics. With the current
state of humanized mice focused mostly on human
immune cell transplants, the beta and gammaherpesvirus
fields stand to gain the most from humanized mouse
models. The contributions of EBV to cancer development
in humanized mice have been explored more than any
other area of HHV biology to date, but further work is
needed to find new treatments that will target specifically
EBV-positive cancer cells. We expect that further work in
EBV genetics will yield new targets for chemotherapy of
EBV cancers. In general, the humanized mouse platform
has been underutilized for HHV drug development.
Although EBV and hCMV have been studied the most in
these models, only a few studies on KSHV and HHV-6
have been performed. A summary of HHV-induced

pathogenesis in humanized mice with accompanying
references is provided in Table 2. With the recent
development of new models for these infections, we
anticipate further elucidation of their pathogenic mechan-
isms and validation of antiviral drugs in vivo. We believe
that humanized mouse models will be a useful tool to study
the contributions of particular HHV genes to latency and
persistence, and anticipate that this area of research will be
helpful to create HHV vaccines with no capacity for
persistence in the host.
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Cohen, B. & de Thé, G. (1984). Infectious mononucleosis-like
response in common marmosets infected with Epstein–Barr virus.
J Infect Dis 150, 878–882.
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Human Herpesvirus 6A Infection and Immunopathogenesis in
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Although serious human diseases have been correlated with human herpesvirus 6A (HHV-6A) and HHV-6B, the lack of animal
models has prevented studies which would more definitively link these viral infections to disease. HHV-6A and HHV-6B have
recently been classified as two distinct viruses, and in this study we focused specifically on developing an in vivo model for HHV-
6A. Here we show that Rag2�/��c�/� mice humanized with cord blood-derived human hematopoietic stem cells produce hu-
man T cells that express the major HHV-6A receptor, CD46. Both cell-associated and cell-free viral transmission of HHV-6A into
the peritoneal cavity resulted in detectable viral DNA in at least one of the samples (blood, bone marrow, etc.) analyzed from
nearly all engrafted mice. Organs and cells positive for HHV-6A DNA were the plasma and cellular blood fractions, bone mar-
row, lymph node, and thymic samples; control mice had undetectable viral DNA. We also noted viral pathogenic effects on cer-
tain T cell populations. Specific thymocyte populations, including CD3� CD4� CD8� and CD3� CD4� cells, were significantly
modified in humanized mice infected by cell-associated transmission. In addition, we detected significantly increased propor-
tions of CD4� CD8� cells in the blood of animals infected by cell-free transmission. These findings provide additional evidence
that HHV-6A may play a role in human immunodeficiencies. These results indicate that humanized mice can be used to study
HHV-6A in vivo infection and replication as well as aspects of viral pathogenesis.

Human herpesvirus 6 (HHV-6) is a member of the betaherpes-
virus subfamily and was identified in 1986 (1). Recently this

virus has been reclassified as two distinct variants, HHV-6A and
HHV-6B, based upon differences in tropism, disease, and epide-
miology. These two variants have an overall nucleotide identity of
90% (2, 3), and serological assays to differentiate the variants are
in development (4). The main cellular receptor for HHV-6A is
CD46, which is expressed on all nucleated cells (5). CD134 has
recently been identified as a cellular receptor for HHV-6B (6).
While HHV-6B infection is ubiquitous in humans and is known
to cause roseola infantum (7), the prevalence of HHV-6A and its
role in human disease are poorly understood. HHV-6 has been
implicated in diseases that include multiple sclerosis (8–10), en-
cephalitis, graft-versus-host disease (11, 12), other clinical com-
plications of solid-organ transplants and hematopoietic stem-cell
transplants (13, 14), drug-induced hypersensitivity syndrome (15,
16), malignancies, myocarditis, and cardiomyopathy (17, 18).
HHV-6A has an impact upon human T cell populations (19) and
can enhance human immunodeficiency virus type 1 (HIV-1) rep-
lication (20). HHV-6A infects helper T cells, as does HIV-1, and
HHV-6A has been suggested as a potential cofactor in AIDS pro-
gression (18, 20–22).

A variety of animal models have been explored for HHV-6
studies but with limited success. Early reports indicated that
HHV-6A was able to replicate in T cells isolated from chimpanzees
(23) and pigtailed macaques (24). More recent reports have
shown that nonhuman primate (NHP) models exhibit signs of
disease following infection with HHV-6. Leibovitch et al. recently
showed that common marmosets can be infected with HHV-6A
and that infection is accompanied by neurological symptoms (25).
Lusso et al. demonstrated that HHV-6A replicates in vivo in pig-
tailed macaques and that coinfection of macaques with HHV-6A
and simian immunodeficiency virus (SIV) resulted in faster deple-
tion of CD4� T cells (22). The requirement for specialized facili-

ties and the expenses involved in NHP research have been detri-
mental to further studies.

A small-animal model of HHV-6 infection would allow for
further investigation of viral pathogenesis without the costs and
facilities required for NHP research. The viral target cells in hu-
manized mice are human immune cells; hence, viral infection in
humanized mice may be more reflective of human infection than
infection in NHP due to differences in human and NHP genetics.
Additionally, humanized mice can be infected with HIV-1, as op-
posed to the genetically distinct SIV isolates used in NHP models.
Humanized mice infected with HIV-1 manifest symptoms of
AIDS (26) for studies of HHV-6A as a cofactor in AIDS progres-
sion.

Here we report on the use of a newer generation of humanized
mice to study HHV-6A replication and pathogenesis in vivo.
Rag2�/��c�/� mice (RAG-hu mice) are engrafted with human
hematopoietic stem cells (HSCs) and undergo multilineage hema-
topoiesis to produce a variety of human blood cell types which are
dispersed throughout the lymphoid and nonlymphoid organs.
These mice (and other similar HSC-humanized mouse models)
have been shown to support replication and viral pathogenesis
after challenge with the herpesviruses Epstein-Barr virus (EBV)
(27–30), Kaposi’s sarcoma-associated herpesvirus (KSHV) (31,
32), and human cytomegalovirus (hCMV) (33). Here RAG-hu
mice were challenged with recombinant HHV-6A expressing
green fluorescent protein (GFP) via either cell-free or cell-associ-
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ated transmission. Our findings show that viral DNA is detectable
in blood and lymphoid organs for up to 8 weeks after infection.
Viral DNA was detected in the plasma, blood cells, thymus, lymph
nodes, and bone marrow; although no single mouse tested posi-
tive for viral DNA in all of these compartments, 11 of 12 mice were
positive in at least one. Specific thymocyte populations were
found to be significantly modified in animals infected for longer
periods (and via cell-associated transmission), while animals in-
fected via cell-free transmission showed a significant increase in
CD4� CD8� cells in blood. These findings suggest that human-
ized mice represent a new in vivo model to study HHV-6A repli-
cation and immunopathogenesis.

MATERIALS AND METHODS
Cells. Human cord blood samples were obtained with permission from
the University of Colorado Cord Blood Bank. The Institutional Review
Board does not require a protocol for human cord blood because samples
are shipped without patient identifiers. HSCs were purified from human
cord blood based upon the CD34 marker, using an EasySep human cord
blood CD34-positive selection kit (StemCell Technologies). Cells were
cultured for 2 days in Iscove’s modified Dulbecco’s medium (IMDM;
Invitrogen) supplemented with 10% fetal calf serum (FCS) and 10 ng/ml
each of human interleukin-3 (IL-3), IL-6, and stem cell factor (SCF)
(R&D Systems).

Virus propagation. Bacterial artificial chromosome (BAC)-derived
HHV-6A, strain U1102, was previously engineered to express GFP (34).
BAC-derived HHV-6A DNA was isolated from overnight Escherichia coli
cultures grown at 32°C in LB containing chloramphenicol (15 �g/ml) and
purified using NucleoBond PC 100 columns (Clontech) per the manufac-
turer’s protocols. HHV-6A BAC DNA (5 �g) and 1 �g of the human
cytomegalovirus pp71-expressing plasmid pCGN1-pp71 (35) were trans-
fected into 5 � 106 Jjhan cells with transfection reagent “V,” utilizing a
Nucleofector instrument (Lonza AG) per the manufacturer’s protocols.
After transfection, the cells were maintained in 3 ml RPMI medium con-
taining 8% fetal bovine serum (Sigma) and supplemented with 100 U/ml
each of penicillin and streptomycin. After 5 to 7 days, the medium was
changed and supplemented with 20 ng/ml tetradecanoyl phorbol acetate
(TPA; Sigma) and 3 mM sodium butyrate (Sigma) for 24 h. Cells were
washed 3 times with phosphate-buffered saline (PBS) to remove the TPA
and sodium butyrate and cocultured with an equal number of HSB-2 cells
that were prestimulated for 24 h with 2 pg/ml IL-2 (Sigma) and 5 ng/ml
phytohemagglutinin (PHA; Sigma). Fresh prestimulated HSB2 cells were
added every 4 to 6 days to allow accumulation of the virus by cell-to-cell
spread.

To isolate virus, we pelleted the cultures by low-speed centrifugation
and reserved the supernatants. Infected cells were resuspended in 10 ml of
medium and sonicated to release virus from infected cells. The medium
was then cleared of cellular debris, and the supernatant was added to the
reserved medium. Virus was then purified by ultracentrifugation through
a 20% sorbitol cushion in a SW 28 rotor for 90 min at 53,000 � g. The
resulting pellet was resuspended in medium supplemented with 1.5%
bovine serum albumin (BSA), and aliquots were stored at �80°C follow-
ing snap-freezing in liquid nitrogen.

Determination of virus titers. Titers of HHV-6A were calculated us-
ing standard 50% tissue culture infective dose (TCID50) assays (36).
Briefly, Jjhan cells were plated onto a 96-well plate at 1 � 105 cells per well
and incubated overnight at 37°C. Aliquots of HHV-6A were thawed at
37°C and briefly sonicated. The stock was serially diluted in 10-fold incre-
ments and used to inoculate Jjhan cells. The cultures were incubated in a
37°C incubator with 5% CO2 for 10 to 14 days. GFP-positive (GFP�) wells
were scored to determine the titers of the stock.

Animals. BALB/c-Rag2�/��c�/� mice were humanized by engraft-
ment with CD34� human HSCs purified from human umbilical cord
blood as described previously (37). Mice were maintained in a specific-

pathogen-free room at the Brigham Young University Central Animal
Care Facility. These studies have been reviewed and approved by the In-
stitutional Animal Use and Care Committee (protocol 120101). Briefly, 1-
to 5-day-old mice were conditioned by irradiation with 350 rads and then
injected intrahepatically with 2 � 105 to 5 � 105 human CD34� cells.
Mice were screened for human cell engraftment at 8 weeks postengraft-
ment. Peripheral blood was collected by tail bleed and stained with anti-
bodies specific to either human or mouse CD45. Fluorescence-activated
cell sorter (FACS) analysis was performed to determine percent periph-
eral blood engraftment of human cells (38, 39).

Preparation of carrier cells for viral transmission to humanized
mice. Fresh CD34-depleted cord blood mononuclear cells (1 � 106) were
cultured in basal medium (RPMI 1640 plus 10% FCS plus 1� penicillin-
streptomycin) and stimulated with PHA (20 �g/ml) for 48 h followed by
IL-2 (100 units/ml) for 10 days. We chose to use these cells because (i) they
are routinely used for HHV-6A infections and (ii) they are readily avail-
able in our lab. DNA extraction and quantitative PCR (Q-PCR) were
performed on a portion of the cells to verify lack of endogenous HHV-6A.
Cells (1.7 � 106) were infected with 3.3 � 105 infectious units (i.u.) of a
recombinant strain of HHV-6A expressing GFP under the CMV imme-
diate early (IE) promoter and in the U1102 strain background (34) (here-
after referred to as HHV-6A) plus 5 �g/ml Polybrene (Sigma), and mock-
infected cells were resuspended in basal medium with Polybrene. Samples
were infected for 2 h and shaken every 30 min. The final multiplicity of
infection (MOI) was 0.02. After incubation, cells were resuspended in 3 ml
basal medium and plated on a 6-well plate. IL-2 was added, and cells were
incubated for 48 h. FACS analysis was performed on infected and mock-
infected cells to detect and quantify HHV-6A-infected cells prior to
mouse infection. GFP was used to identify infected cells, and samples were
stained with anti-human CD3, CD4, and CD8 antibodies (see below) to
characterize infected cell types.

HHV-6A transmission to humanized mice. In the cell-associated vi-
ral-transmission study, 1 � 105 cells (of which �20% were GFP�) in 100
�l serum-free RPMI 1640 were injected intraperitoneally (i.p.) into mice.
Uninfected mice were injected similarly with uninfected cells in the same
medium as that for infected mice. In the cell-free viral-transmission study,
cell-free HHV-6A was thawed and immediately diluted in RPMI 1640 (no
serum or antibiotics). One hundred microliters of cell-free virus (4.3 �
105 i.u./mouse) was injected i.p. into mice.

Measurement of blood viral load. Blood was collected by tail bleed for
6 weeks. Seventy microliters of whole blood was collected per time point,
and the blood was usually centrifuged to separate cellular and plasma
fractions. DNA was then extracted with a QIAamp DNA blood minikit
(Qiagen). Q-PCR was performed using an Applied Biosystems StepOne
machine to detect and quantify the presence of viral genomes using a
published assay (40). Serial dilutions (10-fold) of a plasmid containing the
target HHV-6A sequence were used as copy number standards; the sensi-
tivity of the assay was previously reported to be 10 DNA copies (40). The
limit of detection of the assay was 1,000 normalized copies in plasma/ml
and 400 copies in bone marrow, lymph node, thymus, and spleen (see
below).

Organ collection and measurement of viral load in organs. In the
cell-associated study, mice were sacrificed at time points ranging from
6.5 to 9.5 weeks postinfection (p.i.) (Table 1), and lymphoid organs
(thymus, bone marrow, lymph nodes, and spleen) were collected.
Bone marrow was extracted from both femurs. The thymus was di-
vided in half for Q-PCR or FACS analysis in one infected and one
mock-infected animal. Subsequently, single-cell suspensions were
made and divided in half in order to perform both FACS and Q-PCR
analyses. For Q-PCR, DNA was extracted using a QIAamp DNA blood
minikit and analyzed by Q-PCR as described above. Similar methods
were used for organ collection in the cell-free viral-transmission study
except that mice were sacrificed at 1 week p.i.

FACS analysis. Anti-human CD45 (eBioscience) and anti-mouse
CD45 (eBioscience) were used for screening mice preinfection to deter-
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mine percent engraftment. Anti-human CD3 (BioLegend), anti-human
CD4 (eBioscience), anti-human CD8 (eBioscience), and anti-human
CD46 (eBioscience) were used in FACS analyses of regular tail bleeds and
on the harvested organs. Samples were run on a BD FACSCanto flow
cytometer and analyzed with Summit version 4.3 software.

RESULTS
RAG-hu mice produce cells that express the HHV-6A receptor.
RAG-hu mice were engrafted with human CD34� hematopoietic
stem cells isolated from cord blood as described previously (37)
and as outlined in Materials and Methods. Mice were screened for
human cell engraftment at 8 weeks postreconstitution by FACS
analysis of peripheral blood for the panleukocyte markers human
CD45 (hCD45) and mouse CD45 (mCD45).

CD46 is a known receptor involved in HHV-6A entry (5) and
serves as an inhibitor of complement-mediated cell lysis. CD46 is
thought to be expressed in all nucleated human cells but in mice is
expressed only in testis (41), which may explain murine resistance
to HHV-6A infection. Thus, we stained cells from RAG-hu mice
for the presence of CD46 in order to determine if this animal
model might be useful for HHV-6A research. We found that
RAG-hu mice produce human CD46� cells in the blood, thymus,
and bone marrow (Fig. 1). CD3� T cells were CD46� as well as
some CD3� cells that were not characterized further.

Infection of RAG-hu mice with HHV-6A. Initial attempts at
HHV-6A infection used cell-associated virus because HHV-6 is
known to be a highly cell-associated virus (42) and because a re-
cent study using the related hCMV in humanized mice was unable
to achieve infection with cell-free virus but was successful using
infected fibroblasts as carrier cells (33). We also attempted cell-
free viral transmission with a high-titer stock of HHV-6A to de-
termine if this mechanism would also be viable for inoculation of
humanized mice. Detection of cell-free transmission provides ad-
ditional evidence for the permissiveness of in vivo infection be-
cause in cell-associated transmission the input virus may subse-
quently be detected whether transmission to the graft takes place
or not.

In the cell-associated transmission study, mice were divided
into 5 groups: (i) nonhumanized Rag2�/��c�/� mice, never
irradiated, inoculated with infected cells, (ii) 0%-engrafted
Rag2�/��c�/� mice, irradiated, inoculated with infected cells,
(iii) �30%-engrafted Rag2�/��c�/� mice inoculated with in-
fected cells, (iv) �30%-engrafted Rag2�/��c�/� mice inoculated
with uninfected cells, and (v) engrafted Rag2�/��c�/� mice, not
inoculated, uninfected (Table 1). Animals with �30% peripheral
blood engraftment [defined as (hCD45� cells)/(hCD45� cells �
mCD45� cells)] were used in order to ensure that the human
immune system was sufficient to support viral infection. Group 1
served as a control for determining if HHV-6A could infect and/or
persist in nonhumanized immunocompromised mice. Group 2
served as a control for determining if HHV-6A could infect mice
that had been sublethally irradiated (thus becoming further im-
munocompromised) and reconstituted but had undetectable en-
graftment. Group 3 was the experimental group to determine if
HHV-6A could infect engrafted RAG-hu mice. Groups 4 and 5
served as uninfected controls. Cells used for viral transmission
were not donor matched with cell samples used to engraft, similar
to a previous study where successful hCMV transmission was ac-
complished with allogeneic human fibroblasts in a related human-
ized-mouse model (33). In the cell-free transmission study, mice
were divided into 2 groups: (i) nonhumanized, never irradiated,
inoculated with cell-free virus and (ii) �30% engrafted, inocu-
lated with cell-free virus. Engraftment of mice in the �30%
groups in both studies ranged from 30 to 75% (Table 1).

All RAG-hu mice were tested for the presence of HHV-6A
DNA by Q-PCR prior to experimental infection. This verification
was necessary because a low percentage of human cord blood
samples (which are used to initially engraft the humanized mice)
are contaminated with HHV-6A (43). All mice tested negative for
HHV-6A DNA in whole-blood samples analyzed prior to cell-
associated HHV-6A inoculation as did PHA-plus-IL-2-stimu-
lated cord blood cells prior to HHV-6A infection (used as carrier
cells for transmission).

Generation of infected cells for use in cell-associated trans-
mission study. PHA- and IL-2-stimulated CD34-depleted cord
blood mononuclear cells were infected with HHV-6A or unin-
fected for 2 h as described previously in Materials and Methods.
Cells were cultured for 48 h p.i. (with green cells present upon
visual inspection by fluorescence microscopy at 20 h p.i. in in-
fected samples; data not shown). We observed an increase in cell
size in the infected group compared to cell size in the uninfected
group, which is a common cytopathic effect of HHV-6A (data not
shown). We also observed a CD3low CD4� subgroup in the in-
fected sample (Fig. 2D) that was not present in the uninfected

TABLE 1 Characteristics of humanized mice used for HHV-6A
infectionsa

Mouse no.
Injected with
HHV-6A Age (mo)

Engraftment
(%) Irradiated

Sacrificed
(wk)

33 �, CA 2 0 � 9.5
34 �, CA 2 0 � 6.5
35 �, CA 2 0 � 9.5
36 �, CA 2 0 � 9.5
685 �, CA 3 0 � 9.5
686 �, CA 3 0 � 9.5
687 �, CA 3 0 � 9.5
688 �, CA 3 0 � 6.5
708 �, CA 5 29 � 8
3089 �, CA 4 58 � 8
3090 �, CA 4 56 � 8
3092 �, CA 4 71 � 6.5
3099 �, CA 5 36 � 8
3100 �, CA 5 49 � 8
698 �, M 3 41 � 8
3095 �, M 4 42 � 6.5
3096 �, M 4 32 � 8
3098 �, M 4 39 � 8
759 �, U 6 18 � NA
767 �, U 6 43 � NA
769 �, U 6 68 � NA
37 �, CF 2 0 � 1
38 �, CF 2 0 � 1
39 �, CF 2 0 � 1
40 �, CF 2 0 � 1
711 �, CF 7 38 � 1
715 �, CF 7 75 � 1
755 �, CF 4 46 � 1
756 �, CF 4 36 � 1
778 �, CF 5 48 � 1
781 �, CF 5 35 � 1
a CA, cell-associated virus; M, mock-infected cells; U, uninfected; CF, cell-free virus;
NA, not applicable.
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sample (Fig. 2C); downregulation of CD3 is also common upon
HHV-6A infection of T cells (44). Approximately 20% of lympho-
cytes were GFP� in the infected sample (Fig. 2B) immediately
prior to injection into RAG-hu mice, and there was a low back-
ground of GFP expression in the uninfected sample (Fig. 2A).

HHV-6A DNA detection in blood and lymphoid organs. All
animals were bled regularly, and DNA was extracted for Q-PCR
analysis of the viral genome from different blood fractions
(plasma, blood cell, or whole blood, as indicated in Tables 2 and
3). In addition, animals were sacrificed at various time points
(Table 1) in order to examine various organs for viral genome
detection and/or to analyze cellular populations for GFP expres-
sion and for depletion or enrichment of specific T cell popula-
tions. Viral DNA was detected by Q-PCR in nearly all animals at at
least one time point in the �30%-engrafted, HHV-6A-inoculated

FIG 1 Humanized mice harbor human cells that express the HHV-6A receptor. (A to C) RAG-hu thymocytes are CD46�, including CD3� T cells and the two
major subsets of T cells (A), CD4� helper T cells (B), and CD8� cytotoxic T cells (C). (D and E) RAG-hu blood also contains CD46� cells, some of which are also
CD3� (D) and CD4� (E). (F) The bone marrow also harbors CD46� cells, but only a minimal number of T cells were detected in this organ.

FIG 2 HHV-6A-infected carrier cells used in cell-associated transmission to
humanized mice. (A to D) Flow cytometry of uninfected (A and C) and HHV-
6A-infected (B and D) cells prior to injection into RAG-hu mice. (A and B)
Detection of GFP expression. (C and D) Analysis of CD3 and CD4 expression.

TABLE 2 Viral DNA detected in blood and lymphoid organs 1 week
after cell-free infectiona

Mouse
no.

Mouse
group Blood (PF, BC) BM Thy Spl

37–40 NH, I � � NT �
711 H, I 14,000 (BC) 110,000 � �
715 H, I 13,000 (PF) 3,600 NT �
755 H, I � 42,000 � �
756 H, I � 6,200 � �
778 H, I � 1,400 NT �
781 H, I � 650 NT �
a NH, nonhumanized; H, humanized; I, infected; PF, plasma fraction; BC, blood cell
fraction; BM, bone marrow; Thy, thymus; Spl, spleen; �, below limit of detection; NT,
not tested. Results for plasma and blood cell fractions are reported in DNA copies/ml,
for BM in DNA copies per femur, for Thy in DNA copies per half thymus, and for Spl
in DNA copies per one-third spleen. Blood fractions analyzed are indicated in the
column headings.
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groups (both cell-free transmission and cell-associated transmis-
sion) (Tables 2, 3, and 4).

In the cell-free transmission study, viral DNA was detected in
the bone marrow of all 6 �30%-engrafted, HHV-6A-inoculated
mice, while no viral DNA was detectable in the nonhumanized
mice (n 	 4) (Table 2). Two of the �30%-engrafted, HHV-6A-
inoculated mice had detectable viral DNA present in the blood,
whereas no viral DNA was detected in the blood of infected, un-
engrafted mice. No viral DNA was detected in analyzed thymic
(n 	 3) or splenic (n 	 6) tissues from RAG-hu mice infected by
cell-free transmission. All samples in the cell-free transmission
study were analyzed at the time of sacrifice (1 week postinfection).

In the cell-associated transmission study, HHV-6A DNA was
detected by Q-PCR in plasma and cellular fractions of blood (Ta-
ble 3) and in the bone marrow, lymph node, and thymus but not
in spleen (Table 4). In the �30%-engrafted, HHV-6A-inoculated
group, viral DNA was detected in the plasma fraction in 4 of 6
mice, in the blood cell fraction in 3 of 6 mice tested, and in 1 of 6
whole-blood samples tested. In addition, 2 of 6 mice in this group
had detectable viral DNA in the bone marrow, and the thymic and
lymph node samples from the lone mouse tested from this group
had detectable viral DNA (Table 4). We noted that viral DNA was
detected mostly in the plasma from weeks 1 to 5 and that plasma
viral load decreased in copy number after week 4 and in frequency
of detection after week 5. Four of 18 samples collected from en-

grafted, humanized infected mice during the first 3 weeks of the
cell-associated transmission experiment were positive for viral
DNA, while 15 of 38 samples tested from week 4 onward were
positive and had generally higher levels of viral DNA. In total, 5 of
6 mice in the �30%-engrafted, HHV-6A-inoculated group had
viral DNA present in blood or organs. Mouse 708 had undetect-
able viral DNA in blood and lymphoid organs, but this animal was
inadvertently inoculated with about half of the volume of infected
carrier cells into the subcutaneous space and the other half into the
intended intraperitoneal cavity. No viral DNA was detected in any
of the three control groups in the cell-associated transmission
study.

Detection of HHV-6A-infected cells in vivo via GFP expres-
sion. We attempted to detect GFP� cells as an additional way to
verify successful infection in both the cell-associated transmission
and cell-free transmission studies. However, no GFP� cells were
detected in the cell-associated study in blood samples collected
weeks 1 and 3 postinfection and analyzed by flow cytometry. Ad-
ditionally, no GFP� cells were detected when lymphoid organs
were collected at the time of sacrifice. A single mesenteric lymph
node sample (mouse 715) from the cell-free transmission study
was found to harbor GFP� cells when animals were sacrificed and
analyzed at 1 week postinfection (data not shown). CD4� cells
(0.04%) in the lymph node were GFP�, while 0.28% of CD8� cells
were GFP�. Of the CD4� GFP� cells, most were CD3� (95%). Of
the GFP� cells detected in this sample, 4% were CD3�, 55% were
CD4�, and 7% were CD8�.

Thymocyte populations are significantly changed in HHV-
6A-infected RAG-hu mice. Previous work with humanized mice
(SCID-hu thy/liv model) infected with HHV-6A or HHV-6B in-
dicated that these viruses are capable of modifying thymic popu-
lations after direct viral inoculation into the thymic graft (19). We
thus analyzed thymic populations taken from RAG-hu mice in-
fected by either cell-associated or cell-free transmission. Animals
infected by cell-free transmission had undetectable levels of viral
DNA in the thymus at 1 week postinfection (3 of 3 tested) (Table
2), and their thymocyte populations were similar to those of un-
infected animals (data not shown). Thus, we focused our thymo-
cyte analysis on animals infected by the cell-associated transmis-
sion route, noting that these animals were also infected for a
longer duration. RAG-hu mice infected by cell-associated trans-
mission did exhibit significant shifts in thymic populations (Fig.
3). We noted a significant decrease (P 	 0.05) in CD3 expression
on CD4� thymocytes, with means of 3.9% and 17.9% of thymo-
cytes that were CD3� CD4� in infected (n 	 4) and uninfected

TABLE 3 Viral DNA detected in blood after cell-associated infectiona

Mouse no. Mouse group 1 wk (PF) 2 wk (WB) 3 wk (PF) 4 wk (PF, BC) 5 wk (PF) 6 wk (PF, BC)

33–36 NH, I � � � � � �
685–688 NH, I � � � � � �
698, 3095, 3096, 3098 H, M � � � � � �
708 H, I � � � � � �
3089 H, I 3,200 5,200 68,000 � � 1,900, �
3090 H, I � � � � � �, 46,000
3092 H, I � � 33,000 130,000, 290,000 2,100 �, 77,000
3099 H, I � � � 15,000, � 1,200 �
3100 H, I � � � �, 36,000 1,200 �, 9,700
a NH, nonhumanized; H, humanized; I, infected; M, mock-infected; PF, plasma fraction; BC, blood cell fraction; WB, whole blood; �, below limit of detection. Results for plasma
and blood cell fractions are reported in DNA copies/ml. Not all samples were analyzed by Q-PCR each week. Blood fractions analyzed are indicated in the column headings.

TABLE 4 Viral DNA detected in lymphoid organs from mice sacrificed
6 1/2 to 9 1/2 weeks after cell-associated infection

Mouse
no.

Mouse
group

Bone
marrow Thymus

Lymph
node Spleen

33–36 NH, I � NT NT �
685–688 NH, I � NT NT �
698 H, M � NT NT �
3095 H, M � � � �
3096 H, M � NT NT �
3098 H, M � NT NT �
708 H, I � NT NT �
3089 H, I 9,200 NT NT �
3090 H, I � NT NT �
3092 H, I � 8,100 2,800 �
3099 H, I � NT NT �
3100 H, I 2,700 NT NT �

NH, nonhumanized; H, humanized; I, infected; M, mock-infected; �, below limit of
detection; NT, not tested. Results for bone marrow are reported in DNA copies per
femur, for thymus in DNA copies per half thymus, for lymph node in DNA copies per
node, and for spleen in DNA copies per one-third spleen.
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(n 	 6) groups, respectively. This is similar to a previous report
indicating that HHV-6 can downregulate CD3 expression (45).
We also detected a significant loss (P 	 0.04) of intrathymic T
progenitor cells (CD3� CD4� CD8�), with means of 2.5% for
infected mice (n 	 3) and 11.3% for uninfected mice (n 	 5) when
gating on the CD4� population. When analyzing this same pop-
ulation on a CD3� gate, we again found a significant depletion
(P 	 0.03), with means of 2.7% for infected mice (n 	 3) and
32.2% for uninfected mice (n 	 5). We also detected a significant
(P 	 0.02) increase in the number of CD3� CD4� CD8� thymo-
cytes, with means of 36.6% for infected mice (n 	 3) and 12.8%
for uninfected mice (n 	 5). The CD3� CD4� CD8� population
appeared to increase in infected animals, but the difference was
not significant (P 	 0.08), and the CD3� CD4� CD8� population
appeared to decrease in infected animals, but the difference was
not significant (P 	 0.25).

Detection of CD4� CD8� T cells in HHV-6A-infected
RAG-hu blood. Previous studies have indicated that HHV-6A in-
fection can induce CD4 expression on primary human CD8 T cells
in vitro (46). Thus, we analyzed samples by FACS for the presence
of CD4� CD8� T cells. We detected significantly increased ratios
(P 	 0.04) of CD3� CD4� CD8� cells in the blood of RAG-hu
mice infected by the cell-free transmission route (Fig. 4). This
population represented a mean of 8.8% of CD3� T cells, while in
uninfected humanized mice these cells were 3.1% of all T cells.
CD4� CD8� cells are normally rare in human blood, with one

report showing an average of 2.91% of CD4� CD8� cells in nor-
mal human blood (n 	 10) (47), which is similar to our results for
uninfected humanized mouse blood. Other blood T cell popula-
tions, including CD3� CD4� CD8�, CD3� CD4� CD8�, CD3�

CD4� CD8�, CD3� CD4� CD8�, and CD3� CD4� CD8� pop-
ulations, were not significantly altered in infected samples.

DISCUSSION

Here we have shown that RAG-hu mice are susceptible to infec-
tion with HHV-6A by either cell-associated or cell-free transmis-
sion. Viral DNA was detected in blood (cellular and plasma frac-
tions), bone marrow, lymph node, and thymic tissues (Tables 2, 3,
and 4), although no single mouse tested positive for viral DNA in
all of these compartments, as mentioned previously. Following
cell-associated transmission, viral DNA was detectable for up to 8
weeks postinfection, indicating a persistent infection. No viral
DNA was detected in any of the three control groups in the cell-
associated study, indicating that viral transmission from the in-
fected carrier cells to the originally engrafted cells and subsequent
replication were successful because no viral DNA was detectable in
either blood or lymphoid organs in control mice without an HSC
graft. Irradiated but nonengrafted animals were included as a con-
trol because of the higher level of murine immunodeficiency of
irradiated mice, and they also had undetectable viral DNA after
transmission. Some animals in the cell-associated transmission
study had detectable viral DNA at early time points and not later,

FIG 3 Depletion of specific thymocyte populations in HHV-6A-infected mice. RAG-hu mice infected with HHV-6A by cell-associated viral transmission
showed modulation of specific thymocyte populations. (A to C) The CD3� CD4� population was depleted, while the CD3� CD4� population was increased in
infected animals. Mouse 3095 (uninfected) is shown in panel A and mouse 3099 (infected) is shown in panel B. Samples were gated on a lymphocyte gate. n 	
4 infected; n 	 6 uninfected. (D to F) The CD3� CD4� CD8� and CD3� CD4� CD8� populations were depleted and the CD3� CD4� CD8� population was
increased when analysis was gated upon CD4� cells. Mouse 3098 (uninfected) is shown in panel D and mouse 3099 (infected) is shown in panel E. n 	 3 infected;
n 	 5 uninfected. (G to I) The CD3� CD4� CD8� population expanded and the CD3� CD4� CD8� population was reduced when analysis was gated on the
CD3� population. Mouse 3098 (uninfected) is shown in panel G and mouse 3089 (infected) is shown in panel H. n 	 3 infected; n 	 5 uninfected. When data
analysis was performed, the two single-positive and the double-positive cell populations were normalized to 100%. Mouse 708 was excluded from these analyses
because no viral DNA was detected in that mouse at any time point and we concluded that the mouse likely was not successfully infected. Standard errors are
indicated; Student’s t test was used for statistical analysis. *, P � 0.05.
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and some animals had no detectable DNA at early time points but
detectable DNA at later time points. We attribute this to a rela-
tively high limit of detection in the assay, because only small blood
samples can be obtained from mice. We noted that plasma viral
DNA levels peaked at 3 to 4 weeks postinfection, but levels de-
creased to near the level of detection in plasma by 5 weeks and only
a single animal had detectable viral DNA in the plasma at 6 weeks.
Viral DNA was still detected in the cellular fraction of blood at 6
weeks in three animals, while plasma viral DNA was found in a
single mouse at that time point, potentially indicating a shift from
lytic infection (extracellular DNA) to latency (intracellular DNA).

Cell-associated transmission was attempted because a similar
previous experiment with hCMV was successful only with this
method (33). However, cell-free transmission was successful in all
6 animals in our study. We also noted a greater tendency to detect
viral DNA in the bone marrow of animals infected by cell-free
transmission, but it is not clear if that finding is due to a different
mode of transmission or to different sacrificial time points (1 week
for cell-free transmission and 6.5 to 9.5 weeks for cell-associated
transmission). We also detected a significant increase in CD4�

CD8� cells in the blood of mice infected by cell-free transmission
(Fig. 4). This was possibly due to CD4 upregulation in CD8 T cells,
which was previously shown in vitro in HHV-6A-infected cells
(46). When we correlated Q-PCR results for blood cells and
plasma with detection of these CD4� CD8� cells, there was not a
clear trend because one animal (715) had high proportions of
these cells and detectable viral DNA in plasma, while other ani-
mals also had high proportions of the cells but undetectable viral
DNA in either blood fraction. Another animal (711) had low pro-
portions of the cells with only intracellular blood viral DNA. The
frequent detection of this effect combined with the relatively rare
detection of viral DNA in either blood fraction indicates that these
cells may be uninfected by HHV-6A. These cells largely main-
tained CD3 expression, which also indicates a lack of infection. It
is possible that HHV-6A infection promotes the release of these
cells from the thymus because CD4� CD8� cells are rare outside
of the thymus. However, we failed to detect viral DNA in the
thymus of 3 animals tested, so if infection promotes a release of
these cells from the thymus then it must occur from a distal site.
There is evidence that the presence of CD4� CD8� cells in human
blood is upregulated following viral infection, including after in-
fection with persistent viruses such as the herpesvirus EBV (47).

We attempted to use GFP expression from a recombinant virus

to further demonstrate successful infection. However, the only
animal with detectable GFP� cells was mouse 715 from the cell-
free transmission group, and those cells were from the mesenteric
lymph node. FACS analysis of GFP� cells indicated that they were
mostly CD3� CD4�, which is in accordance with our in vitro
results shown in Fig. 2D and previously published data showing a
tropism for CD4� T cells and a downregulation of CD3 after in-
fection (45, 48). We later determined that the GFP cassette in this
virus is driven by the CMV IE promoter (Y. Mori, personal com-
munication). Since the cell-associated mice were sacrificed at 6.5
to 9.5 weeks p.i., it is possible that the virus was in a latent state at
the time of organ collection; this hypothesis is supported by the
shift from extracellular to intracellular DNA seen in blood. The
activity of the CMV IE promoter in the context of a latent
HHV-6A infection is currently unknown, and if that promoter is
inactive during latency it may explain a lack of GFP� cells in any of
the mice infected by cell-associated transmission.

We made the interesting observation that several thymocyte
populations were altered in HHV-6A-infected animals versus
those in uninfected animals (Fig. 3). These observations further
support that successful viral transmission occurred, because sim-
ilar findings have been reported for in vitro studies and for another
humanized-mouse study. In those studies, CD3 depletion oc-
curred only in infected (not in bystander) cells (19, 46, 48). Thy-
mocyte depletion was detected only in animals infected by the
cell-associated pathway, but these animals were also infected for a
longer period. It is possible that virus had not trafficked to the
thymus in mice infected by cell-free transmission, a finding sup-
ported by our Q-PCR data, where 0 of 3 of these thymic samples
harbored viral DNA (Table 2). We noted significant depletion of
the CD3� CD4� and CD3� CD4� CD8� populations in HHV-
6A-infected animals. We also noted a significant increase in the
CD3� CD4� CD8� subset, with a marginally significant increase
in the CD3� CD4� CD8� population. The significant loss of
CD3� CD4� CD8� thymocytes was similarly reported by Gobbi
et al. when HHV-6A was directly inoculated into the thymic or-
ganoid of SCID-hu thy/liv mice (19). In contrast to that report,
our results show a significant increase in the CD3� CD4� CD8�

subset. These discrepancies may be explained by the use of differ-
ent virus isolates, with strain GS used in that report and a recom-
binant isolate based upon strain U1102 used here. In addition, we
have used a newer generation of humanized mice with a wider
scope of human cell types and a much broader distribution in the

FIG 4 Detection of CD4� CD8� T cells in blood of HHV-6A-infected mice. (A to C) Levels of CD4� CD8� T cells in blood were quantified by flow cytometry.
(A) Uninfected mouse. (B) HHV-6A-infected mouse 715 (cell-free transmission and highest amount of CD4� CD8� cells). All samples were first gated on CD3.
(C) Mean levels of CD4� CD8� cells were quantified in cell-free-infected mice (n 	 6) and uninfected mice (n 	 4). Standard errors are indicated; Student’s t
test was used for statistical analysis. *, P � 0.05.
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mouse, and we inoculated at a site distant from the thymus. Sev-
eral of these thymocyte populations that were modified by infec-
tion in vivo can be explained by a tropism and cytopathogenicity
of the virus for CD4� T cells. Additionally, the tendency of the
virus to downregulate CD3 and/or to upregulate CD4 expression
can also explain shifting populations (e.g., CD3� CD4� and
CD3� CD4� CD8� populations expected to decrease and CD3�

CD4� CD8� population expected to increase). The CD3� CD4�

CD8� population was previously shown to be more infectible
with HHV-6A than other thymocyte populations (19). We have
proposed that in the cell-associated study the virus was predomi-
nantly latent at the time points at which the thymic samples were
collected. We are not aware of any studies documenting CD3
downregulation or CD4 upregulation in latently infected primary
cells, so it is currently not clear if lytic replication is required for
these effects upon host cell gene expression.

We and others have previously shown that RAG-hu mice are
also highly susceptible to HIV-1 infection (26, 38, 49, 50). Our
current findings indicate higher proportions of CD4� cells in
HHV-6A-infected animals, similar to those shown by Lusso et al.
in vitro, where they showed that HHV-6A-infected CD8� T cells
began to express CD4 and were able to replicate HIV-1 (46). If
HHV-6A is able to convert CD8� T cells to become infectible by
HIV-1 in vivo, then those cells may be depleted by HIV-1 and/or
by HHV-6A. Downregulation of CD3, as our results herein have
indicated, is expected to cause immunosuppression because CD3
serves as the signaling subunit of the T cell receptor. Hence, T cells
could engage the T cell receptor but not be able to respond effec-
tively. Either of these two effects would support the hypothesis
that HHV-6A is a cofactor in AIDS progression (21, 22). Our
future directions include plans to perform coinfection studies of
HHV-6A and HIV-1 in humanized mice in order to determine if
there is a synergistic effect between the two viruses in the progres-
sion to AIDS as well as to determine if RAG-hu mice can be in-
fected with HHV-6B.
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COMPREHENSIVE REVIEW

Humanized Mice as a Model to Study Human
Hematopoietic Stem Cell Transplantation

Anne Tanner, Stephen E. Taylor, Wittnee Decottignies, and Bradford K. Berges

Hematopoietic stem cell (HSC) transplantation has the potential to treat a variety of human diseases, including
genetic deficiencies, immune disorders, and to restore immunity following cancer treatment. However, there are
several obstacles that prevent effective HSC transplantation in humans. These include finding a matched donor,
having a sufficient number of cells for the transplant, and the potency of the cells in the transplant. Ethical issues
prevent effective research in humans that could provide insight into ways to overcome these obstacles. Highly
immunodeficient mice can be transplanted with human HSCs and this process is accompanied by HSC homing to
the murine bone marrow. This is followed by stem cell expansion, multilineage hematopoiesis, long-term en-
graftment, and functional human antibody and cellular immune responses. As such, humanized mice serve as a
model for human HSC transplantation. A variety of conditions have been analyzed for their impact on HSC
transplantation to produce humanized mice, including the type and source of cells used in the transplant, the
number of cells transplanted, the expansion of cells with various protocols, and the route of introduction of cells
into the mouse. In this review, we summarize what has been learned about HSC transplantation using humanized
mice as a recipient model and we comment on how these models may be useful to future preclinical research to
determine more effective ways to expand HSCs and to determine their repopulating potential in vivo.

Humanhematopoietic stemcell transplantation (HSCT)
is used to treat a variety of human diseases, including

genetic disorders that affect the immune system, rescue fol-
lowing irradiation or chemoablation as a cancer treatment,
autoimmune disorders, and chronic infectious diseases [1].
Gene therapies are also currently under evaluation in con-
junction with cellular therapies, thus greatly expanding
the diseases that could be potentially treated by HSCT. Hu-
man HSCs used for transplantation can be obtained from
several sources, including umbilical cord blood (UCB), mo-
bilized peripheral blood (MPB), or direct extraction from bone
marrow. Advantages of the various sources of HSCs are
reviewed elsewhere [2]. Although UCB is the most readily
available source of HSCs, these samples typically have in-
sufficient numbers of HSCs for successful transplantation
in adult humans [3] although they may still be useful for
pediatric patients.

HSCT in humans has a relatively high mortality rate,
which varies depending upon several factors such as the
severity of the disease being treated, similarity of donor cells
to the recipient, and the carrier status of the donor and re-
cipient for pathogens such as human herpesviruses. Rejec-
tion of transplanted cells and graft versus host disease
(GVHD) are common outcomes when the major histocom-
patibility complex (MHC) types differ between the donor
and recipient. The availability of experimental models to

evaluate these various parameters can provide insight into
how to perform HSCT with minimal risk to patients.

Immunodeficient mice can be engrafted with various
types of human cells to produce what are referred to as
‘‘humanized mice.’’ Current humanized mouse models are
excellent recipients for human HSCT because they exhibit
high rates of HSC engraftment and multilineage hemato-
poiesis, migration of HSCs and their progeny cells to lym-
phoid and nonlymphoid tissues occurs, and functional
human innate and adaptive immune responses are detected
in vivo. It is useful to understand the history of how current
humanized mouse models were developed to better under-
stand improvements that are still needed or those that are
currently under development.

The original humanized mouse models were introduced in
1988 using severe combined immunodeficiency (SCID) mice
[4] or bg/nu/xid mice [5]. [Many references are made to mouse
strains in this review. See Table 1 for technical names of these
strains.] SCID mice are unable to produce B or T lymphocytes
due to a gene mutation that prevents DNA rearrangement
steps required to generate the genes encoding B- and T-cell
receptors. However, these mice do go on to produce a lim-
ited repertoire of mature B and T cells as they age [6], and
thus, different/additional genes involved in lymphocyte
development are now commonly targeted. Bg/nu/xid mice
lack the ability to produce a thymus due to the nude
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mutation, have a reduced number of natural killer (NK)
cells due to the beige mutation, and also harbor the scid
mutation to prevent lymphocyte maturation [7]. One origi-
nal humanized mouse model (pioneered by Mosier) uses
human peripheral blood leukocytes (PBLs) and is usually
referred to as the SCID-hu-PBL model [8]. PBL populations
contain very low levels of human HSCs and thus that
model was not useful to study human HSC engraftment or
multilineage hematopoiesis [9]. A second model uses hu-
man fetal thymic and liver tissues, which are transplanted
under the kidney capsule to produce a thymic organoid.
This model was developed by McCune and is referred to as
the SCID-hu thy/liv model [10]. A third model used human
HSCs originally obtained from unpurified bone marrow
and was developed by Dick (human/immune-deficient or
HID mice) [5]. Of the original models, the SCID-hu thy/liv
and HID models resulted in transplantation of a significant
number of human HSCs. Although HSCT can be accom-
plished in the SCID-hu thy/liv model, HSC homing to the
bone marrow cannot be studied. Human T cells are the major
product of hematopoiesis in these mice and these cells also
remain largely restricted to the graft [11]. In the original HID
model, human bone marrow was injected directly into the
murine bone marrow and thus HSC trafficking was largely
unnecessary [12].

As our understanding of HSCs has grown, new human-
ized mouse models have been sought that can recapitulate
the human immune system more faithfully. A ground-
breaking study was published in 2004 when Traggiai et al.
[13] showed that highly immunodeficient Rag2 -/ -gc -/-

mice (C.129-Rag2tm1FwaIl2rgtm1Sug strain) can be engrafted
intrahepatically with human HSCs (CD34 + cells) isolated
from UCB. They demonstrated multilineage hematopoiesis, a
broad distribution of human immune cells, and functional
human antibody and CD8+ T-cell responses [13]. Many other
studies have been published using similar protocols, and a
wide variety of human hematopoietic cell types have been
detected in these models, including strong production of B
and T lymphocytes, monocytes/macrophages, dendritic cells,
and typically a weak production of granulocytes, erythrocytes,
and platelets [13–17]. The precursor cells for production of
granulocytes, erythrocytes, and platelets are detectable in the
bone marrow of humanized mice, but murine macrophages
appear to prevent the proper development of erythrocytes and
platelets as evidenced by increased detection following mu-
rine macrophage depletion [18,19]. These human cells are in
many cases widely dispersed throughout the lymphoid or-
gans (bone marrow, thymus, lymph nodes, and spleen) as
well as other organs (brain, lungs, gut mucosa, reproductive
tracts, etc.) [13,15,20–23].

A broad diversity of humanized mouse models is cur-
rently in use. Models differ based upon many variables, but
successful engraftment of human HSCs has been detected
under many different experimental conditions. These differ-
ing conditions include the mouse strain used as a recipient,
the conditioning protocol used to prepare mice for trans-
plantation, the source of human HSCs used for engraftment,
the phenotypes of HSCs used for engraftment, the culture
and/or expansion of HSCs with various cytokines or no
culturing at all, the number of cells used for engraftment, the
use of fresh or frozen cells, the use of coinjected non-HSC
support cells, and the method or site of inoculation of cells
into the host. Although the vast array of conditions used to
make humanized mice makes it difficult to directly compare
the results of these various studies to determine which
method is most effective, they also indicate that a wide va-
riety of engraftment protocols can be successfully carried out
in immunodeficient mice. Thus, factors that influence the
efficacy of HSCT can be compared to discover methods
which are more effective and carry fewer risks. The use of
well-controlled experiments to compare single variables and
their individual effects on the efficacy of HSCT is an area that
is still underdeveloped in the humanized mouse field.

The definition of the phenotype of a true HSC is currently
not well defined, but nearly always includes the CD34
marker. A review of the capacity of CD34-negative cells to
act as HSCs is available [24]. Interestingly, one common way
to define HSC populations is actually in terms of their ability
to engraft immunodeficient mice; in this case, the HSCs are
referred to as SCID repopulating cells. As mentioned previ-
ously, Traggiai et al. showed that intrahepatic (i.h.) injection
of UCB CD34 + cells into Rag2-/-gc-/- mice resulted in the
development of human B, T, and dendritic cells [13]. Since
then, experiments have been performed with various types of
cellular populations that revolved around the CD34 marker.
Results of these various studies are summarized in Table 2 as a
function of the cellular phenotype and the source of HSCs.
Notta et al. recently showed that a single purified human HSC
is capable of producing detectable engraftment in highly im-
munodeficient mice, and their work sheds further light on the
phenotype of true HSCs [25]. There are several methods of
isolating human HSCs to engraft humanized mice, including
from UCB, fetal liver, MPB, and from adult human bone
marrow. UCB is a common source of HSCs because it is readily
available and has a high concentration of HSCs. Mononuclear
cells from human UCB are isolated by Ficoll separation and
then enriched using CD34+ -specific magnetic beads. The cells
can either be used immediately for engrafting or they can be
cultured. Culturing these cells requires specific cytokines to
stimulate growth/expansion without differentiation.

Table 1. Mouse Strains Commonly Used to Produce Humanized Mice

Common name Technical name Comments

SCID or CB17-scid CB17-Prkdcscid

NOD/SCID NOD.CB17-Prkdcscid

NOD/SCIDgc -/- or NOG NOD.Shi.Cg-PrkdcscidIl2rgtm1Sug Truncation of gc receptor
NOD/SCIDgc -/- or NSG NOD.Cg-PrkdcscidIl2tm1Wjl Entire deletion of gc receptor
Balb/c-Rag2 -/-gc -/ - C.129-Rag2tm1FwaIl2rgtm1Sug See references 38 and 39 for

additional similar strains
Rag1 -/ -gc -/ - C.129-Rag1tm1MomIl2rgtm1Wjl
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Fetal liver is another source of the HSCs for engraftment.
Tissues are minced and a single-cell suspension is created,
then CD34+ cells are isolated as above. These samples are
more difficult to obtain, but contain much higher numbers of
CD34 + cells as compared to UCB [15]. HSCs can also be
obtained by direct extraction from bone marrow, followed by
similar methods to obtain the CD34 + fraction [26].

Murine engraftment can also be accomplished using hu-
man MPB as a source of cells. A human patient is injected
with cytokines such as the granulocyte-colony stimulating
factor (G-CSF), which increases the number of circulating
HSCs. A blood sample is drawn and leukapheresis is per-
formed. CD34 + cells are then purified out of the sample [27].
It has been reported that 50-fold more cells are required to
achieve the same level of mouse engraftment when com-
paring hMPB cells to UCB cells [28], but it is unclear why
these cells require a higher dose.

Human embryonic stem cells (hESCs) or induced pluripotent
stem cells can also be used to obtain CD34+ cells for engraft-
ment and multiple types of human blood cells have success-
fully been produced from these sources [29,30]. One way to do
this is to culture the hESCs with irradiated murine cell lines.
This coculture allows hESCs to differentiate into HSCs without
additional cytokines [31]. These differentiated cells are injected
into irradiated mice to produce human immune cell engraft-
ment. Since samples containing primary HSCs can be difficult
to obtain due to scarcity, the ability to derive HSCs from a
replenishable source is highly desirable. In addition, cells from
a replenishable source can be better characterized as compared
to those obtained from cord blood or fetal liver where each
donor is unique. hESCs can be maintained in their undiffer-
entiated state indefinitely if they are passaged regularly [31]
and this suggests their utility as a HSC source. Human HSCs
themselves cannot currently be expanded indefinitely in culture
without losing their potency for long-term engraftment and
multilineage hematopoiesis. Tian et al. demonstrated successful
murine engraftment when hESC-derived HSCs were injected
into the bone marrow or intravenously [32].

Highly immunodeficient mice are critical for success in the
engraftment of human HSCs, and many such mouse strains

are currently in use. Common strains include nonobese di-
abetic/SCID mice (NOD-SCID), NOD-SCID gc -/ - (NSG or
NOG; see Table 1), Rag2 -/ -gc -/- , Rag1 -/ -gc -/- , among
others and have all been used to make humanized mice and
study HSC transplantation [15,33–36]. These mutations im-
pair the ability to produce functional T and B lymphocytes
(SCID, Rag1, and Rag2) or mature NK cells (cc). cc is the
signaling subunit of both the interleukin-2 (IL-2) and IL-15
receptors, thus preventing expansion/maturation of T cells
and NK cells, respectively. When the HSC donor and the
recipient MHCs do not match, then myeloablative condi-
tioning and use of highly immunodeficient mice are required
for effective engraftment [37]. For the above mouse strains,
conditioning is always required to achieve human engraft-
ment levels higher than a low fraction (1%–5%) of chimerism
in peripheral blood. Waskow et al. [37] created a mouse
model that they termed a ‘‘universal’’ HSC recipient because
it can accept allogeneic grafts without earlier conditioning.
The mouse strain used (Rag2 -/ -gc -/-KitW/Wv) was gener-
ated in a Rag2-/-gc -/ - background and additionally has a
Kit knockout, which prevents sustained self-renewal of HSCs
[37]. Excellent reviews of the types of immunodeficient
mouse strains currently in use to make humanized mice are
available [38–40].

There is another type of humanized mouse model, referred
to as the bone marrow, liver, thymus (BLT) mouse, which
utilizes these immunodeficient mouse strains to make an ef-
fective model of HSC engraftment. In this model, immuno-
deficient mice (NOD/SCID, NSG, or Rag2-/-gc-/- ) are
sublethally irradiated and the following day 1mm3 human
fetal liver and thymus tissue fragments are inserted under the
kidney capsule of the mouse. These tissues develop into a
human thymic organoid. After the thymic organoid develops,
the mice are then injected intravenously with autologous hu-
man fetal liver-derived CD34+ cells to create the BLT model.
This model also shows good engraftment and has the added
advantage of the selection of human T cells on human MHC-I-
expressing stromal cells in the thymic graft, which leads to
better human T-cell responses in vivo [41–43].

HSC homing to the bone marrow in humanized mice oc-
curs rapidly and engraftment can be a long-lasting and stable
phenomenon. Human HSC homing to the murine bone mar-
row has been seen in as little as 20h following intravenous
(i.v.) injection of CD34+ HSCs into NOD/SCID mice [44,45].
Humanized Rag2-/-gc-/- mice injected with human fetal
liver CD34+ cells showed evidence of human cell engraftment
up to 63 weeks later [46]. Various other studies have shown
engraftment lasting for at least 6 months [15,35,47–49]. Taka-
hashi et al. showed that CD34+ cells were present in NOG
mice at a statistically constant level over 4 months [45].

The two most common methods for engraftment of hu-
man HSCs into immunodeficient mice are i.h. injection and
i.v. injection. Other methods of injection include intraperi-
toneal, intracardial, intrasplenic, or directly into the bone
marrow. It is currently unknown if one of these methods is
significantly better than the others because of multiple vari-
ables across the various studies. However, a comparison of
i.h. and i.v. injection showed an insignificant difference in the
effectiveness of human HSC engraftment [50]. I.h. injection of
cells is commonly used in newborn mice; this method may
be effective because HSCs are primarily located in the liver of
newborn mice and traffic to the bone marrow within the first

Table 2. Phenotypes and Sources of Hematopoietic
Stem Cells Successfully Used to Produce

Humanized Mice

Phenotype Source of cells References

CD34 + UCB [9,38,41,47,48,61,62]
CD34 +CD7 + + UCB [47]
CD34 +CD38 -

CD90 +
UCB [44]

CD34 +CD38 - UCB [12,63,64]
CD34 +CD133 + UCB [43,65]
CD34 + Fetal liver [11,14,25,32,37,66–69]
CD34 +CD38 - Fetal liver [70–73]
CD34 + Derived from

human embryonic
stem cells

[24]

CD34 + Mobilized peripheral
blood

[19,20,62]

CD34 +CD38 - Adult bone marrow [64]
CD34 + Adult bone marrow [18,62]

UCB, umbilical cord blood.
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weeks after birth. It is possible that human HSCs respond to
the same trafficking signals as murine HSCs, thus explaining
the effectiveness of this method. However, i.v. injection is
also successfully used in newborn mice, and it is clear that a
variety of injection routes are successful in both newborn and
adult mice. In the literature, Rag2-/-gc -/ - mice are com-
monly engrafted as newborns [15,50,51], while mice on the
NOD/SCID background are commonly engrafted as adults
[44,45], although animals with the NOD/SCID background
can be engrafted as newborns as well [16,52].

Secondary transplantation can be accomplished in im-
munodeficient mice, thus providing additional evidence for
true HSC engraftment. Human CD34 + cells can be taken
from the bone marrow of engrafted mice and serially trans-
planted to other immunodeficient mice. Eighteen weeks after
initial engraftment of NOD/SCID/gc -/ - mice, cells ob-
tained from the bone marrow were successfully transplanted
into secondary recipients to achieve engraftment. This is
another demonstration that human CD34 + cells do home to
the engrafted mouse bone marrow [53]. CD34 +CD133+ cells
have also been proven effective for secondary transplanta-
tion and this population appears to also have long-term re-
populating HSCs [54]. Furthermore, NSG mice are able to
undergo serial transplants of bone marrow with as few as 10
HSCs [55]. Genetically modified human CD34 + cells were
also capable of secondary transplantation [56].

One of the problems of engrafting human patients with
UCB-derived HSCs is that it usually takes 6 months or more
to detect donor-derived immune cells (B and T lymphocytes)
in the recipient [53]. A way to induce a quicker recovery and
repopulation of immune cells would be valuable in increas-
ing the effectiveness of UCB transplantation. The dose of
progenitor cells given in a transplant is correlated with the
successful outcome of the graft in humanized mice, with the
mice receiving the highest amount of transplanted cells
showing detectable levels of HSCs in the peripheral blood
just 4 weeks postengraftment [53]. These findings suggest
that higher UCB HSC doses may be more effective in terms
of the kinetics of reconstitution in humans.

The dose of HSCs required for stable engraftment in hu-
mans is not well defined, although 2· 108 bone marrow
cells/kg is considered adequate [2]. Use of at least 3 · 106

CD34 + cells/kg showed a higher efficacy than lower doses
[57]. Similarly, the number of HSCs required to achieve en-
graftment in an immunodeficient mouse is not entirely un-
derstood, although a broad range of cell doses has been used.
Since a 2–3-day-old mouse (age at time of engraftment)
weighs about 0.002 kg, a similar dose of CD34+ HSCs for
mice (using the 3· 106 CD34 + cells/kg amount cited above)
would be only 6,000 cells per animal. Whereas a dose this
low has not been reported in humanized mice, it is not clear
if it has been attempted. Traggiai et al. [13] reported human
nucleated cells in the bone marrow and spleen of the mice
engrafted with as few as 3.8–12· 104 CD34 + cells from hu-
man UCB. The peripheral blood engraftment ranged from
*5% to *85% at time periods of 4–26 weeks [13]. Human
leukocytes have also been found in the thymus of mice en-
grafted with 2.5–5.0 · 105 CD34 +CD7+ + cells and 1.5–
2.5 · 105 CD34+ cells harvested from human UCB [58]. Lang
et al. reported successful engraftment after injecting mice
with a range of human CD34 + UCB cells from 5· 104 to
2 · 106 [50].

Although the current generation of humanized mice is
superior in many ways to the original models, there are still
improvements in development. One such improvement is in
seeking ways to increase the number and/or potency of
HSCs available for engraftment. Since UCB samples typically
do not contain sufficient cells for human adult HSCT, these
findings are highly relevant to methods that can improve
human HSCT outcomes. Some mouse humanization proto-
cols call for the CD34 + cells to be expanded in vitro before
engraftment, whereas others use the cells for engraftment
shortly after purification, without expansion. Expansion of
HSCs in vitro increases the number of mice that can be en-
grafted by increasing the total number of CD34 + cells. Cy-
tokines are commonly used to culture CD34 + cells in an
effort to increase the number of HSCs and also to prevent
HSC differentiation in vitro and a variety of cytokine cock-
tails have been shown to be effective [15,41,50,59]. Following
are examples that illustrate some specific experimental pro-
tocols and their effects on engraftment levels.

In one study, human fetal liver-derived CD34 + cells were
cultured for 7 days with stem cell factor (SCF), thrombo-
poietin (TPO), Flk2/Flk3 ligand, and IL-3. This combination of
cytokines for HSC culture led to higher peripheral blood en-
graftment levels in Rag2-/-gc-/- mice as compared to other
cytokine growth cocktails examined [41]. Another group re-
ported that CD34+CD133+ cells purified from UCB and
supplemented with fibroblast growth factor 1, SCF, TPO, in-
sulin-like growth factor binding protein 2, angiopoietin-like 5,
and heparin were cultured for 10 days and then used to en-
graft NOD/SCIDgc-/- mice. These mice showed *21-fold
increase in SCID repopulating activity as opposed to the un-
treated cells and showed good reconstitution in both neonates
and adults that received the transplant, providing the option
of engraftment in older mice. This method of ex vivo expan-
sion minimizes the number of cells needed for injection and
thus provides a way to maximize the amount of mice en-
grafted from a single cord blood sample [54].

When CD34 + cells from UCB were cultured short term (1–
8 days) in IL-6, SCF, and Flt3-Ligand, and T cell-depleted
CD34 - support cells were engrafted into Rag2-/-gc -/ -

mice, these samples showed higher levels of human IgM and
IgG as compared to mice that received fresh/uncultured
CD34 + cells or long-term cultured cells (9–28 days). Human
leukocyte levels were significantly higher in peripheral blood
as well as lymphoid tissue in mice receiving these short-term
cultured cells, indicating that culturing cells short term in the
presence of appropriate cytokines and support cells is ben-
eficial to successful humanization of mice [50]. Further, en-
graftment with autologous T cells promotes more effective B-
cell maturation in HSC-humanized mice [60]. It has also been
shown that clearing the space for human donor HSCs to
populate by eliminating the recipient mouse’s own HSCs
using ACK2, an antibody that blocks c-kit function, can
provide much higher engraftment in treated mice [61].

Sangeetha et al. observed that UCB-derived CD34 + cells
show increased levels of apoptosis in vitro when treated with
cytokines to promote expansion [59]. Treatment of expanding
CD34+ cells with apoptotic inhibitors resulted in increased
expansion of the cells. Additionally, higher engraftment levels
in mice were detected in animals that received cells treated
with apoptotic inhibitors during expansion in vitro. In a recent
study, a screen was carried out for novel agents that induce
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effective expansion of UCB-derived CD34+ cells followed by
successful engraftment into immunodeficient mice. The screen
was carried out with SCF and TPO, accompanied by other
chemicals. They found that the chemokine CCL28 both en-
hanced cellular proliferation and decreased rates of apoptosis,
and these findings were replicated in the fetal liver and bone
marrow-derived cells [62]. Such findings illustrate the utility
of humanized mice as a model to study methods to produce
larger numbers of potent HSCs.

As mentioned above, culturing cells in the presence of cy-
tokines and chemokines can lead to enhanced engraftment.
Several research groups have also shown that supplementing
humanized mice with human cytokines in vivo results in en-
hanced engraftment. Use of a lentiviral vector to stably pro-
duce human IL-7 (hIL-7) resulted in enhanced levels of human
T cells in humanized mice [63]. Similarly, enhanced levels of
hIL-15 resulted in the production of NK cells in humanized
mice [17,64,65]; NK cells are very rare without introduction of
hIL-15. Administration of other human cytokines leads to
enhanced reconstitution of T and B lymphocytes, dendritic
cells, erythrocytes, and monocytes/macrophages [17], and
improved T- and B-lymphocyte production and dendritic cell
maturation lead to better human antibody responses [66].

A recent article demonstrates the utility of humanized
mice to study complications associated with HSCT. They
showed recapitulation of human GVHD in humanized mice,
indicating that this common complication of HSCT can be
studied in a mouse system. They also demonstrated that
CD8hi regulatory T cells were able to control GVHD by re-
ducing proliferation of alloreactive T cells and by decreasing
production of inflammatory cytokines and chemokines [67].
It should be noted that HSCs were not used to engraft these
animals. Rather, they used mature human peripheral blood
mononuclear cells (PBMCs) for the initial graft, followed by a
second graft of allogeneic PBMCs.

Viral infections are common risk factors for complications
associated with HSCT, and humanized mice have been
shown to support viral replication and associated patho-
genesis for a variety of human viruses of blood cells, in-
cluding the human cytomegalovirus (hCMV) and the
Epstein-Barr virus [68–71]. One such study showed that G-
CSF treatment of humanized mice latently infected with
hCMV induced reactivation of the virus, indicating that the
use of G-CSF to mobilize HSCs from humans may also re-
activate the virus and potentially lead to hCMV-associated
disease in donors and/or recipients [68]. However, relatively
few studies have been performed to examine complications
associated with HSCT, and this area warrants further in-
vestigation in humanized mouse models.

In summary, humanized mice are a useful tool to perform
preclinical studies aimed at increasing our understanding of
the mechanisms of HSC expansion, homing, and engraft-
ment. These models can be effectively engrafted with human
HSCs under a large variety of experimental parameters, and
have proven to be a useful preclinical testing ground for the
repopulating potential of human HSCs expanded by novel
methodologies. Whereas strides have been made to discover
the phenotype of a true human HSC and new techniques to
expand human HSCs without differentiation are being re-
ported regularly, there is still much to learn in these areas.
We expect that HSCT engraftment of immunodeficient mice

will continue to be an important tool as we seek to improve
the efficacy of HSCT in humans.
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    Chapter 2   

 Production and Characterization of Humanized 
Rag2 −/− γc −/−  Mice 

           Freddy     M.     Sanchez    ,     German     I.     Cuadra    ,     Stanton     J.     Nielsen    , 
    Anne     Tanner    , and     Bradford     K.     Berges    

    Abstract 

   Mice reconstituted with human immune cells represent a model to study the development and functionality 
of the human immune system. Recent improvements in humanized mice have resulted in multi-lineage 
hematopoiesis, prolonged human cell engraftment that is detectable in many mouse organs, and the ability 
to generate de novo human innate and adaptive immune responses. Here, we describe the methods used 
to produce and characterize humanized Rag2 −/− γc −/−  mice.  

  Key words     Humanized mice  ,   Animal disease models  ,   Hematopoietic stem cells  ,   Stem cell transplan-
tation  ,   RAG-hu mice  ,   SCID-hu mice  ,   BLT mice  

1       Introduction 

 The preclinical evaluation of therapeutics for a variety of human 
diseases has relied mainly on the use of small animals and nonhuman 
primates. Despite the genetic traits conserved between some of these 
animals and humans, species-specifi c differences exist. Among these 
differences are the susceptibility to infection by microbial pathogens, 
and the host immune response to those infections. The discovery of 
the severe combined immunodefi ciency mutation ( Prkdc  scid ) in mice 
(C.B-17 SCID mice) led to the fi rst attempts to use these animals 
for the development of effective in vivo models that more accu-
rately resemble the complexity of human biology [ 1 ]. One such 
development has been the “humanization” of mice. 

 Humanized mice are described as immunocompetent mice 
capable of transgenically expressing human genes, or immunodefi -
cient mice capable of being engrafted with cells of human origin 
(typically hematopoietic stem cells, HSCs, or peripheral blood 
mononuclear cells, PBMCs). These models have provided impor-
tant fi ndings relevant to various fundamental aspects of human 
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biology and immunology, including human hemato-lymphopoiesis, 
innate and adaptive immune responses, autoimmune diseases, 
infectious diseases, and cancer [ 2 ,  3 ]. The introduction of addi-
tional genetic modifi cations capable of overcoming the limitations 
(e.g., engraftment barriers) present in the earlier models of human-
ized mice has permitted a gradual optimization in the generation 
of such mouse models. Thus, in the past two decades various 
improved humanized mouse models have been developed [ 4 ,  5 ]. 

 A more recent innovation in the humanization of mice was 
achieved by crossing mice homozygous for a deletion in the recombi-
nation activating gene 2 (Rag2) with mice homozygous for a deletion 
in the common gamma chain receptor (γc) [ 6 ,  7 ]. Rag2 −/− γc −/−  mice 
are incapable of producing mature T, B, and NK cells because Rag2 is 
required to generate B and T cell receptors and γc is required for cyto-
kine signaling via IL-2 and IL-15 [ 8 ,  9 ]. Since T cells and NK cells 
play a major role in identifi cation and elimination of foreign cells, this 
mouse strain is ideal for humanization experiments. Transplantation 
of human HSCs into Rag2 −/− γc −/−  mice leads to human multi-lineage 
hematopoiesis and the development of the major functional compo-
nents of the human adaptive immune system. Human B and T cells, 
monocytes/macrophages, and dendritic cells are readily detected in 
lymphoid organs and in the periphery. Humanized mice have been 
useful in the study of viral pathogenesis and new treatment strategies 
for human viruses such as HIV-1, human T-lymphotropic virus, 
Epstein–Barr virus, human cytomegalovirus, and dengue virus [ 8 , 
 10 – 15 ]. In addition, these mice are capable of producing primary 
human adaptive immune responses such as human antibody and T 
cell responses against a variety of viral, bacterial, and other antigenic 
targets [ 6 ,  7 ,  16 ]. 

 In this chapter we describe the generation of humanized mice 
through purifi cation of human HSCs, intrahepatic transplantation 
into newborn BALB/c Rag2 −/− γc −/−  mice, and verifi cation of suc-
cessful engraftment through FACS analysis of peripheral blood 
samples.  

2      Materials 

      1.    Human CD34 +  Selection Kit (Miltenyi Biotec, Auburn, CA, 
USA, or Stem Cell Technologies, Vancouver, BC, Canada). 
We have successfully used both kits.   

   2.    Iscove’s Modifi ed Dulbecco’s Medium supplemented with 10 % 
fetal calf serum, 2 % penicillin–streptomycin, and 10 ng/ml each 
of SCF, IL-3, and IL-6. Filter-sterilize the medium and store 
at 4 °C.      

2.1  Purifi cation 
and Culture of Human 
Hematopoietic Stem 
Cells
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      1.    BALB/c Rag2 −/−  γc −/−  mice ( see   Note 1 ).   
   2.    28 gauge insulin syringes.   
   3.    Cultured human HSCs.   
   4.    Iscove’s Modifi ed Dulbecco’s Medium.      

      1.    Heating pad.   
   2.    Mouse restraint apparatus (Model TV-150; Braintree scientifi c 

Inc., Braintree, MA, USA). This device has a groove across the 
top. A plunger prevents the mouse from escaping.   

   3.    Scalpel blade (surgical blade stainless steel No. 11).   
   4.    Gauze pads.   
   5.    Styptic powder (Kwik-Stop Styptic Powder with Benzocaine; 

ARC Laboratories).   
   6.    Heparinized microcapillary tubes (Heparinized Micro-

hematocrit capillary tubes; Thermo Fisher Scientifi c Inc., 
Waltham, MA, USA).   

   7.    Micropipettor with tips.      

      1.    Antibodies: hCD45-PE-Cy7 and mCD45-PE (eBioscience, 
San Diego, CA, USA).   

   2.    10× ammonium chloride erythrocyte lysing solution: Dissolve 
89.9 g NH 4 Cl, 10.0 g KHCO 3 , and 370.0 mg tetrasodium 
EDTA in 1 liter of ddH 2 O. Adjust pH to 7.3. Store at 4 °C in 
full, tightly closed 50 ml tubes. Dilute to 1× with ddH 2 O and 
use immediately.   

   3.    FACS stain buffer: 1× PBS, 0.1 % BSA, and 0.1 % sodium 
azide. Store at 4 °C.   

   4.    Fc blocking buffer: Human Gamma Globulin (Jackson 
Immunoresearch Labs, West Grove, PA, USA), Normal Mouse 
Serum (Jackson Immunoresearch Labs), 2.4G2 monoclonal 
antibody to murine CD16/CD32 (BD, Franklin Lakes, NJ, 
USA). Reconstitute Normal Mouse Serum with 5.0 ml of 
ddH20. Add 2 ml of Human Gamma Globulin. Add 200 μl of 
2.4G2 anti-mouse CD16/CD32. Store at 4 °C.   

   5.    1 % paraformaldehyde in 1× PBS: Paraformaldehyde does not 
dissolve effectively in PBS. Prepare a stock of 2 % paraformal-
dehyde in ddH 2 O and a stock of 2× PBS in ddH 2 O. Mix these 
solutions together in equal parts and store at 4 °C.   

   6.    Flow cytometer.   
   7.    FACS tubes.       

2.2  Transplantation 
of BALB/c Rag2 −/−  
γc −/−  Mice with Human 
HSCs

2.3  Bleeding Mice to 
Screen for Human Cell 
Engraftment

2.4  FACS Analysis 
to Detect and Quantify 
Human Cell 
Engraftment
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3     Methods 

      1.    CD34 +  human HSCs are purifi ed from human umbilical cord 
blood or other sources ( see   Note 2 ) using magnetically labeled 
antibodies according to the manufacturer’s protocol. CD34 +  
cells are cultured for 40–48 h ( see   Note 3 ) post extraction in 
IMDM supplemented with 10 % FCS, 1× penicillin/strepto-
mycin, and 10 ng/ml each of IL-3, IL-6, and SCF.   

   2.    Resuspend cells by repeated pipetting, since many cells will be 
semi-adherent. Count cells using a hemocytometer. Samples 
used for engrafting mice may be divided to engraft multiple 
mice.   

   3.    Centrifuge samples for 3 min at 900 ×  g  and discard the super-
natant. Resuspend the cell pellet in serum-free IMDM. 
Approximately 30–50 μl of re-suspended cells is best for an 
individual mouse injection. Divide the solution into different 
samples equal to the number of pups that will be engrafted. We 
use a minimal dose of 250,000 cells per mouse in order to 
achieve consistent, high-level engraftment ( see   Note 4 ).      

      1.    1- to 5-day-old pups ( see   Note 5 ) are conditioned by gamma 
irradiation at a dose of 350 rads. Wait at least 1 h between 
irradiation and cell injection. Care must be taken to prevent 
animals from being exposed to mouse pathogens during trans-
portation and cell injection ( see   Note 6 ).      

      1.    Add 30–50 μl of CD34 +  cells in solution into each syringe. 
The exact volume depends upon the age and size of the pups 
( see   Note 7 ). 30 μl is best for 1-day-old pups. Since some volume 
is retained in the needle after injection, larger volumes are pref-
erable for older pups in order to prevent loss of cells due to 
retention of liquid in the syringe.   

   2.    Place pups on their backs and stretch out their bodies to allow 
visualization of the liver. Since pups are albino, the liver is readily 
visible. Pups are injected with cells in the liver at a depth of 
1–2 mm. Greater depths can result in bleeding from the injec-
tion site. Following injection keep the syringe inserted for 20 s 
to prevent cells from being expelled after needle withdrawal. 
Upon completion of the injection, place the pups back with 
their mother.      

      1.    Eight weeks post reconstitution, mice should be screened for 
human cell engraftment. Warm up the mice by placing them in 
an empty plastic cage on top of a heating pad. Allow at least 
5 min for the mice to suffi ciently heat up. The mice are warm 
enough when their movements are rapid and they are breathing 
quickly.   

3.1  Preparation 
of Human HSCs for 
Transplantation

3.2  Conditioning 
Pups for 
Transplantation

3.3  Transplantation 
of Pups with Human 
HSCs

3.4  Bleeding Mice 
for FACS Analysis
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   2.    Remove a mouse from the heating cage and place it in the 
restraint apparatus. Holding the mouse by the tail, gently pull 
the mouse (tail fi rst) into the apparatus. Pull the tail along the 
groove in the top of the apparatus, thus pulling the mouse into 
the apparatus. Push the plunger into the front of the apparatus 
so that the mouse is held inside ( see   Note 8 ).   

   3.    Locate the veins on the tail and choose one for tail nick bleeding. 
Using the scalpel, make a small transverse cut across the selected 
vein. After the mouse begins to bleed, hold the capillary tube 
horizontally (to avoid forming air bubbles that can lead to 
clotting) at the cut site and begin collecting blood. When the 
capillary is full withdraw it (keeping it horizontal) and place 
the blood sample into an appropriately labeled microfuge tube.   

   4.    Pinch the tail above the cut site to stop the blood fl ow and 
wipe away any excess blood. Scoop out a small amount of styp-
tic powder and apply it to the cut site. Allow enough time for 
clotting to occur. Place the mouse back into its original cage.   

   5.    Eject the blood from the capillary tube using the micropipet-
tor and draw the capillary tube up and out of the microfuge 
tube as you eject the blood. This technique will prevent the 
blood from entering back into the capillary.      

      1.    Lyse red blood cells by adding 1.4 ml of erythrocyte lysing 
solution per 100 μl of blood. Incubate at room temperature 
for 5–10 min. Centrifuge samples at 900 ×  g  for 3 min. Discard 
the supernatant and resuspend the cell pellet in 100 μl of FACS 
stain buffer.   

   2.    Add 3 μl of Fc blocking buffer and place samples at 4 °C for 
15 min ( see   Note 9 ). Add 3 μl of both mCD45-PE and 
hCD45-PE-Cy7 to each sample and incubate at 4 °C for 
30 min. Keep light exposure to a minimum.   

   3.    Add 900 μl of 1 % paraformaldehyde in 1× PBS to each sample. 
Spin samples at 900 g for 3 min. Dispose of the supernatant 
and resuspend the pellet in 150 μl of 1× PBS solution. Transfer 
samples into FACS tubes and analyze by FACS.       

4     Notes 

     1.    There are multiple types of immunodefi cient mouse strains 
that support engraftment of human HSCs and multi-lineage 
hematopoiesis. The original SCID mouse retains natural killer 
(NK) cell activity and the SCID mutation can result in leaky 
production of lymphocytes in older mice; both NK cells and T 
lymphocytes recognize and reject foreign cells. As a result, 
strains with greater defects in NK and T cell development are now 
typically used, including Rag2 −/− γc −/−  mice, NOD/SCID mice, 

3.5  Preparing Blood 
Samples for FACS 
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Production and Characterization of Humanized Rag2−/−γc−/− Mice

218



24

NOD/SCID γc −/−  mice, and Rag1 −/−  γc −/−  mice. Rag2 −/−  γc −/−  
mice are commercially available on a C57BL/6 background, 
but for unknown reasons these animals cannot be effectively 
engrafted (BALB/c Rag2 −/−  γc −/−  mice work effectively). 
Excellent reviews are available that explain the phenotype of 
each mutation, as well as the history of using these strains to 
produce humanized mice [ 3 ,  17 ].   

   2.    Three main sources are currently employed to obtain HSCs: 
umbilical cord blood, fetal liver, and mobilized peripheral 
blood. Magnetic separation techniques are commonly employed 
to purify CD34 +  cells. Umbilical cord blood is most readily 
available, but this source yields a low number of cells, at most 
1 × 10 6 . Relatively fewer mice can be engrafted per sample due 
to lower yields. Fetal liver samples have ethical constraints and 
few suppliers exist, but these samples yield more cells. Fetal liver 
samples commonly yield greater than 20 × 10 6  cells. We have no 
experience using mobilized peripheral blood and this source is 
rarely used to produce humanized mice [ 18 ,  19 ].   

   3.    CD34 +  cells are cultured for 40–48 h in order to obtain maxi-
mum expansion of the hematopoietic stem cell population while 
preventing differentiation of the stem cells. There is no method 
currently available to culture HSCs without eventual differentia-
tion and loss of potency for engraftment. Density of cells is 
critical for expansion during culture. Denser cell cultures grow 
more effi ciently than cultures that are less dense. We culture 
cells in 48-well plates since that provides the appropriate cell 
density for most umbilical cord blood-derived samples.   

   4.    The number of CD34 +  HSCs to inject varies considerably in 
the literature. In the original paper by Traggiai et al. showing 
HSC engraftment in Rag2 −/−  γc −/−  mice, they found engraft-
ment with as few as 3.8 × 10 4  CD34 +  HSCs [ 8 ]. We typically 
use at least 2.5 × 10 5  cells per mouse to achieve consistent, 
high-level engraftment. Some researchers use up to 1–2 × 10 6  
cells per mouse [ 20 ].   

   5.    Several experiments have shown that age of mice at the time of 
engraftment has an impact on the level of engraftment achieved. 
We have found that engraftment levels are superior when 
Rag2 −/−  γc −/−  pups are less than 5 days of age at the time of 
irradiation and transplantation. Attempts to engraft older 
Rag2 −/−  γc −/−  mice result in lower levels of engraftment. 
Different mouse strains can show effective engraftment with 
older mice (e.g., NOD/SCID γc −/− ), but in some cases differ-
ent conditioning techniques were used [ 19 ,  21 – 23 ].   

   6.    Immunodefi cient mice are housed in specifi c pathogen-free 
facilities because they are unable to defend against various 
types of infections. They are often given antibiotics in their 
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drinking water in order to prevent bacterial infection. When 
preparing mice for irradiation, they often have to leave the 
animal facility; therefore, great care must be taken to keep the 
animals pathogen-free while in transit so as to avoid contami-
nating the colony.   

   7.    Intrahepatic injection into newborn mice can be technically 
challenging. BALB/c mice are albino and hence the liver is 
readily visible. We typically inject a volume of 30–50 μl of cells 
per mouse. However, we fi nd that the volume used for cell injec-
tion must be smaller for 1-day-old pups; if not the inoculated 
cells can exit the injection site after withdrawing the needle 
due to pressure accumulated during injection. For smaller pups, 
we use an injection volume of 30 μl. Allow the needle to remain 
in place for 20 s to ensure that the cells will not be expelled from 
the mouse.   

   8.    Be careful not to catch the mouse’s feet between the plunger 
and the wall of the apparatus. Do not let go of the tail or the 
mouse may pull the tail inside. Animals can sometimes bury 
their heads underneath their bodies and suffocate, so make 
sure that the head stays up for access to fresh air.   

   9.    FACS analysis using cells from chimeric animals is more com-
plicated than using cells from a single organism due to the 
requirement to block nonspecifi c antibody binding to both 
human and mouse cells. We perform initial workup experiments 
with FACS antibodies on pure mouse blood or pure human 
blood to verify the accuracy of the staining. We block nonspe-
cifi c staining by using a combination mouse/human Fc block 
consisting of anti-mouse CD16/CD32, human gamma globu-
lin, and normal mouse serum ( see  Subheading  2 ). We typically 
use mouse monoclonal antibodies for FACS staining and we 
rarely detect background or cross-species staining.         
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