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Abstract

Orthopoxviruses encode many genes that are not essential for viral replication,

which often account for differences in pathogenesis among otherwise closely related

orthopoxviruses. Although dendritic cells (DCs) are essential to the generation of an

effective anti-viral immune response, the effects of different orthopoxviruses on DC

function is poorly understood. The objective of these studies was to determine the effect

of different orthopoxviruses on DCs. Cowpox virus (CPXV) is ideally suited to this

purpose because it encodes the largest and most representative set of accessory genes

among orthopoxviruses, it is endemic in mouse populations, and can infect humans.

We hypothesized that CPXV would have novel mechanisms of evading the

immune response that other orthopoxviruses lack, which may exert maximal effect in

the context of antigen presenting cells such as DCs, allowing for discovery of novel viral

strategies of immune evasion. To test this, CPXV was used to infected mouse bone

marrow-derived DCs (BMDCs), and the effect of the virus on DC survival, expression of

T-cell costimulatory molecules and cytokine production was determined. The effects of

vaccinia virus strain Western Reserve (VV), the prototype of the species, and modified

vaccinia virus strain Ankara (MVA), a promising vaccine vector, on mouse BMDCs were

also determined. Confirming the hypothesis that CPXV would have different effects on

mouse BMDCs from other orthopoxviruses, BMDCs infected with CPXV survived

longer in culture than those infected with MVA or VV. In addition, CPXV specifically

downregulated MHC I, MHC II, CD40, and CD86, and induced production of significant

levels of IL-6 and IL-10.
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Because IL-10 has many suppressive effects on the immune system, inducing IL-

10 may provide a selective advantage to CPXV in vivo. To examine the role of IL-10 in a

CPXV infection, wild type and IL-10 deficient mice were infected intranasally with

CPXV. The effect of CPXV infection on disease morbidity, viral loads, inflammation and

the protective immune response was determined. As expected, IL-10 was important in

controlling inflammation during CPXV infection, but there was no effect on viral

replication or clearance. Surprisingly, IL-10 was important in generation of a protective

memory response to CPXV, which may reflect a novel role for IL-10 in the immune

response.
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1. Introduction

Many different viruses have evolved mechanisms to evade the immune system.

Among these, poxviruses have been particularly successful for two main reasons. First,

poxviruses have some of the largest genomes of any other virus family known to infect

mammals, with a double-stranded DNA genome size ranging from 134 to 360 kbp

among poxviruses whose genomes have been sequenced.  Only about half of these

genes, which encode 150 – 300 proteins, are essential to replication of the virus. The

other half of the genes are not required for replication in vitro, and have diverged greatly

as poxviruses adapted to difference hosts. This is highlighted in the great diversity of

poxviruses, which infect animals from insects to mammals, ranging from highly

pathogenic to virtually avirulent. Second, poxviruses have the unique ability among

DNA viruses to replicate in the cytoplasm, reducing their reliance on the cell. This

allows the virus to disrupt many cellular processes important to the host without

interfering with viral replication.

Most poxviruses that infect mammals belong to the genus Orthopoxviridae.

Members range in virulence from the highly immunogenic, but relatively avirulent

vaccinia virus (VV) to variola virus (VARV), one of the most pathogenic viruses known

to man. Understanding how these viruses differ in their interactions with the immune

system is important to vaccine design and control of human disease. This chapter

reviews information on orthopoxviruses, as well as key mediators of the immune

system, dendritic cells (DCs), which are a likely target of the virus.
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1.1. Orthopoxviruses: From Pathogens to Vaccine Vectors

1.1.1. Members of the orthopoxvirus genus relevant to man

The genera orthopoxvirus houses many viruses that cause disease in humans,

including VARV, monkeypox virus (MPXV), cowpox virus (CPXV) and VV. Other

orthopoxviruses, such as ectromelia virus (ECTV), do not cause disease in humans, but

are useful in animal models of orthopoxvirus pathogenesis. These viruses are considered

in more detail below.

VARV is the causative agent of smallpox, one of the most pathogenic human

viruses in the history of man (Fenner 1984). Prior to the advent of the smallpox vaccine

at the end of the 18th center, smallpox disease killed 1 in 10 children, and the majority of

the survivors were scarred for life, with large numbers left blind. Some strains of VARV

killed almost 40 % of those infected. Although smallpox has been globally eradicated,

VARV tops the list of potential bioweapons due to the unvaccinated state of the public,

high mortality rate, and lack of effective treatments (Breman and Henderson 1998).

MPXV is an emerging infectious disease with striking similarities to smallpox

(Jezek et al. 1987). Every year, several cases are reported in Africa, killing up to 10 % of

those infected. Unlike VARV, humans are not the primary host. Instead, the reservoir

host is thought to be ground squirrels (Heymann, Szczeniowski, and Esteves 1998). An

outbreak of MPXV in the US in 2003 underscores the importance of continued work on

preventing and treating diseases caused by pathogenic orthopoxviruses (2003).  In this
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instance, several people in different states acquired MPXV from pet prairie dogs. Other

rodents can also carry the disease.

CPXV is thought to be the virus used by Edward Jenner for the first smallpox

vaccine, although at some point it was replaced by VV (Tan 2004). CPXV is endemic in

rodent populations in Europe and western Asia (Begon et al. 1999). A study by Chantrey

et al. (1999) in the UK found that mouse and vole populations exhibited the most

seroprevalence, suggesting they are the reservoir hosts. CPXV infection has been

reported in humans who came into contact with infected rats (Wolfs et al. 2002) or other

animals that acquired it from rodents, including domestic cats (Coras et al. 2005;

Willemse and Egberink 1985). Martinez, Bray, and Huggins (2000) developed a model of

lethal orthopoxvirus infection in BALB/c mice using intranasal or aerosol infection with

CPXV, which has been used to test the efficacy of cidofavir in the treatment of

pathogenic orthopoxvirus infections (Bray et al. 2000; Quenelle, Collins, and Kern 2003).

VV usually causes a mild infection in humans and is currently used for

vaccination against orthopoxvirus infection. There are rare reports of zoonotic infections

with VV. For instance, buffalopox virus, a VV, has been reported to spread from buffalo

to their caretakers in India (Kolhapure et al. 1997). The reservoir host of VV is unknown.

Because they are highly immunogenic, some VV strains are under development as

vaccine vectors for antigens from other pathogens and cancer. The original VV-based

vaccines frequently have adverse side effects in healthy humans and cannot be

administered to > 25 % of the general public due to contraindications for those suffering

from eczema or immunosuppression, problems that would be of huge concern should

the vaccination of a large number of people become necessary (Kemper, Davis, and

Freed 2002). Attenuated versions such as modified vaccinia virus strain Ankara (MVA),
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which does not replicate in human cells (Drexler et al. 1998) and has proven very safe in

immunocompromised animals (Hanke et al. 2005; Mayr et al. 1978; Stittelaar et al. 2001),

are attractive alternatives.

ECTV was discovered in mice when they were first developed as an

experimental animal in the lab, and mice are therefore thought to be the natural host

(reviewed in Esteban and Buller 2005). ECTV is exquisitely lethal in the mouse model.

Mice that survive develop a rash resembling smallpox in humans. For these reasons,

ECTV has been developed as a model of lethal orthopoxvirus infection to test antivirals

and vaccines (Buller et al. 2004). However, it appears to lack the ability to cross species

and does not infect humans.

Representations of the open reading frames (ORFs) found in orthopoxvirus

genomes are shown in Figure 1. As for most poxviruses, the genes important in viral

replication are highly conserved among orthopoxviruses and are located in the central

part of the genome.  However, the genomes of these viruses vary greatly in size due to

different numbers of genes accessory to viral replication. CPXV has the largest set,

devoting 14 - 46 kbp more genomic space to accessory genes than other orthopoxviruses

relevant to man, an amount of DNA that could encode an entire adenovirus genome.

However, pathogenicity is not conferred by the number of accessory genes, but by the

function of the genes themselves. This is highlighted by the fact that VARV and MVA,

which have the least number of these genes, have dramatically different effects on the

host. Many of the genes that are not conserved among other orthopoxviruses are

represented in the CPXV genome.
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A. VARV

B. MPXV

C. CPXV

D. VV

E. MVA

F. ECTV

Figure 1: Comparison of orthopoxvirus ORFs. Arrows represent ORFs of > 200 coding
units. Horizontal bars represent length of the genome, with ticks every 20 kbp. Essential
genes are found in the central, unshaded region. Genes accessory to viral replication are
predominately found in the shaded regions. A, VARV strain Kuwait. B, MPXV strain
Zaire. C, CPXV strain Brighton Red. D, VV strain Western Reserve. E, VV strain MVA. F,
ECTV strain Moscow.
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1.1.2. Orthopoxvirus replication

As shown in Fig. 2, there are three infectious forms of poxviruses: mature virions

(MV), wrapped virions (WV) and extracellular virions (EV; reviewed in Condit,

Moussatche, and Traktman 2006). MVs consist of a DNA-containing core with a

membrane. WVs are MVs with two additional membranes derived from the trans-Golgi

network. EVs are WVs that have lost one membrane by fusing with the plasma

membrane to exit the cell, or MVs that have gained one membrane by budding from the

plasma membrane. In addition to these, some orthopoxviruses, including CPXV, ECTV,

and raccoonpox, form acidophilic-type inclusion bodies (ATIs) in the cytoplasm, which

can include large numbers of virions and are also infectious (reviewed in Buller and

Palumbo 1991). Because the extra membrane of EV becomes disrupted to expose the

same membrane as MV, the entry of both forms into cells is similar (reviewed in Condit,

Moussatche, and Traktman 2006). The MV membrane fuses with the plasma membrane,

releasing the core into the cytoplasm.

Poxviruses have a single ORF for each gene, with upstream and downstream

sequences involved in transcriptional regulation (reviewed in Moss 2001). The viral core

contains all the enzymes necessary for mRNA synthesis from early viral genes. These

genes encode accessory proteins and proteins essential for transcription of subsequent

genes as well as viral DNA replication. Upon expression of these genes, viral DNA

replication begins in the cytoplasm, within basophilic (B)-type inclusion bodies called

virus factories. Intermediate gene expression requires newly replicated viral genomes,

and uses transcription factors encoded by viral early genes as well as the host cell. Late

gene expression requires transcription factors encoded by intermediate genes as well as

the host cell. Intermediate and late proteins include structural proteins, enzymes and
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Figure 2. Poxvirus replication and assembly. Virus infects the cell by fusing with the
plasma membrane. Once in the cytoplasm, the virion uncoats to expose the core, which
initiates transcription of early genes using factors present in the core. Viral DNA
replication begins, and intermediate, followed by late viral genes are transcribed.
Crescents form at the sites of DNA replication, the so-called virus factory (VF),
eventually enclosing into a sphere to form immature virions (IV). IVs with a nucleoid
(IVN) appear at the same time. Through a complex process involving proteolytic
processing of core structural proteins, the IV is transformed into the mature virus (MV).
MV can acquire two additional membranes by moving through the trans-golgi network
to form wrapped virus (WV). WV can fuse with the plasma membrane, releasing
extracellular virus (EV) outside the cell, or MV can bud out of the plasma membrane,
forming EV. MV can also be incorporated into acidophilic-type inclusions (ATI). MV,
WV, EV and ATI are all infectious.

WV

MV

EV

Core
VF

C

IV
IVN

ATI

Nucleus

Membrane fusion
Uncoating

Expression of early viral genes
           Viral DNA replication

                               Expression of intermediate viral genes
                                    Expression of late viral genes
                                         Formation of crescents

     Formation of IVs/IVNs
               Proteolyic processing/formation of MVs
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assembly factors required for assembly of new virions, as well as accessory proteins. All

viral transcripts have a methylated 5’ cap and a 3’ poly-adenylated tail, and none are

known to be spliced. However, most intermediate and late transcripts are heterogeneous

in length, presenting the possibility that there is post-transcriptional processing, or

heterogeneous termination. A handful of late RNAs, such as that encoding the major

ATI protein, are cleaved at a specific site on the 3’ end and then polyadenylated. Viral

mRNA is translated by the host machinery.

The earliest evidence of virus assembly is the appearance of crescents within

virus factories (Condit, Moussatche, and Traktman 2006). It is unknown how crescents

form. Crescents grow in length until they become closed circles (spheres in three

dimensions) called immature virions (IVs), which enclose a material that is uniformly

denser than the surrounding area, termed viroplasm. Viroplasm contains proteins the

eventually become encapsulated into the virion core. Around the same time IVs appear,

IVs containing a dense nucleoid (which contains viral DNA) are also present, termed

IVN. Most likely, the “empty” IVs are simply a cross-section of IVN that did not catch

the nucleoid. It is unclear exactly how the IV encapsulates the viral DNA to form IVN.

The formation of MV from IVN requires proteolytic cleavage of several virion protein

precursors to mature form, including the major structural protein, 4a. In addition,

during the transition from INV to MV, the transcription apparatus assembles in the core,

the particle surface is remodeled, and the MV moves from the virus factory to the

periphery of the cell.
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1.1.3. Orthopoxvirus modulation of the host response

As summarized in Table 1, many orthopoxvirus genes accessory to replication

are known to affect the host response. Many of these proteins appear to be hijacked

versions of host proteins. One of the major strategies orthopoxviruses employ to combat

the immune response is secreting receptors for cytokines that act as competitive

antagonists (reviewed in Seet et al. 2003). These include up to four different tumor

necrosis factor (TNF) receptors, and receptors for interleukin (IL)-1β,  IL-18, chemokines

and type I and type II interferons, all of which are important virulence factors.  In

addition, orthopoxviruses encode proteins that interfere with cytokine production or

signal transduction from within the cell by inhibiting nuclear factor (NF)-κB activation,

toll-like receptor (TLR) signaling, protein kinase R (PKR) activation, and the IL-1β

converting enzyme. The inhibition of pro-inflammatory cytokines, including TNF and

interferons, that regulate major histocompatability (MHC) expression, could be expected

to impair antigen presentation indirectly. There is also some suggestion that

orthopoxviruses can interfere with presentation of antigen on major histocompatability

(MHC) molecules directly. In addition, orthopoxviruses encode many proteins that

prevent the induction of cell death, which have been implicated in host range.

Many orthopoxvirus genes accessory to viral replication have yet to be identified,

and there are undoubtedly mechanisms of viral immune evasion that have not been

characterized. The known strategies of immune evasion focus on inflammatory cytokine

production, and thus may exert maximal effect on antigen presenting cells (APCs),

including dendritic cells (DCs), which have important roles in producing inflammatory

cytokines as well as activating T-cells.
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Table 1. Orthopoxvirus accessory proteins that affect the host response

Secreted receptors for:
     CD30 ligand (Panus et al. 2002; Saraiva et al. 2002)
     Chemokines (Alcami et al. 1998; Graham et al. 1997;

Smith et al. 1997)
     Interferons (type I and II) (Alcami and Smith 1995; Colamonici et al.

1995; Mossman et al. 1995; Symons,
Alcami, and Smith 1995; Symons et al.
2002)

     IL-1 (Alcami and Smith 1992; Spriggs et al.
1992)

     IL-18 (Novick et al. 1999; Smith and Alcami
2000)

     TNF (Hu, Smith, and Pickup 1994; Saraiva and
Alcami 2001; Smith et al. 1996)

Intracellular inhibitors of signaling with:
     NF-κB (DiPerna et al. 2004; Oie and Pickup 2001;

Shisler and Jin 2004)
     STAT (Najarro, Traktman, and Lewis 2001)
     IL-1/TLR (DiPerna et al. 2004; Harte et al. 2003; Stack

et al. 2005)
     PKR (Chang, Watson, and Jacobs 1992; Kim et

al. 2003)
Inhibitors of CD1d-mediated antigen
presentation to NKT cells

(Webb et al. 2006)

Inhibitors of apoptosis (Brooks et al. 1995; Dobbelstein and Shenk
1996; Kettle et al. 1997; Tewari and Dixit
1995; Tewari et al. 1995; Wasilenko et al.
2001; Wasilenko et al. 2003)

Caspase and serine protease inhibitors (Boursnell et al. 1988; Kettle et al. 1995;
Komiyama et al. 1994; Kotwal and Moss
1989; Moon, Turner, and Moyer 1999;
Pickup et al. 1986; Quan et al. 1995; Ray et
al. 1992)

Growth factor (Blomquist, Hunt, and Barker 1984; Brown
et al. 1985; Twardzik et al. 1985)

3-β hydroxysteroid dehydrogenase (Moore and Smith 1992; Reading, Moore,
and Smith 2003)

Semaphorin (Comeau et al. 1998; Gardner et al. 2001;
Walzer et al. 2005; Walzer, Galibert, and
De Smedt 2005)

RING finger E3 ubiquitin ligase (Huang et al. 2004; Senkevich, Koonin, and
Buller 1994; Senkevich, Wolffe, and Buller
1995)
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1.2. DCs and the Immune Response to Pathogens

1.2.1. Role of DCs in the immune system

DCs are leukocytes derived from the bone marrow that take up residence in

tissues under steady state conditions (reviewed in Shortman and Liu 2002), and can be

recruited in large numbers to a particular site during an inflammatory response, so-

called “inflammatory” DCs. The inflammatory DCs are predominantly derived from

CCR2+ blood monocytes (Geissmann, Jung, and Littman 2003; Sunderkotter et al. 2004).

As shown in Fig. 3, in the current paradigm (reviewed in Shortman and Liu 2002), under

steady-state conditions, immature DCs or quiescent, mature DCs that present self-

antigens to T-cells are important in maintaining self-tolerance by inducing antigen-

specific T-cell apoptosis, anergy, or proliferation/activation of regulatory T-cells (Tregs;

Albert, Jegathesan, and Darnell 2001; Brocker 1997; Dhodapkar et al. 2001; Roncarolo,

Levings, and Traversari 2001; Steinman et al. 2000). Immature DCs are found in non-

lymphoid tissues, efficiently collect and process antigens, but do not express molecules

important in DC/T-cell interactions at a high level and are poor stimulators of T-cells.

Mature, quiescent DCs are found in lymphoid tissues, express some molecules

important in DC/T-cell interactions at a moderate level, but are not fully activated and

still have some capacity to collect and process antigens. When tissue damage or infection

occurs, DCs can become activated and prime antigen-specific naïve T-cells. Various

signals in the environment can alert the DC to the presence of foreign antigens,

promoting DC activation. For example, DCs can become activated in response to

recognition of pathogen-associated molecular patterns by pattern recognition receptors
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Figure 3. DCs and the T-cell response. When immature or mature, quiescent DCs come
into contact with T-cells, apoptosis or anergy in the T-cell can result. In addition, if IL-10
and/or TGF-β is produced from the DC, it can induce differentiation and proliferation of
Treg, which can suppress the immune response. Tissue damage or recognition of
pathogens can trigger activation of DCs, leading to rapid upregulation of molecules
important in DC/T-cell interactions and high levels of cytokine production. Fully
activated DCs can productively interact with T-cells to stimulate a TH1 or TH2 response.
In particular, the production of IL-12 by DCs is important in activation and proliferation
of TH1 cells. Triangles represent molecules important in DC/T-cell interactions, size
reflects level of surface expression. White ovals in mature DC represent increased
production of cytokines.

TregT-cell anergy
Apoptosis

T-cell

T-cell
TH1

TH2

Immature DC Mature, quiescent DC

Mature, activated DC

IL-10,

TGF-β



13

expressed by the DC, such as TLRs (reviewed in Kapsenberg 2003). In addition, DCs can

distinguish between cell debris generated by apoptosis under steady-state conditions

and externally induced cell death, becoming activated only by the latter (Gallucci,

Lolkema, and Matzinger 1999; Sauter et al. 2000). Proinflammatory cytokines and

prostoglandins can also promote DC activation (Jonuleit et al. 1997). Fully activated DCs

express high levels of molecules important in DC/T-cell interactions, and are potent T-

cell stimulators (reviewed in Shortman and Liu 2002).

Beyond the functional state of the DC (reflected by the level of surface expression

of MHC molecules and CD40, CD80 and CD86), other signals derived from the DC can

polarize the T-cell response (reviewed in Kapsenberg 2003). Secretion of IL-12 family

members, including IL-12, IL-23 and IL-27, as well as type I interferons, and cell-surface

expression of intercellular adhesion molecule 1 (ICAM1), promote a T helper cell type 1

(TH1) response, characterized by production of interferon γ and enhanced cell-mediated

immunity. A TH2 response, characterized by IL-4 production and increased humoral

immunity, can be enhanced by lack of IL-12 production, as well as DC expression of

monocyte chemotactic protein 1 (MCP-1) and OX40 ligands. DCs producing IL-10 and

transforming-growth factor-β (TGF-β) can promote the development of Tregs that

suppress the immune response. DCs are also important sources of proinflammatory

cytokines, such as TNF and IL-6, in vivo (Hope et al. 1995; Jarrossay et al. 2001; Kadowaki

et al. 2001; Koch et al. 1996).

 Different DC subsets can all arise from both myeloid and lymphoid precursors,

with a great deal of functional plasticity during differentiation (reviewed in Shortman

and Liu 2002). In the mouse, at least 6 different DC subsets have been identified, all of
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which express CD11c, but vary in their expression of CD8 and CD45, as well as other

markers. Among these, some important functional differences have been identified. For

example, among DCs classified as conventional DCs (those that effectively stimulate T-

cells), the CD8+CD45- DCs appear to be much more efficient at stimulating T-cells than

CD8-CD45- DCs, most likely because they produce greater amounts of IL-12. They are

also better at cross-presenting antigen than CD8-CD45- DCs. Another important

distinction is that CD8+ CD45+ DCs, so-called plasmacytoid DCs, appear to have little

role in T-cell activation, but are major producers of type I interferon in vivo (reviewed in

Liu 2005). It is difficult to relate the mouse subsets to human DCs ontogeny because

human DCs do not express CD8, but there are likely functional equivalents (Shortman

and Liu 2002).

1.2.2. Virus interference with DC function

Although many viruses, such as influenza (Bender et al. 1998), have little effect

on DCs, some viruses have evolved mechanisms to inhibit DC function in interesting

ways.  Herpes simplex virus (HSV) 1 and 2 may suppress DC function by inducing cell

death (Jones et al. 2003), which has the potential to impair the innate and adaptive

immune responses by removing a key mediator of inflammation. However, the impact

of this on the immune response may be limited by uninfected DCs that are activated

through signals in the local environment and can efficiently cross-present antigens.

Varicella zoster virus (VZV) interference with DC function has been suggested as one

mechanism that allows for persistent infection (Morrow et al. 2003). Interestingly, DCs

infected with measles virus not only fail to stimulate naïve T-cells, they suppress T-cell
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activation by other stimulators, which is believed to contribute to the profound immune

suppression observed in measles virus infection (Grosjean et al. 1997; Kaiserlian,

Grosjean, and Caux 1997; Steineur et al. 1998).  It has also been suggested that DC

paralysis may contribute to immune suppression during infections with

cytomegalovirus (CMV; Andrews et al. 2001), Ebola and Lassa viruses (Mahanty et al.

2003).

Several lines of evidence suggest that orthopoxviruses target DCs in vivo.

Electron micrographs from the site of VV inoculation of a human child showed virus in

a Langerhans cell (Nagao, Inaba, and Iijima 1976). MVs were present in lysosomes, but

only IVs were evident in the cytoplasm. In addition, Zaucha et al. (2001) reported that

when cynomolgus macaques were infected with aerosolized MPXV, the pathology

suggested that virus spread through the host via the lymphatic system. Interestingly, in

affected organs, macrophages and DCs (as well as epithelial cells and fibroblasts) were

the main cell types in which poxvirus antigens were detected. Studies on the effects of

intravenous infection of cynomolgus macaques with variola virus by Jahrling et al.

(2004) and aerosol infection of mice with ECTV (Roberts 1962), also noted pathology

consistent with spread through the lymphatics and concentration of viral antigens in

myeloid cells in tissues. Preferential targeting of myeloid lineage cells by

orthopoxviruses with the results of in vitro infection of human peripheral blood

mononuclear cells with VV and MVA (Chahroudi et al. 2005). In their study, both

viruses infected > 70 % of monocytes and > 50 % of DCs, but far fewer proportions of B-

cells and T-cells The consequences of orthopoxvirus infection of DCs for the immune

response are poorly understood.
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Because DCs are migratory, it is possible that they could contribute to viral

dissemination in the host. However, VV does not complete the replication cycle in

human DCs, although many other human cells are permissive for viral replication

(Chahroudi et al. 2005; Drillien et al. 2000; Engelmayer et al. 1999; Jenne et al. 2000).

Studies using VV expressing green fluorescent protein or β-galactosidase under control

of early, intermediate or late promoters suggest that early and intermediate, but not late

genes are expressed in human DCs (Chahroudi et al. 2005; Drillien et al. 2000;

Engelmayer et al. 1999; Jenne et al. 2000).  This is perplexing because electron

micrographs prepared by Nagao, Inaba, and Iijima (1976) showed IV in the cytoplasm of

a human Langerhans cell after inoculation with VV strain Lister. The presence of IV

requires expression of all temporal classes of viral genes (reviewed in Moss 2001). It is

possible that the late promoter chosen for the reporter gene could be less active in DCs

than in other cells, or there may be differences in gene expression among VV of different

strains or dependent on DC subtype. The ability of pathogenic orthopoxviruses to

express viral genes or replicate in DCs is currently unknown. However, it may not be

the same as VV. One study by Spohr de Faundez et al. (1995) recovered infectious ECTV,

which is highly virulent in mice, from mouse DCs after in vivo infection.

CD8+ DCs are essential to an effective immune response to VV in the mouse (Belz

et al. 2004). In vitro experiments have failed to show activation of T-cells by DCs directly

infected with MVA in the mouse (Behboudi et al. 2004) and human models (Drillien et

al. 2000; Drillien, Spehner, and Hanau 2004; Engelmayer et al. 1999; Jenne et al. 2000).

Both mouse and human DCs have been shown to efficiently cross-present VV antigens

to T-cells (Larsson et al. 2001; Ramirez and Sigal 2002), and studies in the mouse model
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suggest that adaptive immunity to these viruses is predominantly mediated through

cross-presentation of antigens (Basta et al. 2002; Behboudi et al. 2004; Drillien, Spehner,

and Hanau 2004). In the case of VV, this may be due in part to induction of cell death, as

infection of human monocyte-derived DCs induces apoptosis (Engelmayer et al. 1999;

Jenne et al. 2000). In addition, human DCs fail to upregulate molecules important in

DC/T-cell interactions after infection with VV, including CD40, CD80 and CD86

(Drillien et al. 2000; Engelmayer et al. 1999; Jenne et al. 2000), and do not produce

inflammatory cytokines (Drillien, Spehner, and Hanau 2004), although it is important to

note that all of these studies were performed 18-24 hr after infection, when many cells

were likely already dead. No studies on the viability of DCs after infection with MVA

have been reported, but it is possible that MVA also induces cell death because, despite

some increase in CD86 expression on the cell surface and production of inflammatory

cytokines suggesting DC activation, infected DCs are unable to stimulate T-cells

(Drillien, Spehner, and Hanau 2004). It is unknown how pathogenic orthopoxviruses

affect DC function.

1.3. Significance

DCs are important in both innate and adaptive immunity. During a viral

infection, their essential role in stimulating cell-mediated immunity through activation

of naïve T-cells is important because cell mediated immunity is important in clearance of

poxviruses (reviewed in Buller and Palumbo 1991). Many orthopoxvirus genes target

key DC functions, such as cytokine production and antigen presentation (reviewed in

Seet et al. 2003), and may exert maximal effect if expressed within the DC. Investigating
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how different orthopoxviruses interact with DCs could further our understanding of

mechanisms of viral pathogenesis, as well as provide insight into vaccine design. In

addition, little information is available on the effects of different orthopoxviruses on

human DCs, and even less for mouse DCs. As mice are often used as a preclinical model,

it is important to determine if orthopoxviruses have similar effects on mouse and human

DCs.

CPXV is ideally suited for investigation of the effects of orthopoxviruses on

mouse DCs because it encodes one of the largest and most complete arrays of genes

accessory to viral replication among orthopoxviruses, and is naturally found in mice

(Chantrey et al. 1999). In addition to CPXV, VV strain Western Reserve (referred to as

VV unless otherwise noted) and VV strain MVA were also used in the following studies.

MVA was included because it is a promising vaccinia-based vaccine vector, and is often

tested in the mouse model. VV is commonly used as a prototypical example of the

species, and is one of the few VV subspecies that can be lethal in an intranasal mouse

model of infection (Turner 1967). By virtue of its large array of genes accessory to viral

replication, CPXV could be expected to alter DC function in distinct ways from VV and

MVA, which could have implications for in vivo infection. To test this hypothesis, the

effects of these viruses on mouse bone marrow-derived DCs (BMDCs) were investigated

in vitro (Chapter 3). These studies revealed many differences in the effects of CPXV, VV

and MVA on DCs, one of which, the ability of CPXV to induce IL-10, was further

investigated in a C57BL/6 mouse model of respiratory infection (Chapter 4).
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2. Materials and Methods

2.1. Cell Culture

Human osteosarcoma 143B cells were maintained in minimum essential medium

(MEM; Invitrogen, Carlsbad, CA) supplemented with 5 % fetal bovine serum (FBS;

Hyclone, Logan, UT). Syrian baby hamster kidney BHK-21 (BHK) cells were maintained

in MEM alpha (Invitrogen) supplement with 5 % FBS. African green monkey kidney

Vero cells were maintained in MEM supplemented with 10 % FBS, 1 mM sodium

pyruvate (Invitrogen) and 1x non-essential amino acids (Invitrogen).  Mouse

monocyte/macrophage RAW 264.7 (RAW) cells were maintained in RPMI-1640

(Invitrogen) supplemented with 5 % FBS.

2.2. Reagents

Ammonium chloride lysis media was made with 157mM NH4CL and 17mM

Trizma base in sterile, distilled water and adjusted to pH 7.2. The solution was passed

through a 22 µm filter to sterilize, and stored in the dark at room temperature. DC media

consisted of RPMI-1640 supplemented with 100 u/ml penicillin, 100 mg/ml

streptomycin, 1mM sodium pyruvate, 1x MEM non-essential amino acids, 0.5x MEM

essential amino acids, 10 mM HEPES, 2 mM L-glutamine, 55 mM β-mercaptoethanol (all

from Invitrogen) and 5% heat-inactivated FBS (inactivated by heating to 55°C for 30

min). Lyophilized recombinant mouse IL-4 and GM-CSF (R&D Systems, Minneapolis,

MN) were suspended in sterile, distilled water at 10 pg/ml and frozen in small aliquots
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at -80°C. Aliquots were thawed and kept at 4°C for up to one month. Trioxsalen (4’-

Aminomethyl-Dihydrochloride) was diluted in sterile, distilled water to 1 mg/ml, filter

sterilized, divided into small aliquots and stored at -20°C. Lyophilized LPS from

Escherichia coli 0111:B4 (InVivoGen, San Diego, CA, cat. No. tlrl-eblps), a TLR4 agonist

was reconstituted at 5 mg/ml with sterile endotoxin-free water (provided with LPS) and

frozen in small aliquots at –20°C. A working solution was made by diluting the stock

with sterile endotoxin-free water to 100 µg/ml, which was stored at 4°C for up to one

month. Lyophilized Pam3CSK4 (InVivoGen, cat. no. tlrl-pms), a TLR2/TLR1 agonist, was

reconstituted at 1 mg/ml with sterile endotoxin-free water (provided with Pam3CSK4)

and frozen in small aliquots at –20°C. A working stock was made by diluting the stock

to 100 µg/ml with sterile endotoxin-free water, which was frozen in small aliquots at

–20°C. Lyophilized ODN 1826 (InVivoGen, cat. no. tlrl-modn), an unmethylated

oligonucleotide with CpG motifs that stimulates mouse TLR9, was reconstituted at 500

µM in sterile endotoxin-free water (provided with ODN 1826) and stored at –20°C.

Laemmli sample buffer (LSB) was made with 60 mM Tris-Cl, 5 % glycerol, 2 % SDS, 1

mM DTT and 0.002 % bromophenol blue in water. Protease inhibitors were added by

dissolving 1 complete mini protease inhibitor cocktail tablet (Roche Applied Science,

Indianapolis, IN) in 5 ml LSB. LSB with protease inhibitors was frozen in small aliquots

at –20°C. Tank buffer was made of water containing 25 mM Tris, 192 mM glycine and 0.1

% SDS. Towbin Buffer was made of water containing 25 mM Tris, 200 mM Glycine and

20 % methanol. Tris buffered saline with tween (TTBS) was made of water containing 20

mM Tris, 150 mM saline, pH 7.5 with 0.05 % Tween-20. Collagenase, crude, type 1A

(Sigma- Aldrich, St. Louis, MO, cat. no. C2674) was reconstituted to 10 mg/ml and
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frozen at –20°C. DNAse I, from bovine pancreas (Sigma, cat. no. DN25) was

reconstituted with sterile, distilled water to 20 mg/ml and stored in small aliquots at

–20°C. Lyophilized recombinant mouse IL-10 (provided with OptEIA ELISA set, BD

Biosciences) was reconstituted with 1 ml sterile, distilled water to 175 ng/ml and frozen

in small aliquots at –80°C. SuperBlock consisted of PBS, pH 7.4 containing 4 % BiPro

original instant whey protein isolate supplement (Davisco Food Intl., Eden Prairi, MN),

15 % normal goat serum, 0.05 % Tween-20 and 0.05 % sodium azide. ELISA Substrate

Buffer consisted of 50 mM carbonate-bicarbonate and 10 mM magnesium chloride, pH

9.6 with 1 tablet of 4-Nitrophenyl phosphate disodium salt hexahydrate (pNPP; Sigma)

per 15 ml.

2.3. Generation of Mouse BMDCs

Bone marrow cells were harvested and cultured into BMDCs based on

previously described protocols (Inaba et al. 1992; Lee et al. 2005).  8 – 16 wk old C57BL/6

female mice were euthanized by isoflurane inhalation overdose. The sternum, femurs

and tibias were removed from the mouse, cleaned with sterile gauze and placed into ice

cold RPMI-1640.  The bones were suspended in 70 % ethanol for 2 min at room

temperature for decontamination, then washed twice and resuspended with cold RPMI-

1640. The bones were sorted by kind into separate 6 cm dishes containing 5 ml cold

RPMI-1640. Sternums were processed by smashing with a wide hemostat until all visible

marrow was released into the media. Tibias were processed by cutting the smaller,

white end off the bone, then inserting a 23 gauge needle into the opposite side and

flushing with media until the marrow came out. Femurs were processed by cutting the
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hocks off and flushing with media through a needle inserted into the opposite end.

Bones were discarded, and the media with marrow was pulled through the needle 2 – 3

more times then transferred to a 50 ml tube through a 70 µm sterile cell strainer to

dissociate cells. The cells were centrifuged at 125 x g (approximately 1200 rpm in a

tabletop centrifuge) at 4 ° C for 5 min and the supernatant was aspirated. Cells were

suspended in 7.5 ml ammonium chloride lysis media for 3 min at 37 °C to lyse RBCs, ant

then the tube was filled with cold RPMI-1640 media to stop lysis. Cells were centrifuged

as above, and resuspended in 10 ml DC media. The number of viable cells was

determined by trypan blue exclusion. DC media supplemented with 10 ng/ml each of

recombinant mouse IL-4 and GM-CSF was added to adjust the cell concentration to 1 x

106 cells/ml, and 3 x 106 cells per well were plated in 6-well tissue culture plates. Cells

were incubated at 37°C with 5 % CO2 for three days, at which point the floating cells

(which were reported by Inaba 1995 to be predominantly polymorphonuclear

neutrophils, or PMNs) were removed by aspirating the media and washing gently with

RPMI-1640. Cells were replenished with DC Media supplemented with 10 ng/ml IL-4

and GM-CSF and incubated for three more days. The nonadherent cells were harvested

with the culture media into a 50-ml tube, centrifuged and resuspended at 106 cells/ml in

DC Media without cytokines. 0.125 x 106, 0.5 x 106, 1 x 106 or 2 x 106 cells were plated in

96-well, 24-well, 12-well or 6-well plates, respectively, for the following assays. Cells

were allowed to equilibrate at 37°C for at least 30 min, during which time most of the

cells adhered to the plate consistent with an immature DC phenotype.
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2.4. Viruses and Virus Stock Preparation

The viruses used in these studies include: wild type CPXV strain Brighton Red,

VV strain Western Reserve (from ATCC) and MVA (kindly provided by Dr. Bernard

Moss, NIH). MVA was grown through plaque purification four times by Heather Lynch

(Pickup laboratory, Duke University).

All virus stocks were purified by velocity gradient centrifugation based on

previously reported techniques (Earl et al. 1998; Joklik 1962). Vero cells were used to

propagate CPXV and VV; BHK cells were used to propagate MVA. Ten to twelve roller

bottles of semi-confluent cells were infected with 0.5 PFU/CELL in a total volume of 5

ml media without supplements for 45 min at 37°C. Media with supplements was added

and the cells were incubated for 36-48 hr, until the majority of cells displayed cytopathic

effects (small, rounded up) and approximately half were detached, at which point the

culture media was slightly orange. The roller bottles were frozen in their sides at -20°C,

then the cells were scraped off with the frozen culture media by vigorously swirling the

roller bottle. The roller bottles were thawed at 37°C, and the contents transferred to

sterile GSA bottles, which were centrifuged at 16,000 x g (10,000 rpm in a GSA rotor) for

30 min at 4°C. The pellets were resuspended in sterile, cold 10 mM Tris-Cl, pH 9.0,

transferred to a 50-ml tube and frozen at -80°C. After thawing at 37°C, the infected cells

were lysed with 35 strokes of a B-type pestle in a Dounce homogenizer and transferred

to sterile SS-34 bottles. Nuclei were removed by centrifugation at 300 x g (1600 rpm in

SS-34 rotor) for 5 min at 4°C. Supernatants were careful removed to fresh 50-ml tubes,

the pellet was washed once with 10 mM Tris-Cl, pH 9.0 and the supernatant combined

with the first. The supernatant was divided amongst 50-ml tubes so that no more than 10
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ml was present in each tube, then each were sonicated three times on ice for 1 min,

cooling on ice in between. The supernatant was then layered carefully over 17 ml of a

sterile 36 % sucrose cushion (in 10 mM Tris-Cl, pH 9.0) in a SW-27 tube and centrifuged

at 33,000 x g (14,000 rpm in SW-27 rotor) for 80 min at 4°C.  The supernatant was

discarded and the white virus pellet resuspended in a minimal volume of 10 mM Tris-

Cl, pH 9.0 and transferred to a 50-ml tube. The virus was sonicated for 45 s on ice, then

layered gently onto a 24 – 40 % sucrose gradient (made one day prior by gently layering,

from the bottom up, 6.8 ml each of sterile 40, 36, 32, 28 and 24 % sucrose in 10 mM Tris-

Cl, pH 9.0). Virus was banded in the sucrose gradient by centrifugation at 26,000 x g

(12,000 rpm in SW-27 rotor) for 50 min at 4°C. One milky white viral band was observed

approximately 2/3 from the top of the tube for VV and CPXV; for MVA, there was a

closely spaced doublet. Aishwarya Canniputhur isolated these two MVA bands

separately and analyzed them by SDS-PAGE with coomassie blue staining, which

showed no difference in protein content (Pickup laboratory, Duke University).

Removing the sucrose above the bands, and then transferring the bands to a sterile GSA

bottle collected the virus bands. The remaining virus pellet was resuspended, sonicated,

centrifuged through another gradient and the virus band combined with the first. There

was generally no visible virus pellet after the second gradient. The virus was diluted in

an excess of 10 mM Tris-Cl, pH 9.0 and centrifuged at 32,900 x g (24,000 rpm in SW-27

rotor) for 45 min at 4°C to pellet virus. Virus was suspended in a minimal volume of

Tris-Cl, pH 9.0, divided in small amounts, and frozen at -80°C. Previously unthawed

virus was generally used for the following experiments.
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All virus stocks were checked for bacterial contamination by plating 100 – 200 µl

on a chocolate agar plate. The plate was incubated at 37 °C for 2-3 days. Carol Ray

assayed stocks for mycoplasma contamination (Pickup laboratory, Duke University).

The absorbance at 260 nm (A260) was determined as a crude measure of protein

concentration in each virus stock. The number of particles in each virus stock was

estimated using the formula that one A260 unit is equivalent to ~1.2 x 1010 particles/ml

reported by (Joklik 1962). Virus stocks had an average particle to PFU ratio of 100 ± 37

(SE).

2.5. Virus Stock Titration

To titer virus stocks, ten-fold serial dilutions were made in the appropriate media

(without supplements) for the cell line used. Typically, dilutions 10-4 through 10-9 were

used. In duplicate, 200 µl of each dilution were plated on semiconfluent BHK cells (for

MVA) or 143B cells (for VV and CPXV) in 6-well plates. The cells were incubated with

the inoculum at 37°C for 45 min, with rocking the plate at least every 10 min to prevent

the cells from drying out. The inoculum was aspirated and 2 ml of the appropriate

media with supplements were added to each well. Cells were incubated at 37°C for an

additional 24 – 36 hr.

For titration of VV and CPXV, a standard plaque assay was used (Earl et al.

1998). The culture media was removed and 0.5 ml of 0.15 % crystal violet in 20 % ethanol

was added to each well to fix and stain the cells for easy visualization of plaques. The

dye was incubated with the cells for 5 min at room temperature with frequent rocking of
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the plate, then removed. The plaques were counted on a light box, placing a pen mark

over each counted plaque to prevent multiple counts.

MVA was titrated by immunostaining of infected cells as previously described

(Ramirez, Gherardi, and Esteban 2000). The culture media was removed, and 2 ml per

well of a mixture of 1 part acetone to 1 part methanol was added to fix the cells. After 5

min incubation, the cells were rinsed twice with D-PBS, and incubated for 2 hr at room

temperature or overnight at 4°C with 2 ml per well of a 1:1000 dilution of purified rabbit

polyclonal anti-vaccinia virus strain Lister (Meridian Life Science, Inc., Saco, ME

[formerly Biodesign International], cat. no. B65101R) in D-PBS containing 3 % FBS. The

cells were washed three times for 5 min at room temperature on a rocker platform with

D-PBS, then incubated for 2 hr with biotinylated goat anti-rabbit antibody, followed by

washing as above, and incubation with ABC reagent for 1 hr. The secondary antibody

and ABC reagent were from an Elite Rabbit IgG Vectastain ABC Kit (Vector

Laboratories, Burlingame, CA, cat. no. PK-6101) and were prepared with D-PBS

according to the manufacturer’s instructions. Cells were washed again, and staining foci

were visualized by 10 min incubation with the SigmaFastTM 3,3’diaminobenzidine (DAB)

tablet set as a peroxidase substrate (Sigma). Foci were counted as above.

2.6. Inactivation of Virus

For inactivation, virus was suspended in Hanks Balanced Salt Solution (HBSS;

Invitrogen) containing 0.1 % bovine serum albumin (BSA), fraction V (Sigma). Virus was

inactivated with long-wave UV light based on a previously described protocol (Tsung et

al. 1996). To aid cross-linking of DNA in viruses exposed to UV light, 2 µg/ml trioxsalen
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was added. In a biological safety cabinet, 1 ml of virus was placed in a 35 mm tissue

culture dish with the lid off. The virus was exposed to long-wave UV light (366 nm)

using a hand-held UV lamp suspended 3” above the dish (which delivered 290 µW/cm2

as measured with a UV meter) for 8 min, which was previously determined to be the

minimum time required to abolish plaque formation in this manner by Heather Lynch

(Pickup laboratory, Duke University). Virus was inactivated with heat as described

(Harper et al. 1978). Virus was heated to 55°C for 1 hr. This was sufficient to abolish viral

replication for MVA and CPXV, but an additional 1 hr of heating was required to

inactivate VV. After inactivation, viruses were stored at -80°C.

Inactivated viruses were titrated by plaque assay as described above to verify

that replication was abolished. Undiluted heat-inactivated viruses had no gross

cytopathic effects on cells, but undiluted UV-inactivated virus induced cell rounding

and death in dilutions higher than 1:4, an effect that has been described before (Tsung et

al. 1996). No PFU were detected for any of the inactivated viruses used. The level of

detection for heat-inactivated viruses was 25 PFU/ml, and for UV-inactivated viruses

was 50 PFU/ml. Because inactivated virus had no detectable PFU, the amount of

inactivated virus used was based on the particle number. A number of particles

equivalent to that of the live virus was used for all assays, and the inactivated virus

stock was usually made from the same stock as the live virus used for a particular assay.

2.7. Infection of BMDCs

BMDCs in 96-, 24-, 12- or 6-well plates were centrifuged at 125 x g and the

supernatant aspirated. 25, 50, 100 or 200 µl (respectively) per well of virus diluted in
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RPMI-1640 was added to the cells, followed by incubation at 37°C for 45 min, with

rocking at least every 10 min to prevent drying out. For most assays, inoculum was not

removed and 75 µl, 0.5, 1 or 2 ml (respectively) of DC media without cytokines was

added. However, for one-step viral growth assay, the cells were centrifuged again and

the inoculum was removed prior to addition of media. Cells were mock infected with

media alone using the same volume as the inoculum as a negative control.

2.8. Infection of RAW Cells

On the day of infection, 106 RAW cells per well were plated in 12-well plates and

allowed to equilibrate at 37°C for at least 30 min, during which time the majority of the

cells adhered to the plate. The media was aspirated, and virus diluted in a total volume

of 100 µl RPMI-1640  was added to each well. Cells were incubated at 37°C for 45 min,

and then 1 ml of media was added per well without removing the inoculum. Cells were

mock infected with media alone using the same volume as the inoculum as a negative

control.

2.9. Treatment of Cells with TLR agonists

In parallel with viral infections, cells were mock-infected with media containing

either 1 µg/ml LPS or a combination of 1 µg/ml Pam3CSK4 and 5 µM CpG using the

same volume as the inoculum as positive controls for cell activation. The TLR agonist

was not removed prior to addition of the media after the mock infection.
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2.10. Metabolic Labeling

BMDCs were infected with 10 PFU/cell or an equivalent number of particles of

inactivated virus. As controls, BMDCs were also treated with media alone, Pam/CpG,

or media containing the same amount of trioxsalen contained in UV-inactivated virus

preparations. RAW cells were infected with 10 PFU/cell or treated with media alone as a

negative control. Newly synthesized proteins in BMDCs and RAW cells were

radiolabeled as previously described (Chahroudi et al. 2006).  Infected cells in 12-well

plates were centrifuged at 125 x g at room temperature for 5 min. The supernatant was

aspirated, and cells were washed once with RPMI-1640 without methionine, cystein and

L-glutamine (Sigma).  Cells were then pulsed with 30 µCi/ml of PRO-MIX [35S] (GE

Healthcare Life Sciences [formerly Amersham], Piscataway, NJ) or Tran [35S]-label (MP

Biomedicals, Solon, OH) in RPMI-1640 without methionine, cystein and L-glutamine for

30 min.  For some experiments, cells were washed once with RPMI-1640 and fresh media

was added to the cells as a chase following the pulse.  For harvest of cell lysates, cells

were centrifuged as above. The supernatant was removed, cells were lysed into 50 µl of

LSB and then transferred to a microcentrifuge tube. Samples were immediately heated

to 100°C for 5 min, then vortexed for 30 s and frozen at -20°C for storage.

Proteins were resolved by SDS-PAGE. Samples and a 1:15 dilution of 14C

Rainbow Marker (Amersham) in LSB were heated to 100°C for 5 min, cooled on ice and

centrifuged briefly. 5 µl of sample and marker, as well as LSB for any empty lanes, were

loaded onto an 8 – 16 % Tris-Glycine gel (Invitrogen) and run at 125 V for 90 min in

Tank Buffer for SDS-PAGE. For some gels, higher amounts of certain samples were used

to adjust the protein loading. The gels were fixed for 15 min at room temperature in
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water containing 50 % methanol and 7 % acetic acid, then washed three times for 5 min

each in sterile, distilled water. To compare protein loading among samples, the gels

were incubated for 1 hr with Gelcode Blue Stain Reagent (Pierce Biotechnology Inc.,

Rockford, IL) at room temperature. The gels were dried in a gel dryer with vacuum for

2.5 hr at 75°C and exposed to x-ray film for various amounts of time. The film was

developed manually using developer and fixative reagents.

2.11. Western Blot Analysis

BMDCs and RAW cells were infected with 10 PFU/cell of cowpox virus or mock

infected with media alone in 12-well plates. The cells were centrifuged at 125 x g at 4°C

for 5 min 6 and 22 hr after infection. The supernatant was removed and the cells were

lysed into 50 µl LSB and transferred to a microcentrifuge tube. Samples were

immediately heated to 100°C for 5 min, then vortexed for 30 s and frozen at –20°C.

Proteins were resolved by SDS-PAGE. Samples (1:10) and biotinylated molecular weight

markers (1:50; Sigma) were diluted in LSB and heated to 95°C for 1 min, and then 5 µl

were loaded onto a polyacrylamide gel with a 4 % stacking gel and a 10 % running gel.

After the proteins were electrophorectically separated on the gel, they were transferred

to a Protran nitrocellulose membrane (PerkinElmer Life and Analytical Sciences, Boston,

MA) at 75 mA for 1 hr in cold Towbin Buffer. The membrane was blocked for 1 hr at

room temperature with TTBS containing 5 % Blotto non-fat dry milk (Santa Cruz

Biotechnology, Santa Cruz, CA), and then incubated with TTBS containing 0.25 %

gelatin type A from porcine skin (Sigma) and a 1:5000 dilution of rabbit polyclonal anti-

Marchal Body (which recognizes the CPXV major ATI protein (Patel, Pickup, and Joklik
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1986) for 1 hr at room temperature. The membrane was washed four times for 5 min

with TTBS, and then incubated with TTBS containing 0.25 % gelatin and a 1:10,000

dilution of goat anti-rabbit IgG-HRP (Amersham Biosciences, Piscataway, NJ) for 1 hr at

room temperature. The membrane was washed as above and developed with

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Waltham, MA).

Autoradiography was used to detect the specific proteins.

2.12. One-step Virus Replication Assay

BMDCs in 12-well plates were infected with an MOI = 4. 6, 12, 24 and 48 hr after

infection, cells were scraped off the well, transferred with the culture media to a

microcentrifuge tube, and frozen at –20°C. Cells were thawed at 37°C, and then

sonicated on ice for 1 min three times. Cells were diluted ten-fold in media and titrated

as described for virus stocks.

2.13. Collection of Cell Culture Media

BMDCs were infected with an MOI = 1, 5 or 10 or the equivalent number of

particles of inactivated virus. RAW cells were infected with 10 PFU/cell. Cells were also

treated with media alone, LPS and/or Pam/CpG as negative and positive controls for

cytokine production, respectively. At various times after infection, the cells were

centrifuged for 5 min at 4°C and the supernatant transferred to a microcentrifuge tube.

Supernatants were stored at –80°C until use, and were only thawed once.
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2.14. Electron Microscopy

4 x 106  BMDCs in 6-well plates were infected with 10 PFU/cell or treated with

media alone. 24 hr later, cells were scraped off the plate and transferred to a 15-ml tube.

Cells were centrifuged at 125 x g, washed once with D-PBS, and resuspended in 500 µl of

4 % gluteraldehyde in a microcentrifuge tube. Samples were submitted to the Duke

Electron Microscopy Service for staining and sectioning. A transmission electron

microscope was used to analyse the sections.

2.15. Trypan Blue Exclusion

To determine the number of viable BMDCs, 100 µl cells were combined with 150

µl D-PBS and 250 µl 0.4 % trypan blue (Sigma). Cells that did not stain were counted

using a hemacytometer. To determine the number of viable cells after infection, BMDCs

in 12-well plates were infected with 10 PFU/cell. 6 and 12 hr later, cells were scraped off

and the number of viable cells determined by trypan blue exclusion as above.

2.16. Mice

C57BL/6NCrl female mice were purchased from Charles River Laboratories

(Wilmington, MA).  C57BL/6J and B6.129P2-Il10tm1Cgn/J female mice were purchased

from Jackson Laboratories (Bar Harbor, ME).  Mice used for bone marrow harvest were

between 12 and 24 wk old. Mice used for in vivo infection were at least 8 wk old adult

mice. Duke Laboratory Animal Resources housed mice. Procedures for the care and use

of animals were conducted in accordance with the National Institutes of Health
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guidelines and animal protocols approved by Duke University’s Institutional Animal

Care and Use Committee.

2.17. Infection of Mice

Mice were anesthetized in a euthanasia chamber by delivery of 5 % isoflurane in

oxygen using a precision vaporizer. The mouse’s mouth was closed, and virus diluted in

a total volume of 30 µl D-PBS was slowly placed on the nose. The mouse was held until

all of the inoculum was inspired. Mice were mock infected with D-PBS alone using the

same volume as the inoculum. Mice were observed until they woke up from the

anesthesia.

2.18. Identification of Mice

For most experiments, mice were marked with various numbers of lines on the

tail with a black permanent marker (VWR, Wester Chester, PA) to identify each

individual in a cage. Marks were redone as needed throughout the experiment. For

some long-term experiments, mice were tagged on the ear with an identifying number.

However, this was only done when absolutely necessary because one IL-10 deficient

mouse had a bad reaction to the ear tag.

2.19. Mouse Clinical Signs

Mice were monitored for weight daily after infection. Weight was determined by

placing the mouse in a 50-ml tube and quickly measuring on a scale. For some
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experiments, temperature was measured with a rectal thermometer and/or mice were

scored on a clinical signs index (CSI). For the CSI, a score of 0 = no clinical signs, 1 =

ruffled fur, 2 = 1 + hunch, 3 = 2 + little locomotion, 4 = 3 + little response to stimuli.

2.20. Serum Collection

100 – 200 µl of whole blood was collected from live mice using the

submandibular bleeding method. A sterile lancet was used to puncture one of the

submaxillary veins and blood collected into a microcentrifuge tube. The mouse was

observed to ensure the wound clotted after bleeding. Blood was allowed to clot at room

temperature for at least 20 min, and then centrifuged at maximum speed in a

microcentrifuge for 15 – 20 min. The serum (supernatant) was transferred to a clean

microcentrifuge tube and frozen immediately at –80°C. The pellet was discarded.

2.21. Broncheoalveolar Lavage

Mice were euthanized by isoflurane overdose. The trachea was cannulated with

an 18-gauge blunt end needle secured with unwaxed dental floss. The lungs were

flushed twice with 2 ml D-PBS or PBS, pH 7.4 using a 1-ml syringe, and the

broncheoalveolar lavage fluid (BAL) was collected into a 15-ml tube. The BAL was

centrifuged at 125 x g for 5 min at 4°C, then divided in small amounts and frozen at -

80°C.
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2.22. Lung Cell Isolation

Lung cells were isolated as described (Lin et al. 2008). BAL was collected, and

then the lungs were perfused with 3 ml of D-PBS  or PBS, pH 7.4 through the right

ventricle. Lungs were removed and placed in a 6-cm tissue culture dish. For infected

mice, one lung (usually the right lung) was used. For mock-infected mice, both lungs

were used. Lungs were minced with curved scissors and suspended in 5 ml HBSS

without calcium and magnesium containing 5 % FBS, 10 mM HEPES (Invitrogen), 1

mg/ml collagenase and 0.2 mg/ml DNAse. After incubating at 37°C for 30 – 40 min, the

digest was stopped by addition of 1 ml of cold 120 mM EDTA in HBSS. Cells were

dissociated through a 70 µm cell strainer using the plunger from a 5-ml syringe and

transferred to a 15-ml tube. 3 ml of 18.23 % nycodenz in RPMI-1640 supplemented with

5 % FBS and 10 mM HEPES was carefully layered under the cells. After centrifugation at

220 x g (1,600 rpm in a tabletop centrifuge) for 20 min at room temperature with the

brake off, the low-density cells at the interface were collected into a clean tube. The

nycodenz was diluted with an excess of HBSS containing 5 % FBS, 10mM EDTA and

10mM HEPES (HBSS-5), and the cells were centrifuged at 125 x g for 5 min. RBS were

lysed by resuspending the cells in 1 ml of either RBC lysis media (Sigma) for 5 min at

room temperature, or AKC lysis media for 1 min at room temperature. The lysis was

stopped by addition of an excess of HBSS-5, the cells were washed once with HBSS-5

and resuspended in 2 ml HBSS-5. To remove DNA aggregates, cells were passed

through a 35 µm filter. The total number of cells was determined by counting undiluted

cells on a hemacytometer.



36

2.23. Organ Harvest

A “Y” incision was made across the abdomen and thorax of the mouse. For heart

and lung harvest, the ribs were cut up each side and both organs removed by pulling the

heart up and severing all connective tissue. The heart and lungs were then separated.

Only the leftmost lobe of the liver was removed. The spleen was removed in entirety.

The ovaries were removed with the fallopian tubes. To harvest the brain, the skin was

removed from the head and an incision was made through the back of the skull to the

top of the skull. The skull was peeled back and the brain gently detached. Organs were

collected prior to lung fixation, except for brain. All organs were placed on a weigh boat,

weighed immediately, placed in 5-ml tubes and frozen at –80°C.

2.24. Titration of Virus in Organs

For titration, organs were thawed at room temperature. Organs were titrated in

one of two ways. In the first method, based on a protocol typically used in the Ramsburg

Laboratory at Duke University, three times the w/v of PBS, pH 7.4 was added to each

organ. Organs were disrupted for approximately 30 s using a tissue homogenizer,

transferred to a clean tube and frozen at –80°C. The homogenates were sonicated three

times for 1 min each, then centrifuged at 125 x g and the supernatant transferred to a

new tube. The volume of the supernatant was measured prior to dilution. Supernatant

were diluted 1:5 and ten-fold thereafter. The viral titer in the supernatant was

determined as described above for virus stocks. The PFU/g organ was calculated by

determining the total number of PFU in the supernatant (assuming all PFU were in the
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supernatant) and dividing by the mass of the organ. The detection threshold of this

assay was typically around 30 PFU/g.

In the second method, recommended by personal communication with Mark

Buller, after addition of 1 ml of 10 mM Tris-Cl, pH 9.0, organs were homogenized for

approximately 30 s using a tissue homogenizer. For experiments with large numbers of

mice, Julie Cavanaugh helped disrupt the organs. The homogenate was transferred to a

clean tube and submitted to two more freeze/thaws.  After the last thaw, the

homogenate was sonicated for 30 s on ice immediately prior to dilution. The viral titer in

the homogenates was determined as described for virus stocks, except dilutions were

not plated in duplicate. The PFU/g organ was calculated by determining the total

volume of the homogenate (adding in the volume of the organ as determined based on

the density of the organ), determining the total PFU, and then dividing by the mass of

the organ. The detection threshold of this assay was typically about 400 PFU/g.

2.25. Lung Fixation

After harvest of spleen, liver, ovary and heart, curved Haalsted mosquito clamps

were used to divide one lung from the other. The right lung was removed for organ

titration. The left lung was inflated with 10 % neutral buffered formalin using one of two

methods: 1) If BAL was already performed, the lung was inflated by pushing the

formalin in through the cannula already in place until resistance was met. 2) If BAL was

not performed, the trachea was cannulated with PE90 polyethylene tubing connected via

the tubing from a 12-inch vacutainer brand blood collection set to a syringe containing

formalin, which was suspended at 25 cm. The formalin was withheld by clamping the
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tubing until the cannula was in place, then the clamp was removed to inflate the lung

with the appropriate amount of pressure. For both methods, after the lung was inflated

it was tied off with suture, removed and placed in 10 % formalin at 4°C for 2-3 days, at

which time the lungs were rinsed and placed in 70 % ethanol at 4°C until processing.

Fixed lungs were submitted to the Duke Immunohistochemistry Research Laboratory

for embedding, sectioning and staining with hematoxylin and eosin (H&E).

2.26. Flow Cytometry

The saturation concentration of each antibody was determined by staining cells

with various concentrations of each antibody individually, and the lowest concentration

of antibody that provided maximal staining of cells, based on the percentage of positive

staining cells, was used (Table 6). Live cells were phenotyped on a FASCS Aria flow

cytometer (BD Biosciences). Fixed cells were phenotyped on a LSR II flow cytometer (BD

Biosciences). Unstained cells and cells stained with each antibody, AV or 7AAD

separately were used to compensate the data. The data were analyzed using FlowJo

software (Tree Star).

Cells were stained based on a previously described protocol (Lin et al. 2008).

BMDCs and lung cells were washed twice with flow buffer (D-PBS containing 3 % FBS

and 10 mM EDTA for BMDCs; HBSS-5 for lung cells), then resuspended in flow buffer

containing 5% normal mouse serum, 5% normal rat serum (Jackson ImmunoResearch,

West Grove, PA) and 1% rat IgG2b,κ anti-CD16/CD32 (BD Biosciences, San Jose, CA) and

transferred to a U-bottom 96-well plate.  The cells were incubated on ice for at least 15

min, then antibodies (diluted in the same buffer as the cells) were added and the cells
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Table 2. Antibodies used for flow cytometry

Isotype Control or Antibody Vender: Cat. No. Conc. (µg/ml)
mouse IgG2a,κ-FITC BD1: 554647 1
rat IgG2a,κ-PE BD: 554689 4
Armenian hamster IgG-APC eB2: 17-4888 1
rat IgG2b,κ-PE-Cy7 BD: 552849 2
rat IgG2b,κ-AF700 eB: 56-4331 2
rat IgG2b,κ anti-mouse CD4-PE BD: 553049 1
rat IgG2a,κ anti-mouse CD8α-APC eB: 17-0081 1
rat IgG2b,κ anti-mouse CD11b-APC-Cy7 BD: 557657 1
Armenian hamster IgG anti-mouse CD11c-PE-Cy5.5 eB: 35-0114 0.5
Armenian hamster IgG1,κ anti-mouse CD11c-APC BD: 550261 1
rat IgG2a,κ anti-mouse CD19-PE-Cy5 BL3: 115509 1
rat IgG2a,κ anti-mouse CD40-PE BD: 553791 4
rat anti-mouse CD71-PE BD: 553267 2
Armenian hamster IgG2,κ anti-mouse CD80-PE BD: 553769 0.25
rat IgG2a,κ anti-mouse CD86-PE BD: 553692 0.25
mouse IgG2a,κ anti-mouse H-2Kb-FITC BD: 553569 1
rat IgG2b,κ anti-mouse Gr-1-PE-Cy7 eB: 25-5931 2
rat IgG2b,κ anti-mouse Gr-1-APC BD: 553129 0.8
rat IgG2a,κ anti-mouse I-A/I-E-FITC BD: 553623 0.25
rat IgG2a,κ anti-mouse I-A/I-E-AF700 eB: 56-5321 2
rat IgG2a,κ anti-mouse Ly6G-PE BD: 551461 1.33
mouse IgG2a,κ anti-mouse NK1.1-FITC BD: 553164 2.5

incubated for at least 20 min on ice.  Cells were centrifuged at 125 x g for 5 min at 4°C,

and quickly flicking the plate and blotting on clean paper towels discarded the

supernatant.  The cells were washed twice with flow buffer. Lung cells were

resuspended in flow buffer and analyzed immediately.  For some experiments, after

resuspension, flow buffer containing 4 % formaldehyde was added to a final

concentration of 2 % to fix the cells, and the cells were stored at 4°C and analyzed the

next day. BMDCs were resuspended in Annexin V binding buffer (10 mM HEPES, 140

                                                       
1 BD Biosciences
2 eBioscience, San Diego, CA
3 BioLegend, San Diego, CA
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mM NaCl,  2.5 mM CaCl2, pH7.4) containing  Annexin V-Pacific Blue (Invitrogen) and

Viaprobe (7AAD; BD Biosciences) and incubated for 15 min at room temperature, then

an equal volume of Annexin V binding buffer was added.

2.27. Measurement of Cytokines

Previously unthawed samples were thawed at room temperature and placed at

4°C until use. Cytokines were measured using a mouse IL-10 OptEIA ELISA set (BD

Biosciences), IL-6, IL-10, IL-12 (p70) and TNF Bio-Plex Assay, (Bio-Rad, Hercules, CA),

or IL-6, IL-10 and IL-17 Fluorokine MAP Kit (R&D Systems).

For the ELISA, 40 µl IL-10 capture antibody (provided with kit) was diluted in 10

ml fresh 0.2 M sodium phosphate, pH 6.5 and used to coat a 96-well EIA/RIA plate with

100 µl per well. The plate was incubated overnight at 4°C. The next day, the plate was

washed three times with PBS, pH 7.6 containing 0.1 % Tween-20 using an automatic

plate washer and blocked with 100 µl per well of D-PBS or PBS, pH 7.4 containing 10 %

heat-inactivated FBS (Sigma) for 1 hr at room temperature. The plate was washed three

times again as above prior to addition of standards and samples. Previously unthawed

recombinant mouse IL-10 stock was diluted to 2000 pg/ml for standard 1, and then was

diluted two-fold serially in RPMI-1640 containing 5 % FBS (for RAW cell samples) or D-

PBS containing 10 % heat-inactivated FBS (Sigma, for BAL samples) through standard 7.

Heat-inactivated FBS (Sigma) was added to BAL samples to a final concentration of 10

%. 100 µl standards (in duplicate) and samples (in triplicate) were added to wells and

the plate was covered and incubated at room temperature for 2 hr. As blanks, RMPI-

1640 containing 5 % FBS or D-PBS containing 10 % heat-inactivated FBS, for RAW
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samples and BAL samples, respectively, were also added in triplicate. The plate was

washed five times as above, and 100 µl per well of working detector was added. The

working detector was made by diluting 48 µl IL-10 detection antibody and 48 µl enzyme

reagent (both provided with kit) in 12 ml PBS, pH 7.4 containing 10 % heat-inactivated

FBS (Sigma). The plate was incubated for 1 hr at room temperature, washed seven times

as above, and 100 µl per well of 2, 2’ Azino-bis (3-athylbenzothiazoline-6-sulfonic acid;

Sigma) was added. The plate was incubated at room temperature, in the dark, for 30 min

and read immediately for absorbance at a wavelength of 405 nm.

For the Bio-Plex Assay, protein standards (provided with kit) were suspended in

500 µl DC Media to make a stock standard. 128 µl of the stock standard was diluted in 72

µl of DC Media to make the correct concentration for standard 1, then 1:4 serial dilutions

were made in DC Media through standard 10. The entire contents of the conjugated

beads (provided with kit) was diluted in 5,760 µl of Bio-Plex Assay Buffer (provided

with kit), the detection antibody was diluted in 2,700 µl Detection Antibody Diluent

(provided with kit), and the streptavidin-PE (provided with kit) was diluted in 5,940 µl

Bio-Plex Assay Buffer. The 96-well filter plate (provided with kit) was rinsed with 100 µl

per well of Bio-Plex Assay Buffer using a vacuum manifold, then 50 µl per well of the

diluted conjugated beads was added and the liquid aspirated. In duplicate, 50 µl of

standards and samples was added to the wells, including DC Media as a blank. The

plate was sealed and covered with foil. After shaking for 30 s at 9,000 rpm on an orbital

shaker, the plate was incubated at 3,000 rpm for 30 min at room temperature. The plate

was washed three times with 100 µl per well of Wash Buffer (provided with kit) using

the vacuum manifold to remove the contents of the wells, then 25 µl per well of the
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diluted detection antibody was added. The plate was shaken, incubated and washed as

above. 50 µl per well of the diluted streptavidin-PE was then added and the plate was

incubated as above for 10 min and washed three times above. After adding 150 µl per

well of Bio-Plex Assay Buffer containing 2 % formaldehyde, the plates was incubated as

above for 30 min, then the contents of the wells were removed and 125 µl per well of

Bio-Plex Assay buffer containing 2 % formaldehyde was added and the plate incubated

as above for 20 min. The contents of the wells were removed and the beads resuspended

in 125 µl Bio-Plex Assay buffer. The plate was read immediately on either a Bio-Plex 200

reader by Shaun Kirwan (Staats Laboratory, Duke University) or a Luminex 200TM

Analyzer by Jeffrey Hale (Sempowski Laboratory, Duke University).

For the Fluorokine MAP Kit, serum samples were diluted 1:4 in calibrator diluent

RD6-40 (provided with kit). Standard 1 was prepared by adding 0.9 ml of RD5K

calibrator diluent (for BAL samples) or RD6-40 calibrator diluent (for serum samples),

incubating for 15 min on an orbital shaker set to lowest speed, followed by diluting

three-fold in appropriate calibrator diluent through standard 7. 50 µl each of IL-6, IL-10

and IL-17 microparticle concentrates were diluted in 5 ml microparticle diluent 2 (all

provided with kit). 50 µl each of mouse IL-6, IL-10 and IL-17 biotin antibody

concentrates were diluted in biotin antibody diluent vial (all provided with kit). 55 µl of

strep-PE was diluted in 5.5 ml wash buffer (all provided with kit). The filter plate

(provided with kit) was rinsed with 100 µl per well of wash buffer using a vacuum

manifold. The diluted microparticles were gently vortexed and 50 µl per well added to

the plate. 50 µl per well of standards and the appropriate calibrator diluent as a blank (in

duplicate) and samples (not in duplicate) were added to wells, the plate was sealed with
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foil and incubated for 3 hr at room temperature on an orbital shaker set to 3,000 rpm.

After the plate was washed three times with wash buffer using a vacuum manifold to

remove the contents of the wells, 50 µl per well of diluted biotin antibody was added

and the plate incubated as above for 1 hr. The plate was washed as above, and 50 µl per

well of diluted strep-PE was added, followed by incubation as above for 30 min. The

plate was washed as above and incubated with 100 µl per well of wash buffer containing

2 % formaldehyde as above for 30 min. The contents of the well were removed, and 100

µl per well of wash buffer was added. The beads were incubated as above for 2 min, and

then read on a Bio-Plex 200 reader.

2.28. Antibody Endpoint Dilution

Recombinant B5R protein (Ramsburg Laboratory, Duke University) was diluted

to 0.2 µl/ml in 0.1 M sodium bicarbonate and used to coat ELISA plates with 100 µl per

well. Plates were incubated for 2 hr at room temperature, then washed twice with PBS,

pH 7.6 containing 0.1 % Tween-20 using an automated plate washer. To block plates, 100

µl per well of Super Block was added and the plate was incubated for 1 hr at room

temperature. Blocked plates were sealed with parafilm, frozen at –20°C and thawed at

room temperature before use. Plates were washed twice as above prior to addition of

samples. Serum samples were thawed at room temperature and serially diluted 25-fold

in SuperBlock. Dilutions one through twelve were typically used. In duplicate, 50 µl per

well of each dilution was added to the plate. Buffer alone was included as a negative

control, and serum with a known endpoint dilution of B5R was used as a positive

control for the assay. Plates were incubated at room temperature for 2 hr, and then
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washed three times as above. 100 µl per well of SuperBlock containing a 1:3000 dilution

of goat anti-mouse IgG-Alkaline Phosphatase (Sigma, cat. No. A3562) was added the

plate, and incubated for 1 hr at room temperature. The plate was washed four times as

above, followed by the addition of 100 µl per well of ELISA Substrate Buffer. The plate

was incubated for 45 min at room temperature in the dark, and then 25 µl per well of 1

M sodium hydroxide was added to stop the reaction. Plates were read at a wavelength

of 405 nm.

The endpoint dilution was determined by first averaging all blank wells, and

then multiplying that number by two. The duplicate sample dilution wells were then

averaged. If the average A405 of a sample dilution was more than twice the background,

it was considered positive. The endpoint dilution was designated as the lowest dilution

or a sample that was positive. The titer of the antibody in a sample was the reciprocal of

the endpoint dilution.

2.29. Statistics

For most assays, Prism (GraphPad Software, La Jolla, CA) was used to calculate

statistics and plot data. For data collected over time, two-way ANOVA with repeated

measures was used when repeated measures were taken from the same animals,

samples were harvested from the same cohort of animals at various times, or samples

from the same tissue culture preparation were harvested at various times. Two-way

ANOVA was used for all other time courses, usually required when one or more

samples had to be excluded due to technical problems. Bonferroni post-tests, a

modification on Tukey’s multiple comparison test, were used to compare all conditions
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collected at a given time. For comparison of more than two conditions at a single point

in time, one-way ANOVA was used with Tukey’s multiple comparison tests. For

comparison of two conditions, a two-tailed Student t test was used.
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3. CPXV Alters Mouse DC Function in Ways Distinct from
VV and MVA

Investigation of the effects of CPXV, VV and MVA on mouse DCs may prove

useful in the following ways. First, the mouse is often used as a preclinical model for

orthopoxvirus antivirals and vaccines (Bray et al. 2000; Buller et al. 2004; Quenelle,

Collins, and Kern 2003; Staib et al. 2006). DCs are critical to the formation of an effective

innate, adaptive and memory immune response through production of cytokines and

antigen presentation to naïve T-cells (Reviewed in Rossi and Young 2005; Shortman and

Liu 2002). By understanding how the viruses interact with DCs, genes may be identified

that could be removed from or added into MVA-based vaccine vectors to increase

stimulation of the immune system. In addition, understanding how viral genes are

expressed in mouse DCs could help optimize antigen expression in MVA-based vaccine

vectors. These studies could also identify new targets for orthopoxvirus therapeutics.

Second, DCs are important to many aspects of the immune system, and are

therefore a likely target of orthopoxviruses during infection. Many of the characterized

accessory genes encoded by orthopoxviruses target key aspects of DC function,

including cytokine production and antigen presentation (reviewed in (Seet et al. 2003),

and may exert maximal effect if expressed in DCs.  It is possible that DCs may provide a

potential model to screen for mechanisms of poxvirus immune evasion that have not

been previously identified in other cell types. CPXV is a suitable virus to use for this

purpose because it encodes one of the largest and most representative sets of accessory

genes among orthopoxviruses (section 1.1), naturally infects rodents (Begon et al. 1999),
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and can cause infections in humans (Coras et al. 2005; Willemse and Egberink 1985;

Wolfs et al. 2002).

The objective of the studies described in this chapter was to determine effects of

CPXV, VV (referring to strain Western Reserve, unless otherwise stated) and MVA

(modified VV strain Ankara) on conventional DCs because they are important in

generating a cytotoxic T-lymphocyte (CTL) response to VV (Belz et al. 2004). Because

CPXV encodes one of the largest and most representative sets of genes accessory to viral

replication, we hypothesized that CPXV would have mechanisms of modulating DC

function that VV and MVA lack. In order to test this hypothesis, an in vitro model of DC

infection was used to screen for differences in the replication of CPXV, VV and MVA in

DCs, and their effects on DC viability, expression of molecules important in DC/T-cell

interactions, and cytokine production.

3.1. Virus Replication Cycle in Mouse BMDCs

Large quantities of conventional DCs that satisfactorily recapitulate the

phenotype and functions of primary mouse DCs can be derived by culture of bone

marrow precursors with GM-CSF and IL-4 (Labeur et al. 1999). Cells obtained in this

manner efficiently present antigen and are potent stimulators of T-cell proliferation

(Labeur et al. 1999). They are perhaps most comparable to inflammatory monocyte-

derived DCs, Langerhans cells or interstitial DCs (reviewed in Shortman and Naik 2007).

Because DCs can mature over time or in response to mechanical manipulation,

DCs of different maturation states are present in the bone marrow cell culture (Inaba et

al. 1992), particularly when cultured with IL-4 in addition to GM-CSF (Labeur et al.
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1999). The main contaminating cells are bone marrow precursor cells, granulocytes and

macrophages (Inaba et al. 1992), which share a common bone marrow precursor with

DCs (Inaba et al. 1993). The granulocytes (mostly polymorphonuclear neutrophils, or

PMNs) arise early on, do not adhere to the flask, and are predominantly removed by

washing 2 – 4 days after culture. The macrophages are extremely adherent and do not

come off the flask with the gentle washing used to harvest the DC aggregates after 6

days of culture. The progenitor cells loosely adhere to the flask and some can be

removed when the DC aggregates are harvested (Inaba et al. 1993).

As there is currently no definitive study on the life cycle of CPXV, VV or MVA in

mouse DCs, these studies began with determining the ability of CPXV, VV and MVA to

express viral genes and assemble mature virions in mouse bone marrow-derived DCs

(BMDCs). The genes essential for viral replication are highly conserved among all

orthopoxviruses, but there are many genes accessory to viral replication that influence

host range. For example, MVA does not efficiently produce infectious virions in mouse

or human cells (Drexler et al. 1998) while CPXV and VV do. One might therefore predict

that MVA would not complete the replication cycle in mouse BMDCs. VV does not

replicate in human monocyte-derived DCs (Drillien et al. 2000; Jenne et al. 2000), so it

was not expected to replicate in mouse BMDCs. It was difficult to predict whether CPXV

would replicate in mouse BMDCs or not. It is a pathogenic mouse virus, and another

pathogenic mouse virus in the orthopoxvirus genus, ECTV, does produce infectious

virions from mouse DCs (Spohr de Faundez et al. 1995). Consistent with replication in

myeloid cells, ECTV spreads through the mouse after aerosol infection in a manner

suggestive of monocytic viremia (Roberts 1962). One study on CPXV introduced by the

aerosol route suggests that virus remains for the most part at the primary site of
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infection, but this localization may be dose-dependent (Martinez, Bray, and Huggins

2000).

For some experiments described in this chapter, viruses inactivated by UV or

heat treatment were used to determine the importance of viral protein expression to a

particular phenotype. Viruses inactivated by these means have different effects on the

host cell. Heat inactivated viruses do not express viral proteins or RNA, and do not

reduce cellular protein synthesis (Harper et al. 1978; Moss 1968). UV inactivation usually

abrogates synthesis of viral proteins, but, depending on the degree of inactivation, some

RNA can still be produced(Moss 1968; Tsung et al. 1996). Small nontranslated

polyadenylated RNAs trigger the reduction of cellular protein synthesis by live VV (Su

and Bablanian 1990). Similar RNAs can also be transcribed by UV-inactivated viruses,

and may account for the reduction of cellular protein synthesis observed after UV-

inactivation (Cacoullos and Bablanian 1991; Moss 1968). These experiments highlight

fundamental differences in UV- and heat-inactivated viruses. UV-inactivation of

infectivity prevents DNA replication by cross-linking nucleic acids. This may also

abolish RNA transcription depending on the amount of crosslinking. Any RNAs that are

transcribed are likely to be truncated. Heating inactivates the enzymes that initiate RNA

transcription, completely abrogating gene expression.

3.1.1. Cells generated from the culture of mouse bone marrow cells with GM-CSF and IL-4 have
a DC phenotype

 After isolation and culture of mouse bone marrow cells with GM-CSF and IL-4,

we confirmed that the majority of the cells (> 80 %) were CD11c+, with a small number

(~1 %) of Gr-1+ cells (Fig. 4A).  The CD11c+ cells also expressed MHC II (I-A/I-E allele)
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Figure 4. Cells generated from mouse bone marrow have a DC phenotype. Mouse
bone marrow cells were cultured with GM-CSF and IL-4. After harvest, cells were
stained and analyzed by seven color flow cytometry with 7AAD, Annexin V, CD11c,
MHC II (I-A/I-E allele), Gr-1, and MHC I (H-2kb allele), and either CD40, CD80, or
CD86. A, CD11c/Gr-1 staining profile of live cells. Live cells were gated at 7AAD-
Annexin V-, as shown in Fig. 11A. Number shown is the percentage of cells within the
CD11c+ or Gr-1+ gate. B, I-A/I-E staining profile of CD11c+ cells from Fig. 3A. Ig, isotype
control. Cells were gated as expressing low (lo) or high (hi) levels of MHC II as shown.
C, Expression of CD11c, CD40, CD80, CD86 and MHC I on MHC II high and low
expressing cells from Fig. 3B. (45.3 % and 54.7 %, respectively, in the sample shown).

consistent with a DC phenotype (Fig. 4B). The cells that did not stain with CD11c or Gr-1

were larger than lymphocytes (not shown), and were most likely some of the loosely

adherent pluripotent cells present in the culture or DC precursors not yet expressing
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CD11c, which would not be expected to interfere with the following assays due to their

undifferentiated state.

As shown in Fig. 4B, the BMDCs expressed MHC II at low or high levels, with

roughly equivalent numbers of cells in the two populations. When these populations

were considered individually, it was found that the MHC IIhi cells also expressed high

levels of CD11c, CD40, CD80, and CD86 (Fig. 3C). Similarly, MHC IIlo cells also

expressed low levels of these molecules. In contrast, MHC I expression on the surface of

MHC IIlo cells was higher than on MHC IIhi cells. This suggests that, as expected, there

may be DCs of different maturation states in the BMDC culture. Because these molecules

are often upregulated as a DC matures, it is possible that the cells expressing high levels

of MHC II, CD40, CD80 and CD86 are phenotypically mature DCs, while the cells

expressing these molecules at a low level are phenotypically immature DCs, in

agreement with previous reports of culture of BMDCs with IL-4 (Labeur et al. 1999).

However, as no activation stimuli have been added to the culture, the mature DCs are

most likely quiescent, (i.e., not producing cytokines, still able to collect and process

antigens, poor T-cell stimulators, as reviewed in (Shortman and Liu 2002).

3.1.1. No increase in infectious virions from mouse BMDCs over time

We first determined if mouse BMDCs are permissive for complete viral

replication. A one-step virus replication assay was performed. As shown in Fig. 5, there

was no increase in infectious virions after infection of BMDCs with CPXV, VV or MVA

over time. In permissive cells lines, titers could be expected to increase several logs

within a day. Instead, the amount of infectious virions obtained from the cultures

remained at similar levels for at least 48 hr. The titer most likely reflects residual input
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virus. This provides no evidence for efficient replication of CPXV, VV or MVA in mouse

BMDCs.

Figure 5. CPXV, VV and MVA do not efficiently produce infectious virions from
mouse BMDCs. BMDCs were infected with 4 PFU/cell of CPXV, VV or MVA. At the
indicated times post-infection, cells were harvested with the media and infectious virus
titrated. Bars represent the SEM of two to five experiments.

3.1.2. All temporal classes of viral genes are expressed in mouse BMDCs

Although CPXV, VV and MVA do not efficiently complete their replication

cycles in mouse DCs, they may express viral genes. BMDCs were infected with CPXV,

VV and MVA, and newly synthesized proteins were radiolabeled at various times after

infection. The proteins in the cell lysates were resolved by SDS-PAGE, and visualized

with autoradiography. As shown in figure 6A, several proteins are synthesized after
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 Figure 6. CPXV, VV and MVA express all temporal classes of viral genes in mouse
BMDCs. BMDCs were infected with a 10 PFU/cell of CPXV, VV or MVA (A); a number
of particles of UV- (C) or heat-inactivated virus (D) equivalent to that found when 10
PFU/cell of live virus was used; or mock-infected with media alone or with psoralen or
a cocktail of Pam/CpG (B).  Cells were pulsed with L-[35S] methionine for 30 min prior
to harvest at indicated time post-infection.  Proteins in cell lysates were resolved by SDS-
PAGE and visualized by autoradiography.  Protein loading was similar between
samples as verified by coomassie blue staining. M, molecular weight markers; hpi, hours
post-infection; H, example of host protein. Data are representative of three experiments.



54

infection with CPXV, VV and MVA that are not synthesized in uninfected controls.

Notably, the precursor of viral protein 4a (P4a), which is expressed late during infection,

is present by 4 hr after infection with MVA, and 6 hr after infection with VV and CPXV.

All three viruses reduce overall cellular protein synthesis in BMDCs, which is evident

when the level of a host protein with apparent molecular mass close to 46 kDa (“H” in

Fig. 6) over time is considered. The level of this protein is already reduced relative to

uninfected controls (Fig. 6B) by 2 hr after infection with MVA, and is also reduced by 4

hr after infection with VV and CPXV (Fig. 6A). By 8 hr post-infection the host protein is

hardly detectable in virally infected samples.

Viruses inactivated by long-wave UV light in the presence of psoralen (UV-

inactivated) or heating to 55°C for 1 hr (heat-inactivated), which have no detectable PFU,

were also assayed for viral gene expression and reduction of cellular protein synthesis

by metabolic labeling of infected BMDCs. UV- and H-inactivated viruses did not express

detectable levels of viral proteins (Fig. 6C, D). However, UV-inactivated CPXV, VV and

MVA (Fig. 6C). as well as heat-inactivated VV, reduced cellular protein synthesis, while

heat-inactivated CPXV and MVA did not (Fig. 6D). As a control for possible cytotoxic

effects of the psoralen present in UV-inactivated virus stocks, protein synthesis in

BMDCs treatment with psoralen (specifically, the psoralen family member trioxsalen

was used) at the same concentration as found in UV-inactivated virus stocks was

determined by pulse-labeling (Fig. 6B). The amount of psoralen found in UV-inactivated

stocks had no effect on cellular protein synthesis. BMDCs were also treated with a

cocktail of Pam3CSK4
  and unmethylated CpG oligonucleotides (Pam/CpG). These are
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ligands for TLR2 and TLR9, respectively, which are potent DC activators (Aliprantis et

al. 1999; Krieg et al. 1995). Perhaps reflecting a metabolic increase in the BMDCs (which

was confirmed by an MTS reduction assay, not shown), there was an increase in cellular

protein synthesis after treatment of BMDCs with Pam/CpG (Fig. 6B). There was no

detectable change in cell protein synthesis after mock-infection of BMDCs with media

alone.

The foregoing experiment showed some late viral proteins are expressed in

mouse BMDCs, which implies all temporal classes of viral genes are also expressed.

Thus the apparent defect in viral replication after infection of BMDCs with CPXV, VV

and MVA is subsequent to the onset of late viral gene expression. The expression of viral

genes within BMDCs not only provides ample opportunity for the virus to interfere with

DC function, but also for the DC to detect the virus and present viral antigens. This

experiment also showed, as expected, that viruses inactivated by UV and heat do not

express detectable levels of viral proteins. However, some of the inactivated viruses

retained their ability to reduce cellular protein synthesis, suggesting there is some

remaining transcriptional activity that could induce this effect (Cacoullos and Bablanian

1991; Su and Bablanian 1990).

3.1.3. Accumulation of immature virions in mouse BMDCs

The expression of late viral genes (Fig. 6A) is dependent on expression of early

and intermediate genes, and replication of the viral genome (reviewed in (Moss 2001). In

permissive cell lines, assembly of mature virions begins as soon as all components are

present. However, there is no increase in infectious virions recovered from infected

BMDCs even 48 hr after infection (Fig. 4). To determine if there is a defect in viral
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assembly, BMDCs were infected with CPXV, VV or MVA, or mock infected with media.

24 hr later, cells were prepared for transmission electron microscopy. There were many

cells with intact nuclear and plasma membranes 24 hr after infection with CPXV,

although there were also dead cells and debris. An example of one cell that is well

preserved, containing a large, dense, heterogeneous area in the cytoplasm with even

more dense foci, called virus factories, is shown in Fig. 7A. The preponderance of virus

structures in the cells were crescents and IVs (Fig. 7B). In 20 cells examined, only one

potential intracellular mature virion (MV), insofar as there is evidence of some internal

structure, was found (Fig. 7B), although 80 % of the cells had intermediates of viral

replication in the cytoplasm. This “MV” lacks the characteristic dense virion structure in

the interior, and may represent a virion somewhere in between IV and MV. In addition,

only two IV with nucleoid (IVN) were present out of 20 cells (not shown), although

usually IVN and IV appear at the same time (reviewed in (Condit, Moussatche, and

Traktman 2006).

A few orthopoxviruses, including CPXV, ECTV and raccoonpox virus, encode a

protein that forms A-type inclusion bodies (ATIs, reviewed in (Buller and Palumbo

1991). It has been speculated that ATIs, which can contain large numbers of virions, may

protect the virus in the environment if it cannot be transmitted directly from host to

host. The major ATI protein is one of the most abundantly synthesized CPXV proteins

late during infection (Patel, Pickup, and Joklik 1986). VV encodes a truncated version of

this protein, which is not sufficient to form ATIs. Interestingly, although ATIs have been

observed in cells after intranasal infection of mice with CPXV (Martinez, Bray, and

Huggins 2000), there were none present in the mouse BMDCs infected with CPXV (Fig.

7A).
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Figure 7. Accumulation of immature virions in mouse BMDCs after infection with
CPXV or VV. BMDCs were infected with 10 PFU/cell of CPXV, VV or MVA, or mock
infected with media. 24 hr later, cells were fixed and prepared for electron microscopy.
Sections were observed using transmission electron microscopy. PM, plasma membrane;
M, mitochondrion; NM, nuclear membrane; VF, virus factory; C, crescent; IV, immature
virus; MV, potential intracellular mature virus. Lines indicate scale of panel to the right.
A, BMDC infected with CPXV. B, Enlargement of indicated area in Fig. 7A. C, BMDC
infected with VV. D, BMDC infected with MVA. E, Uninfected BMDC.
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Figure 7. Accumulation of immature virions in mouse BMDCs after infection with
CPXV or VV.
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Figure 7 (cont.). Accumulation of immature virions in mouse BMDCs after infection
with CPXV or VV.
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Figure 7 (cont.). Accumulation of immature virions in mouse BMDCs after infection
with CPXV or VV.

All of the cells in samples harvested 24 hr after infection with VV and MVA

lacked integrity of plasma and nuclear membranes, and much of each sample was

debris. The most intact cells out of approximately twenty are shown in Fig 7. One VV-

infected cell retained some membrane integrity(Fig. 7C). As in BMDCs infected with

CPXV, there was an accumulation of crescents and IV in the cytoplasm of BMDCs

infected with VV (Fig. 7C). No subcellular components could be identified amidst the

debris 24 hr after infection with MVA (Fig. 7D). Mock infected BMDCs had intact

plasma and nuclear membranes, and extensive projections of the plasma membrane (Fig.

7E).
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These results indicate that viral morphogenesis in mouse BMDCs is impaired at

the stage of assembly of IVs. In addition, there were two other findings of note. First, the

data suggest that CPXV-infected BMDCs may survive longer in culture than those

infected with VV or MVA. Second, CPXV infection of BMDCs does not appear to result

in the formation of ATIs, even though this virus has been shown to produce ATIs in cells

of several types, including 143B cells and primary mouse cells (Martinez, Bray, and

Huggins 2000; McKelvey et al. 2002).

3.1.5. Lack of proteolytic processing of viral core structural proteins in mouse BMDCs

MVA fails to assemble mature virions in HeLa cells, leading to an accumulation

of IVs (Sutter and Moss 1992). Viral assembly of MVA in HeLa cells does not occur due

to a defect in the proteolytic processing of precursors of structural proteins, including

P4a. These proteins are cleaved as early as 45 min after synthesis in permissive cells

(Sutter and Moss 1992; VanSlyke, Franke, and Hruby 1991). Similarly, there is an

accumulation of IVs after infection of BMDCs with CPXV and VV (section 3.1.3). To

determine whether viral core structural proteins are cleaved from precursor to mature

form in BMDCs, cells were infected, pulsed with radiolabeled methionine 6 hr later

(when late proteins are expressed, section 3.1.4), and incubated with complete media

without label for various times post-infection. RAW cells, which are permissive for

replication of VV (Harris, Buller, and Karupiah 1995) and CPXV (Justin Pollara, personal

communication), but not MVA, which does not replicate in mouse cells (Ramirez et al.

2003), were also infected in parallel as a positive control.

As shown in Fig. 8A, there was little change in the proteins from RAW cells.

However, there were reduced levels of all proteins 16 hr after addition of unlabeled
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Figure 8. Lack of proteolytic processing of precursors of viral core structural proteins
in mouse BMDCs. BMDCs or RAW cells were infected with 10 PFU/cell of CPXV (B),
VV (C) or MVA (D) or mock infected with media alone (A). 6 hr later, cells were pulsed
with L-[35S] methionine for 30 min, followed by incubation in unlabeled media for the
indicated time. Proteins in cell lysates were resolved by SDS-PAGE and visualized with
autoradiography. M, molecular weight markers, P4a, precursor of 4a; ATI, ATI protein;
t, truncated. Protein loading was similar between samples as verified by coomassie blue
staining.
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media to BMDCs. The cause of this is unclear, and there was no reduction in the overall

protein content, as verified by coomassie blue staining (not shown). The samples from

RAW cells had a higher specific activity than those from BMDCs (Fig. 8A), which was

not due to differences in the amount of protein (verified by coomassie blue staining, not

shown). In order to avoid overexposure of the samples from RAW cells, composites of

different exposures for samples from BMDCs (5 day exposures) and RAW cells (1 day

exposures) are shown for samples from infected cells. After infection of BMDCs and

RAW cells with CPXV, the precursor of the major viral core structural protein, P4a, was

present as indicated in Fig. 8B. In samples from RAW cells, the P4a protein decreases

over time, and the proteolytic cleavage product, the 4a protein, is present within 1 hr of

incubation in media without label. Due to an overall loss of labeled protein in samples

from BMDCs cultured in unlabeled media for 16 hr (Fig. 8A), it was impossible to

determine if the P4a protein decreased over time. However, in contrast to samples from

RAW cells, the mature processed protein, 4a, was not detected at any time in samples

from BMDCs. The same pattern was observed in samples from BMDCs and RAW cells

infected with VV (Fig. 8C) and MVA (Fig. 8D). These results suggest that lack of

proteolytic processing of core structural proteins is a major factor in the inefficient

production of infectious virions from BMDCs infected with CPXV, VV or MVA (section

3.1.2), and explain why there is an accumulation of IV in BMDCs (section 3.1.4).

3.1.6. Selective late gene expression in mouse BMDCs

Interestingly, when samples from BMDCs were compared to RAW cells, it was

evident that there were differences in viral gene expression (Fig. 8B, section 3.1.4). The

CPXV 219 protein was present in BMDCs, but not RAW cells. This protein is processed
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to a smaller form, but its function is unknown (personal communication, Carol Ray,

Pickup Laboratory, Duke University). Consistent with proteolytic processing, the CPXV

219 protein decreased by 1 hr post-chase, and a processed product of about 150 kDa

appeared, which is also not observed in samples from RAW cells. In addition, the CPXV

ATI protein (Fig. 8B), as well as the truncated version of the ATI protein encoded by VV

(Fig. 8C), were present in samples from RAW cells, but not in samples from BMDCs.

This protein is the most abundant protein synthesized after infection with CPXV (Patel

DD 1986), and was present in such high amounts in RAW cells that it was identifiable by

coomassie blue staining 22 hr after infection (Fig. 9).

Figure 9. Expression of the ATI protein in BMDCs and RAW cells. The same samples
used in Fig. 8B. BMDCs or RAW cells were infected with 10 PFU/cell of CPXV. Proteins
in cell lysates were resolved by SDS-PAGE and stained with coomassie blue. M,
molecular weight markers; ATI, ATI protein; hpi, hr post-infection.
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To determine if there is any accumulation of the CPXV ATI protein, samples

from BMDCs infected with CPXV were subjected to Western blotting with antisera

raised against the ATI protein as previously described (Patel, Pickup, and Joklik 1986).

Samples from RAW cells infected with CPXV were used as controls. As shown in Fig. 10,

in samples from RAW cells, the ATI protein is present by 6 hr post-infection, and at a

much higher amount by 22 hr post-infection. In samples from BMDCs, there was no

detectable amount of ATI protein by 6 hr post-infection, and there was a barely

discernible amount of protein 22 hour after infection, suggesting there is little

Figure 10. Low accumulation of the CPXV ATI protein in mouse bone BMDCs.
BMDCs and RAW cells were infected with 10 PFU/cell of CPXV. Cell lysates were
harvested at the indicated hr post-infection (hpi), resolved by SDS-PAGE and
transferred to a membrane. Proteins were visualized by Western blot using rabbit
antisera prepared against the ATI protein as described by Patel DD  (1986). Loading was
similar between samples as verified by coomassie blue staining. M, molecular weight
markers.
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accumulation of the ATI protein in mouse BMDCs. This is likely due to reduced levels of

synthesis of this protein, as it was not detected by pulse-labeling in BMDCs when other

late proteins were readily detectable (Fig. 8B). Alternatively, the protein could be

degraded cotranslationally or rapidly after translation. Lack of expression of the major

ATI protein would explain why there were no ATIs formed in CPXV-infected BMDCs

(section 3.1.4). It is possible that the lack of expression of the ATI protein, as well as lack

of proteolytic processing of P4a, are both caused by the same defect in expression of

some late genes.

3.2. Effects of Virus on Key DC Functions

All temporal classes of viral genes are expressed in mouse BMDCs (section 3.1.3),

providing a pool of viral antigens for presentation. This may exert strong selective

pressure on the virus to interfere with DC presentation of viral antigens to T-cells. At the

initiation of these studies, there was no information available on the impact of CPXV,

VV or MVA on the viability of mouse DCs, expression of molecules important in DC/T-

cell interactions on the surface of DCs, or cytokine production. In the human model, VV

has been shown to induce cell death by apoptosis in the majority of cells by 24 hr after

infection (Engelmayer et al. 1999; Jenne et al. 2000). VV does not upregulate T-cell

costimulatory molecules CD40, CD80, and/or (Drillien et al. 2000; Engelmayer et al.

1999; Jenne et al. 2000), or induce inflammatory cytokine production (Drillien, Spelmer,

and Garin 2004). Despite moderate upregulation of molecules important in DC/T-cell

interactions in inflammatory cytokine production, human DCs directly infected with

MVA are unable to stimulate T-cells (Drillien, Spelmer, and Garin 2004). These studies
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suggest that, if virus in mouse DCs behaves similarly to virus in human DCs, infection

of mouse BMDCs with VV or MVA would disrupt DC function, perhaps by inducing

cell death.

3.2.1. Mouse BMDCs infected with CPXV survive longer than those infected with VV or MVA

Cell death will abrogate DC function, and may account for the inability of mouse

DCs infected with MVA or VV to stimulate T-cells (Behboudi et al. 2004).  A study on

the viability of BMDCs after infection with CPXV, VV and MVA was performed by

staining infected cells with trypan blue at various times after infection. Trypan blue is a

vital dye, only staining cells that lack membrane integrity. This assay is performed

without any washing steps, and should represent the entire cell population. However, it

is limited in that it does not stain apoptotic cells, which retain membrane integrity. It

also tends to be less accurate than flow cytometric assays that can count several

thousand individual cells because only a small portion of the cell population can

actually be counted. As shown in Fig. 11, less than half of the original number of cells

excluded trypan blue by 6 hr after infection with MVA. By 12 hr after infection, the

number of cells excluding trypan blue after infection with VV was reduced to a similar

level. In contrast, the majority of CPXV-infected cells still excluded trypan blue 12 hr

after infection.

For a more accurate determination of the viability of cells, BMDCs infected with

CPXV, VV or MVA, or mock-infected with media or lipopolysaccharide (LPS, a TLR4

agonist and potent DC activator (Poltorak et al. 1998), were stained with 7-Amino-

actinomycin D (7AAD) and Annexin V at various times post-infection and analyzed
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Figure 11. Trypan blue exclusion of BMDCs infected with CPXV, VV and MVA over
time. BMDCs were infected with 10 PFU/cell. At the indicated times post-infection, the
cells were stained with trypan blue and counted using a hemacytometer. Bars represent
the number of unstained cells.

by flow cytometry. 7AAD is a fluorescent vital dye, and Annexin V binds to

phosphatidylserine (PS), which is externalized during the early stages of apoptosis.

Annexin V also stains cells that lack membrane integrity because PS is found within

cells. While this assay should accurately determine the number of live cells (7AAD-

Annexin V-), it is limited in detection of apoptotic cells because the 7AAD-Annexin V+

early apoptotic cells are a transient population, becoming 7AAD+Annexin V+ as cell

membrane integrity deteriorates. It is also limited in its detection of dead cells,

particularly at later time points. Some dead cells, being lower density, may be removed

in the washing steps in higher numbers than live cells. Also, the debris from dead cells

would be excluded during data analysis.
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The data from all flow cytometry experiments were gated on forward scatter

(FSC)-area (A) vs. FSC-height (H) to remove anything to large to be a single cell (Fig

12A), and then on FSC-A vs. side scatter (SSC)-A to remove debris smaller than cells

(Fig. 12B). Cells stained with 7AAD and Annexin V were gated to identify live cells and

dead or dying cells as shown in Fig. 13A. As shown in Fig. 13B, less than half of the cells

remained viable 12 hr after infection with VV and MVA, and there were decreasing

numbers of live cells in the culture at later times. Supporting the results from the trypan

blue staining assay, the majority of cells infected with CPXV remained viable until 48 hr

post-infection, at which time the number of viable cells was slightly less than half that

found in untreated cultures, but similar to that found in cultures treated with LPS, a

Figure 12. Gating of cells on FSC and SSC. Cells were analyzed for FSC and SSC by a
flow cytometer. A, Cells were gated at approximately a 45° angle on a plot of FSC-A vs.
FSC-H to exclude cells too large to be a single cell, “doublets.” B, Cells from Fig. 12A
were further gated to exclude SSC-AlowFSC-Alow cells, which are smaller than
lymphocytes and do not usually represent intact cells.
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Figure 13. Flow cytometric analysis of live BMDCs infected with CPXV, VV or MVA
over time. BMDCs were infected with 10 PFU/cell, or mock infected with media alone
or with LPS. At the indicated times post-infection, the cells were stained with 7AAD and
Annexin V and the entire sample was analyzed using flow cytometry. A, Gating
example. Live cells were defined as 7AAD-Annexin V-, dead/dying cells were defined as
either 7AAD-Annexin V+ or 7AAD+. B, Number of live cells. C, Number of 7AAD-

Annexin V+ cells. D, Number of 7AAD+ cells. ∗, p < 0.05; ∗∗, p < 0.01; ∗∗∗, p < 0.001
different from media by Bonferroni post-tests after two-way ANOVA for repeated
measures. There were no statistically significant differences among CPXV, VV and
MVA. Bars indicate the SEM of three experiments.
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Figure 13. Flow cytometric analysis of live BMDCs infected with CPXV, VV or MVA
over time.
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potent DC activator. An increase in 7AAD-Annexin V+ cells (Fig. 13C) and 7AAD+ cells

(Fig. 13D) was observed over time.

Collectively, results from electron microscopy (section 3.1.4), trypan blue

staining, and 7AAD/Annexin V staining of BMDCs infected with CPXV, VV or MVA

show that BMDCs infected with CPXV survive longer in culture than those infected with

VV or MVA. One possible explanation for this is that CPXV inhibits cell death of

BMDCs, while VV and MVA do not. There are many anti-apoptotic molecules encoded

by CPXV that are not found in VV and MVA. Alternatively, CPXV may not be as toxic to

the cell as VV and MVA.

3.2.2. CPXV reduces cell surface expression of molecules important in DC/T-cell interactions on
mouse BMDCs

One of the key functions of a DC is presentation of antigens to T-cells, and they

are perhaps the only APC capable of stimulating naïve T-cells (Shortman and Liu 2002).

There is an ample pool of viral antigens in BMDCs infected with CPXV, VV or MVA

(section 3.1.3). One way the virus could interfere with presentation of these antigens is

by reducing the cell surface expression of molecules important in antigen presentation.

These include MHC I and MHC II molecules, which bind antigens and interact directly

with the T-cell receptor to activate the T-cell and provide a survival signal; CD40, which

binds to CD40-ligand on the T-cells, providing an additional activation signal to the DC

which further secures the DC/T-cell immunological synapse; and CD80 and CD86,

which bind to CD28, providing an activation and survival signal to the T-cell (reviewed

in (Friedl, den Boer, and Gunzer 2005).
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To determine the relative amounts of these molecules on the surface of BMDCs,

cells were infected with CPXV, VV or MVA, or mock infected with media or Pam/CpG.

The cells were harvested 6 hr after infection, which is early enough that there should still

be some viable cells in BMDC cultures infected with VV or MVA (section 3.2.1).  The

entire sample was analyzed by flow cytometry. The data are represented in two

different ways. First, Fig. 14 shows the fluorescence intensity vs. the percent of the

maximum number of cells counted, the traditional way to present the data. This clearly

highlights differences in the overall staining profile of the cells, but can obscure

differences due to changes in cell populations. In order to compare the areas under the

curves, which is equivalent to the total cell number, the data are also presented as the

fluorescence intensity vs. the total cell count (Fig. 15). For clarity, the number of cells in

the high and low population for each molecule and condition are listed in Table 3.

Treatment with Pam/CpG resulted in expression of CD11c, MHC II, CD40, CD80

and CD86 on the surface of BMDCs at a uniformly high level (Fig. 14). Most likely, this

occurred by upregulation of the cell surface expression of these molecules on cells that

expressed them at a low level because the number of cells in the high-expressing

populations is much greater (Fig. 15, Table 3). There was little change in the staining

profile of MHC I expression after treatment with Pam/CpG (Fig 14B), however the

number of cells expressing MHC I was greater (Fig. 15B, Table 3), suggesting some cells

that previously did not express MHC I on the surface had upregulated MHC I cell

surface expression. In fact, there was an overall increase in the total number of CD11c+

cells, associated with an increase in the number of cells expressing MHC I or MHC II,

CD40, CD80, CD86 at a high level  (Fig. 15, Table 3). This suggests that treatment with
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Figure 14. Expression of surface molecules important in DC/T-cell interactions on
mouse BMDCs 6 hr after infection with CPXV, VV or MVA. BMDCs were infected
with 10 PFU/cell of CPXV, VV or MVA, or mock infected with media alone or
Pam/CpG. 6 hr later, cells were immunostained and analyzed by flow cytometry. Data
were gated to remove doublets and debris as shown in Fig. 12, and to remove dead cells
as shown in Fig. 13A. The fluorescence intensity of the indicated molecule vs. the
percent of the maximum number of cells counted (% of max) are shown as histograms.
For all samples, the number of cells analyzed after final gating exceeded 10,000. Thin
grey line, immunoglobulin G isotype control (from staining untreated cells); filled
histogram with thin black line, untreated cells; bold line, condition as indicated by color
at top of column. Data represent three experiments. A, Gating of CD11c+ cells. BMDCs
were gated as shown to include only CD11c+ cells. B, Surface expression of MHC II,
CD40, CD80, CD86 and MHC I. The staining profile for these molecules on CD11c+- cells
is shown (gated as shown in Fig. 14A).
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Figure 14. Expression of surface molecules important in DC/T-cell interactions on
mouse BMDCs 6 hr after infection with CPXV, VV or MVA.
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Figure 15. Expression of surface molecules important in DC/T-cell interactions on
mouse BMDCs 6 hr after infection with CPXV, VV or MVA (alternate). BMDCs were
infected with 10 PFU/cell of CPXV, VV or MVA, or mock infected with media alone or
Pam/CpG. 6 hr later, cells were immunostained and analyzed by flow cytometry. Data
were gated to remove doublets and debris as shown in Fig. 12, and to remove dead cells
as shown in Fig. 13A. The fluorescence intensity of the indicated molecule vs. the total
number of cells are shown as histograms. For all samples, the number of cells analyzed
after final gating exceeded 10,000. Thin grey line, immunoglobulin G isotype control
(from staining untreated cells); filled histogram with thin black line, untreated cells; bold
line, condition as indicated by color at top of column. Data represent three experiments.
A, Gating of CD11c+ cells. BMDCs were gated as shown to include only CD11c+ cells. B,
Surface expression of MHC II, CD40, CD80, CD86 and MHC I. The staining profile for
these molecules on CD11c+- cells is shown (gated as shown in Fig. 15A).
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Figure 15. Expression of surface molecules important in DC/T-cell interactions on
mouse BMDCs 6 hr after infection with CPXV, VV or MVA (alternate).
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Table 3. Numbers of CD11c+ cells expressing low and high levels of molecules
important in DC/T-cell interactions

Media Pam/CpG CPXV VV MVA
Total cells 16146 28797 20298 9904 9635
MHC II
     Low 7314 7798 14718 4609 3771
     High 8833 21000 5579 5294 5861
CD40
     Low 7940 1079 14322 4609 3546
     High 8206 27719 5975 5294 6086
CD80
     Low 13654 13025 14439 8440 5255
     High 8443 14633 4010 3902 3116
CD86
     Low 13654 8372 17592 4608 3804
     High 8443 19386 5666 4052 5620
MHC I+ 15658 28318 18173 8918 8908

Pam/CpG matured any precursor DCs in the culture that did not previously express

CD11c or molecules important in DC/T-cell interactions.

CPXV did not alter the CD11c expression profile of the BMDC population (Fig.

14A), but it may have increased the number of CD11c+ cells in the culture slightly (Fig.

15A, Table 3). Interestingly, CPXV had the opposite effect of treatment with Pam/CpG

on cell surface expression of MHC II, CD40 and CD86. The CD11c+ cells from BMDCs

cultures infected with CPXV uniformly expressed lower levels of MHC II, CD40 and

CD86 than uninfected controls (Fig. 14B). Most likely, this occurred by downregulation

of these molecules on cells that previously expressed them at a high level because

number of cells expressing these molecules at a low level is much greater than

uninfected cells (Fig. 15B, Table 3). There was some suggestion that CD11c+ cells from

BMDC cultures infected with CPXV also expressed CD80 at a lower level than

uninfected cells based on the staining profile of the population (Fig. 14B), but this is not
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convincing because there was no increase in the number of cells in the CD80lo

population (Fig. 15B, Table 3). The expression level of MHC I on the surface of CD11c+

cells was uniformly reduced (Fig. 14B), although the number of cells expressing it was

similar (Fig. 15B, Table 3). This most likely represents uniform downregulation of MHC

I.

Overall, VV and MVA had similar effects on BMDC surface expression of all the

molecules tested. The CD11c staining profiles of BMDC cultures infected with VV and

MVA did not appear to identify high and low expressing populations (Fig. 14A), which

appears to be due to reduced overall numbers of CD11c+ cells in the cultures (Fig. 15A,

Table 3). The staining profile of MHC II, CD80 and CD86 on CD11c+ cells from BMDC

cultures infected with VV or MVA suggested that most of the remaining cells expressed

these molecules at a level somewhere between the low and high levels seen on

uninfected cells (Fig. 14B). However, because there are far fewer numbers of cells

expressing these molecules, it is unclear if this indicates upregulation at a cellular level.

As noted in section 3.1.1, the BMDC cultures contain two different populations of cells,

one that expresses high levels of CD11c, MHC II, CD40, CD80 and CD86, but low levels

of MHC I (“mature”), and one that has the reverse phenotype (“immature”). It is

possible that if mature BMDCs survive longer in culture than the immature DCs, the

resulting cell population may express higher levels of MHC II, CD80, and CD86 without

any change in cell surface expression of these molecules at a cellular level. This is

supported by the effect of VV and MVA on MHC I: the cell population uniformly

expresses MHC I at a lower level (Fig. 14B), but the number of cells expressing MHC I at

this level was not greater than uninfected cells (Fig. 15B). There was little change in the
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CD40 staining profile on CD11c+ cells from BMDC cultures infected with VV or MVA

(Fig. 14B), although there are fewer CD40+ cells present (Fig. 15B, Table 3).

In summary, the results show that CPXV downregulates MHC II, CD40, CD86

and MHC I on BMDCs within 6 hr after infection. The virus may specifically target these

molecules, as it has little effect on the expression of CD11c. The ability to downregulate

MHC II, CD40, and CD86 may to be unique to CPXV among the three viruses because

VV and MVA do not appear to reduce cell surface expression of these molecules. There

is no conclusive evidence that VV and MVA alter the expression of MHC II, CD40,

CD80, CD86 and MHC I at a cellular level.

3.2.3. CPXV induces secretion of significant levels of IL-10 from mouse BMDCs and RAW cells,
while VV and MVA do not

Orthopoxviruses encode many inhibitors of cytokine production and signaling

(reviewed in Seet et al. 2003), but their ability to interfere with cytokine production from

mouse DCs has not been investigated. Conventional DC production of certain cytokines,

including IL-12 (p70) and IL-10, can polarize the T-cell response to TH1 or Treg,

respectively (reviewed in (Kapsenberg 2003). In addition, DCs are important sources of

inflammatory cytokines, including IL-6 and TNF (Hope et al. 1995; Jarrossay et al. 2001;

Kadowaki, Antonenko, and Liu 2001; Koch et al. 1996). To determine if CPXV, VV or

MVA affect DC cytokine production, the levels of IL-6, TNF, IL-10 and IL-12 (p70) were

determined after infection of mouse BMDCs. BMDCs were infected with either 1 or 10

PFU/cell. To determine if viral gene expression is required for any induction of

cytokines, viruses inactivated by UV or heat treatment were also used to infect mouse

BMDCs.
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As expected of a potent DC activator, treatment of BMDCs with Pam/CpG

resulted in production of significant levels of TNF, IL-6, IL-12 (p70) and IL-10. There

were no cytokines detected in the culture media from untreated BMDCs (Fig. 16A-D).

This suggests that, while some DCs obtained from culture of mouse bone marrow

expressed uniformly high levels of MHC II, CD40, CD80 and CD86, consistent with a

mature state (section 3.1.1), they were not fully activated. Inactivated viruses did not

induce cytokines.

All of the viruses induced some IL-12 (p70) production from mouse BMDCs after

infection (Fig. 16D), but the data were not significant. IL-12 production by conventional

DCs is usually associated with activation (reviewed by (Kapsenberg 2003), but IL-12

production in the context of decreased viability and reduced or absent inflammatory

cytokine production (in the case of VV and MVA) or reduced cell surface expression of

molecules important in DC/T-cell interactions and IL-10 production (in the case of

CPXV) may not indicate a functionally mature DC.

As shown in Fig. 16A, no TNF was detected in the culture media 24 hr after

infection of BMDCs with CPXV or VV. MVA infection of BMDCs did lead to low levels

of TNF in the culture media when 1 PFU/cell of MVA was used for infection, but this

was not statistically significant. The effect of VV and MVA infection on IL-6 production

from BMDCs was similar to that of TNF (Fig. 16B). In contrast, infection of BMDCs with

CPXV led to significantly increased levels of IL-6 in the media. Interestingly, infection of

BMDCs with CPXV also induced significantly more IL-10 than infection with VV or

MVA, or treatment with Pam/CpG (Fig. 16C).

In order to determine when the IL-6 and IL-10 are produced after infection of

BMDCs, cells were infected with 10 PFU/cell of CPXV, or mock infected with
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Figure 16. Cytokine production from mouse BMDCs after infection with CPXV, VV or
MVA. Mouse BMDCs were infected with 1 or 10 PFU/cell, or an amount of UV- or heat-
inactivated viruses with a similar number of particles. Cells were also mock infected
with media alone or Pam/CpG as negative and positive controls for cytokine
production, respectively. 24 hr later, the culture media was harvested and the level of
cytokines determined with a Bio-Plex kit. Bars represent the SEM of three to seven
experiments. ∗∗∗, p < 0.0005; ∗∗, p < 0.005; ∗, p < 0.05 different from media by Tukey’s
multiple comparison test after one-way ANOVA. A, TNF. B, IL-6. C, IL-10. D, IL-12
(p70).
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Figure 16. Cytokine production from mouse BMDCs after infection with CPXV, VV or
MVA.
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Pam/CpG. There were detectable levels of IL-6 by 3 hr after treatment with Pam/CpG,

with maximal accumulation by 48 hr (Fig. 17A). IL-6 was not detected until 12 hr after

infection with CPXV, although maximal accumulation was also reached by 48 hr. There

were detectable amounts of IL-10 by 6 hr after treatment with Pam/CpG or infection

with CPXV, but there was little accumulation of IL-10 in cultures treated with

Pam/CpG, while cultures infected with CPXV accumulated maximal levels of IL-10 by

24 hr after infection.

Figure 17. Time course of IL-6 and IL-10 production after infection of mouse BMDCs
with CPXV. BMDCs were infected with 10 PFU/cell of CPXV, or mock infected with
Pam/CpG. At various times after infection, the culture media was harvested and the
level of IL-6 and IL-10 determined with a Bio-Plex kit. Bars represent the SEM of one to
seven experiments. Value of p determined by two-way ANOVA for repeated measures.
∗∗∗, p < 0.001; ∗∗, p < 0.01; ∗, p < 0.05 different at indicated time post-infection by
Bonferroni post-tests. A, IL-6. //, amount of IL-6 48 hr after treatment with Pam/CpG,
was higher than could be determined by the assay. Statistics were calculated at this time
point by setting the amount of IL-6 to that found in the highest protein standard used for
the assay. B, IL-10.
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To determine whether CPXV-specific induction of IL-10 could be reproduced in

cells other than primary BMDCs, RAW cells were infected with CPXV, VV or MVA, or

mock infected with media alone or LPS. RAW cells were used because they are derived

from mouse macrophages, which are another important source of cytokines early after

infection in the mouse (reviewed by Lohmann-Matthes ML 1994, Peters-Golden M 2004).

The level of IL-10 in the culture media was determined 6 hr after infection. As shown in

Fig. 18, there was a significant amount of IL-10 in the culture media after infection with

CPXV, but not VV or MVA. A similar level of IL-10 was present after treatment with

LPS. There was no IL-10 detected in the culture media from untreated RAW cells.

Figure 18. IL-10 production from RAW cells after infection with CPXV, VV or MVA.
RAW cells were infected with 10 PFU/cell, or mock infected with media alone or
containing LPS. 6 hr later, the culture media was harvested and the level of IL-10
determined with a BD OptEIA ELISA set. Bars represent the SEM of three experiments.
∗∗∗, p < 0.0005 different from media, VV and MVA by Tukey’s multiple comparison test
after one-way ANOVA.
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In summary, the preceding results show that CPXV induces significant levels of

IL-6 and IL-10, while VV and MVA do not. The induction of IL-10 by CPXV requires

viral gene expression (as inactivated CPXV did not induce IL-10), suggesting that this is

a property of CPXV that VV and MVA lack. These results were reproduced in RAW

cells, which may provide a model system for further studies to identify any CPXV genes

involved in the induction of IL-10.

3.3. Conclusions

The foregoing experiments examined the effects of CPXV, VV and MVA on

mouse BMDCS. CPXV, VV and MVA were found to have similar replication cycles in

mouse BMDCs. There is a defect in assembly of mature virions, to which lack of

proteolytic processing of viral core structural proteins and selective late gene expression

are likely contributing factors. Confirming the hypothesis that CPXV would have

different effects on mouse BMDCs from VV and MVA, the viruses have dramatically

different effects on cell viability, expression of molecules important in DC/T-cell

interactions, and cytokine production. BMDCs infected with CPXV survive longer in

culture than those infected with MVA or VV. CPXV specifically downregulates MHC I,

MHC II, CD40, and CD86. In addition, CPXV induces significant levels of IL-6 and IL-10.

Because IL-10 has many suppressive effects on the immune system (reviewed in Moore

et al. 2001), viral induction of IL-10 may provide a selective advantage to CPXV in vivo.
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4. CPXV Infection of Wild Type and IL-10 Deficient Mice

Studies in Chapter 3 showed that although CPXV, VV and MVA have similar life

cycles in mouse BMDCs, they have dramatically different effects on DCs. Interestingly,

CPXV has an unusual ability to induce IL-10 production (section 3.2.3). It is possible that

elevated levels of IL-10 after CPXV infection could suppress the inflammatory response

because IL-10 inhibits the production of key proinflammatory cytokines IL-1β and TNF,

as well as chemokines implicated in the recruitment of monocytes, DCs, PMN, and T-

cells (reviewed in Moore et al. 2001). It also impairs the function of APCs, and, in the

case of DCs, this can suppress the T-cell response by reducing antigen presentation or

inducing anergy.

The induction of IL-10 by CPXV is dependent on viral gene expression. This

suggests that the virus may have evolved a gene that induces IL-10 (section 3.2.3), which

presumably provides some selective advantage to the virus. Many viruses encode IL-10

homologs, including Epstein-Barr virus (EBV; Hsu et al. 1990), cytomegalovirus (CMV;

Jenkins, Abendroth, and Slobedman 2004; Lockridge et al. 2000), orf virus (Fleming et al.

2000; Fleming et al. 1997), lumpy skin disease virus (Tulman et al. 2001), and Yaba-like

disease (Bartlett et al. 2004). In the case of EBV, the viral IL-10 is expressed during the

lytic cycle and retains biological function on DCs and monocytes/ macrophages, but

does not stimulate IL-2 production from CD8+ T-cells (Stewart and Rooney 1992). CMV

expresses viral IL-10 from slightly different transcripts during the lytic and latent

infection, both of which are immunosuppressive (Chang et al. 2004; Spencer et al. 2002).

The orf virus IL-10 appears to function similarly to cellular IL-10, and, importantly, a
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deletion in the viral IL-10 results in increased levels of IFN gamma in sheep skin

(Fleming et al. 2000), suggesting a role in immune evasion. Viral induction of cellular IL-

10 production may have different effects on the host response than viral IL-10. Many

viruses also induce IL-10 production, including hepatitis B virus (Hyodo, Nakamura,

and Imawari 2004), hepatitis C virus (Brady et al. 2003) and human immunodeficiency

virus 1 (Granelli-Piperno et al. 2004), which may suppress the T-cell response.

There is some suggestion that IL-10 may have a minor role in VV infection in the

mouse model. A study by Kurilla et al. (1993) investigated the effects of VV expressing

IL-10 on mice through several different infection routes, and found that the enhanced IL-

10 production had a reduced the activity of NK cells and CTLs, but did not affect disease

morbidity, VV-specific antibody response, or protective memory response. Van Den

Broek et al. (2000) showed that intraperitoneal infection of IL-10 deficient C57BL/6 mice

with VV lead to less virus in the ovaries compared to wild-type. Inflammatory

cytokines, including IL-6, were elevated in the IL-10 deficient mice compared to wild-

type, and the authors suggested that IL-10 suppresses the host response to VV, leading

to impaired clearance of the virus. These effects could be exacerbated if more IL-10 were

present, as after infection with CPXV.

The functions of IL-10 and its role in viral infection suggest a model in which IL-

10 induction by CPXV impairs the capacity of the immune system to control viral

replication and clear virus from infected organs, which may promote transmission of the

virus to other animals. Alternatively, it may be advantageous to the virus to prevent

death of the host by turning off an excessive immune response. It would be

counterproductive for a virus to kill off the host population because the virus depends

on spreading from host to host for its own survival.
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Investigating the role of IL-10 in a CPXV infection could have implications for

the understanding and treatment of orthopoxviral disease as well as other infectious and

autoimmune diseases where IL-10 has been implicated as an important factor (reviewed

in Moore et al. 2001). In order to understand the role of IL-10 in a CPXV infection, it is

important to investigate the effects of CPXV on the host in the presence and absence of

IL-10. Fortunately, the reservoir hosts of CPXV include wood mice and house mice

(Crouch et al. 1995), thus the laboratory mouse should be a suitable host in which to

study the pathogenesis of CPXV. The mouse model has the added advantage that IL-10

deficient mouse mutants are available. In this chapter, a mouse model of respiratory

CPXV infection was developed and then used to compare the response of wild type and

IL-10 deficient mice to CPXV. For many experiments, the effects of VV on mice were also

investigated as a comparative measure. The hypothesis that CPXV induces IL-10 to

suppress the immune response and thereby reduce clearance of the virus predicts that

the lack of IL-10 in IL-10 deficient mice would result in a more effective antiviral

immune response.

4.1. Intranasal Infection of C57BL/6 Mice

To begin these studies, it was important to choose an appropriate mouse model

of infection. The natural mode of transmission of CPXV is unknown. The most

pathogenic orthopoxvirus to humans, VARV, is transmitted through the respiratory

tract. Mice have been shown to be susceptible to intranasal infection with CPXV and VV

by several different investigators (Belyakov et al. 2003; Martinez, Bray, and Huggins

2000; Parkinson, Sanderson, and Smith 1995; Quenelle, Collins, and Kern 2003;
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Thompson et al. 1993; Turner 1967; Williamson et al. 1990). Therefore, for these studies,

mice were infected via an intranasal route. An inoculum volume of 30 µl was used to

ensure that virus was introduced into the lower respiratory tract, allowing for

examination of the effects of virus on the lungs.  As for many viruses, resistance to

infection with CPXV and VV increases sharply with age from neonate to adult mice, and

after about 6 weeks of age there is very little difference in the host response to virus as

mice get older (Prasad and Gupta 1968; Subrahmanyan 1968). Adult mice (> 8 wks old)

were used in these studies to decrease experimental variability due to a week or two

difference in age, which is a problem with juvenile mice. CPXV and VV can be lethal

when approximately 105 to 106 PFU are used to infect adult mice intranasally (Belyakov

et al. 2003; Reading, Symons, and Smith 2003; Thompson et al. 1993).

Most reports of intranasal infection of mice with CPXV or VV have used BALB/c

mice. This may be due to the increased susceptibility of BALB/c mice vs. C57BL/6 mice

to infection with another orthopoxvirus, ECTV (Wallace, Buller, and Morse 1985).

C57BL/6 mice are more resistant to ECTV because they mount a more effective TH1

response (both cytokine and cell-mediated) important in clearance of the virus than

BALB/c (Chaudhri et al. 2004). The reduced capacity of BALB/c mice to mount an

effective cell-mediated immune response also accounts for increased susceptibility to

infection relative to C57BL/6 mice for many other pathogens, such as Leishmania major,

where it has been shown that polarization of the T-cell response to TH1 in BALB/c mice

by blocking IL-4 confers a resistant phenotype, whereas adding exogenous IL-4 to

promote a TH2 response in C57BL/6 mice induces susceptibility (Belosevic et al. 1989;

Heinzel et al. 1991; Scott 1991). It is possible that CPXV has mechanisms of controlling
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the TH1 response that VV lacks, one of which could be the induction of IL-10.

Differences in the host response to viruses with varying capacity to interfere with the

TH1 response may be more apparent if a host capable of mounting an effective TH1

response is used. In addition, the C57BL/6 strain is more commonly used as a

progenitor for transgenic mice than BALB/c. Thus, C57BL/6 mice were used for these

studies.

At the initiation of these studies, there was no information available on the dose

response of C57BL/6 mice to intranasal infection with CPXV, VV or MVA. However, a

handful of investigators had compared the effects of CPXV and VV on BALB/c mice

after intranasal infection. Thompson et al. (1993) infected adult BALB/c mice with

various doses of CPXV and rabbitpox virus strain Utrecht (actually a VV strain), and

found that while the LD50 of these viruses was similar, rabbitpox virus induced weight

loss and death two days earlier than CPXV. Other notable differences: rabbitpox virus

disseminated to the blood and brain better than CPXV, inflammatory cell infiltration in

the lung after infection with CPXV was delayed relative to rabbitpox virus, and CPXV

infection results in hemorrhage in the lung, while infection with rabbitpox virus did not.

Studies on intranasal infection of weanling BALB/c mice with CPXV and VV reported

from ER Kern’s group also suggested that VV induces death faster than CPXV at lethal

doses (Quenelle, Collins, and Kern 2003; Quenelle et al. 2004). In this model, VV was

more lethal than CPXV (Quenelle, Collins, and Kern 2003).

Based on the previously reported results considered above, it was expected that

CPXV and VV would have different effects on C57BL/6 mice, particularly with regards

to the timing of weight loss and death, and the recruitment of immune cells to the lung.

Whether VV or CPXV may be more lethal than the other in C57BL/6 adult mice is
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difficult to predict because many factors affect susceptibility to infection. However, it is

possible that the induction of IL-10 from DCs (from C57BL/6 mice) and macrophages, in

conjunction with reducing cell surface expression of molecules important in DC/T-cell

interactions on infected cells, may impact the T-cell response in vivo. Since VV does not

have these mechanisms of modulating DC function, C57BL/6 mice, which mount an

effective TH1 response, may be more resistant to infection with VV than CPXV. MVA

does not replicate in mouse cells, and is cleared from the lungs of BALB/c mice within

48 hr after intranasal infection with a very high dose of 108 PFU (Ramirez, Tapia, and

Esteban 2002).

4.1.1. CPXV induces more morbidity than VV in a C57BL/6 intranasal model of infection

In order to determine the host response of C57BL/6 mice to intranasal infection

with CPXV and VV, mice were infected with various doses of virus and monitored daily

for body weight and survival. As shown in Fig. 19A, a dose of 105 or 104 PFU of CPXV

induced weight loss in mice 5 – 7 days after infection. The mice reached maximal weight

loss 2-3 days later, and mice that lost weight and survived recovered their initial weight

by 23 days after infection. A dose of 103 PFU of CPXV did not induce any weight loss. A

dose of 105 PFU or higher of VV induced weight loss in mice, beginning about 2-4 days

after infection dependent on dose (Fig. 19B). Mice reached maximal weight loss 3-5 days

later, and those that survived recovered their initial weight by 30 days after infection.

While the exact amount of weight lost differed from experiment to experiment, the onset

of weight loss occurred at the same time in two replicate experiments.
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Figure 19. Weight loss after intranasal infection of C57BL/6 mice with different doses
of CPXV or VV. 8-10 wk old female C57BL/6NCrl mice were weighed, and then
infected with virus diluted in a total volume of 30 µl PBS. Mice were weighed daily, and
the percentage of the initial weight for each day is shown. Mice were euthanized if they
lost more than 25 % of the initial weight or became unresponsive. Symbols represent
mean of mice infected with the indicated number of PFU, or PBS, as shown. Bars
indicate SE. A, CPXV. For PBS and 105 PFU, n = 5; for 103 PFU and 104 PFU, n = 10. B,
VV. For PBS, n = 5; for 105 PFU, 106 PFU and 107 PFU, n = 6. VV data are courtesy of
Elizabeth Ramsburg, Duke University.
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The survival of mice after infection with various doses of CPXV and VV was also

recorded. As shown in Fig. 20A, at a dose of 105 PFU of CPXV, 100 % of the mice had to

be euthanized, while a hundred-fold more PFU of VV were needed for 100 % of the mice

to require euthanasia (Fig. 20B). Infection with 104 PFU of CPXV and 106 PFU of VV

necessitated euthanasia of 30 % or 50 % of the mice, respectively. The percentage of mice

requiring euthanasia at these doses differed from experiment to experiment. All mice

survived after doses of 103 PFU of CPXV and 105 PFU of VV. Notably, when the

statistical significance of the difference in survival among mice infected with 105 PFU of

CPXV or VV in a side-by-side experiment was tested by the log-rank test, it was found to

be highly significant, with p = 0.0037.

Figure 20. Survival after intranasal infection of C57BL/6 mice with different doses of
CPXV or VV. Survival for the same cohort of mice described in Fig. 19. 8-10 wk old
female C57BL/6NCrl mice were infected with virus diluted in a total volume of 30 µl
PBS. A, CPXV. For PBS and 105 PFU, n = 5; for 103 PFU and 104 PFU, n = 10.  Data
represent three experiments. B, VV. For PBS, n = 5; for 105 PFU, 106 PFU and 107 PFU, n =
6. VV data are courtesy of Elizabeth Ramsburg, Duke University.

The infection of mice with different doses of CPXV and VV showed that CPXV

induces high morbidity than VV in the C57BL/6 adult mouse intranasal model of
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infection. In addition, these experiments underscored what may be a fundamental

difference in the host response to these two viruses: CPXV initially induces weight, and

maximal weight loss several days later than VV, yet mice infected with CPXV recover

much faster than mice infected with VV.

4.1.2. Mice infected with VV have more inflammation in the lung than mice infected with CPXV

Several inflammatory cytokines, IL-6, IL-1β (Kamperschroer and Quinn 2002),

TNF and IL-18 (personal communication with Elizabeth Ramsburg, Duke University)

have been implicated in weight loss after infection. One explanation for the more rapid

onset of weight loss after intranasal infection of mice with VV vs. CPXV (section 4.1.1;

Thompson et al. 1993) is that CPXV is more effective at controlling the inflammatory

immune response than VV. CPXV encodes more proteins that are known to modulate

the immune response than VV (reviewed in Seet et al. 2003). In a mouse intranasal

model of infection, (Thompson et al. 1993) noted that cellular mediators of immunity

were present in the lung after infection with rabbitpox virus (a VV) within 3 days, but

not until 7 days after infection with CPXV. To obtain a preliminary assessment of the

immune cells recruited to the lung after infection of C57BL/6 mice, whole lung cells

enriched for small cells were analyzed by flow cytometry 6 days after infection with a

sublethal dose of CPXV or VV (104 PFU).

Lung cells were immunostained with several surface markers to identify

polymorphonuclear neutrophils (PMNs) and several subsets of lymphocytes and

myeloid lineage cells. After analysis, the data were gated to remove doublets and debris,

similar to mouse BMDCs (Fig. 12). Lymphoid subsets and PMNs were identified as
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described in Fig. 21. For identification of lymphoid subsets, cells were first gated to

remove CD11b+ cells, as some DCs express CD8 (Fig. 21A). Then, CD4+ T-cells, CD8+ T-

cells, natural killer (NK) cells and B-cells were identified by expression of cell-type

specific markers CD4, CD8 (Fig. 21B), NK1.1 and CD19 (Fig. 21C), respectively. PMNs

were identified by expression of the granulocyte specific marker Ly6G, and expression

of Gr-1 (Ly6C), which is also expressed on some myeloid lineage cells (Fig. 21D).

Myeloid lineage subsets were identified as described in Fig. 22. First, cells were

gated to remove PMNs (Fig. 21D). Using a previously described gating strategy (Lin et

al. 2008), monocytes, CD11cintMHC IIint (DI) cells, macrophages and DCs were identified

based on expression of MHC II (I-A/I-E allele) and CD11c, (Fig. 22A). Macrophages

were then categorized as alveolar macrophages (AM) or exudate macrophages (exMac)

based in low or high CD11b expression, respectively (Fig. 22B). Because the monocyte

gate includes everything that does not express CD11c or I-A/I-E, it was necessary to

remove any remaining non-PMN granulocytes based on their increased SSC (Fig. 22C).

The cells were then gated as CD11b+, which excluded lymphocytes, with low or high Gr-

1 expression, to identify constitutive monocytes (conMo) and inflammatory monocytes

(inMo), respectively (Fig. 22D).

There were higher numbers of cells in the lungs of mice infected with VV than

those infected with CPXV 6 days after infection (Fig. 22A). Among these cells, there were

higher numbers of DI cells (Fig. 22C), DCs (Fig. 22D), T-cells (Fig 22I, J), B-cells (Fig.

22K) and NK cells (Fig. 22L). There was little difference in the numbers of monocytes

and macrophages in the lung parenchyma among mice infected with CPXV or VV at the

same time post-infection (Fig. 22 E-H). Only minimal numbers of PMNs were detected at

this time (Fig. 22B).
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Figure 21. Gating of lymphocytes and PMNs after analysis of lung cells by flow
cytometry. Lung cells were isolated from mouse lungs and enriched for small
hematoplymphoid cells by centrifugation over an 18.23 % nycodenz cushion. The cells
were immunostained with antisera to surface markers for several different subsets of
immune cells. A, CD11b- cell gate. B, CD8+ T-cell and CD4+ T-cell gates. CD11b- cells
from Fig. 21A were gated as CD8+ or CD4+ as shown. C, NK cell and B-cell gates. CD11b-

cells from Fig. 21A were gated as NK1.1+ or CD19+ as shown. D, PMN gate. Ly6G+Gr-1+

cells were gated as shown.



98

Figure 22. Gating of myeloid cells after analysis of lung cells by flow cytometry. Lung
cells were immunostained with antisera to surface markers for several different subsets
of immune cells. A, Monocyte, macrophage, DC and DI cell gates. Ly6G- cells from Fig.
21D were gated as CD11c-I-A/I-E-, CD11chiI-A/I-Eint, CD11chiI-A/I-Ehi, or CD11cintI-A/I-
Eint as shown, respectively. MO, monocyte; mac, macrophage, DI, double intermediate.
B, Macrophage gates. Macrophages from Fig. 22B were gated as CD11blo or CD11bhi as
shown, respectively. AM, alveolar macrophage; exMac, exudate macrophage. C, Remove
granulocytes. Monocytes from Fig. 22A were gated as SSClo as shown. D, Monocyte
gates. SSClo cells from Fig. 22C were gated as CD11b+ with Gr-1hi or Gr-1lo expression as
shown, respectively. InMo, inflammatory monocyte; conMo, constitutive monocyte.
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When mice were infected with lethal doses of CPXV (105 PFU) or VV (107 PFU),

there were striking differences in the lung histology when mice had to be euthanized as

a humane endpoint. As shown in Fig. 23A, there was extensive hemorrhage in the lungs

of mice infected with CPXV, which was not present after infection with VV (Fig. 23B). In

addition, in the lungs of mice infected with VV, there were large lesions in close

proximity to blood vessels and bronchioles, which consisted primarily of a small

mononuclear cell infiltrate. There were some small mononuclear cells present after

infection with CPXV, but there were no distinct lesions including large numbers of these

cells. After VV infection, the bronchiolar epithelium was largely destroyed. After CPXV

infection, the edema within the cells of the bronchiolar epithelium was so pronounced it

was effectively closed shut. These data suggest that higher numbers of immune cells are

recruited to the lung after infection of VV than after infection with CPXV.

4.1.3 CPXV induces higher amounts of IL-10 in the lung than VV or MVA

IL-10 suppression of chemokine production, interference with APC function, and

suppression of CD4+ T-cell proliferation would be expected to impair the recruitment of

immune cells to the lung (reviewed in (Moore et al. 2001). The induction of IL-10 from

DCs and macrophages by CPXV (section 3.2.3) could therefore contribute to the reduced

recruitment of mononuclear cells to the lung after infection with CPXV compared to VV

(section 4.1.2; Thompson et al. 1993). To determine if there were elevated levels of IL-10

after infection of mice with CPXV compared to VV, mice were infected with similar

sublethal (104 PFU) and lethal (106 PFU) doses of virus and the levels of IL-10 in the

broncheoalveolar lavage (BAL) fluid were determined by ELISA. As shown in Fig. 25A,



100

Figure 23. Inflammatory cell infiltrate in the lungs of mice infected with similar,
sublethal doses of CPXV and VV. 8-10 wk old female C57BL/6NCrl mice were infected
intranasally with 104 PFU of CPXV or VV diluted in 30 µl of PBS. 6 days later, lung cells
were immunostained and then analyzed by flow cytometry as described in Figs. 21 and
22. The absolute cell number of these subsets was determined by multiplying the
percentage of cells in the sample by the total number of cells. Bars represent the SEM of
n = 3 mice for CPXV and n = 2 mice for VV. The number of lung cells, after enrichment
for small cells, is shown for A, Total lung cell; B, PMN; C, DI; D, DC; E, InMo; F, ConMo;
G, ExMac; H, AM; I, CD4+ T-cell; J, CD8+ T-cell; K, B-cell; L, NK cell.
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Figure 24. Mouse lung histology after a lethal dose of CPXV or VV. 22 week old female
C57BL/6NCrl mice were infected intranasally with virus diluted in 30 µl PBS. Mice were
euthanized as a humane endpoint, and lungs were fixed, sectioned, and stained with
hematoxylin and eosin. White arrow, bronchiole; black arrow, blood vessel. A, CPXV.
One mouse was infected with 105 PFU. B, VV. One mouse was infected with 107 PFU.
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Figure 24. Mouse lung histology after a lethal dose of CPXV or VV.
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Figure 24 (cont.). Mouse lung histology after a lethal dose of CPXV or VV.
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there were significantly elevated levels of IL-10 in the lungs 6 days after infection with a

sublethal dose of CPXV compared to mice treated with PBS or infected with MVA or

VV. Infection with VV also induced some IL-10 production, but this was not

significantly higher than that found in uninfected mice. At a lethal dose, 5 days after

infection, CPXV induced twice as much IL-10 as at a sublethal dose, while VV did not

induce amounts of IL-10 above the level of detection of the assay, a difference that was

statistically significantly different.

Figure 25. IL-10 in the lung after infection of mice with similar, sublethal doses of
CPXV, VV or MVA. 8-10 wk old female C57BL/6NCrl  mice were infected intranasally
with virus diluted in 30 µl PBS. After infection, mice were euthanized and BAL fluid was
collected. The level of IL-10 in the BAL fluid was determined by ELISA. Bars represent
the SEM. A, Sublethal dose. Mice were infected with 104 PFU of CPXV, VV, or MVA, or
mock infected with PBS. BAL fluid was collected 6 days after infection. For CPXV, VV
and MVA, n = 10; for PBS, n = 5. ∗∗∗, p < 0.0005 different from PBS and MVA by Tukey’s
multiple comparison test after one-way ANOVA. CPXV was also p < 0.05 different from
VV by the same test. Data represent one experiment. B, Lethal dose. Mice were infected
with 106 PFU of CPXV or VV. BAL fluid was collected 5 days after infection. For both
groups, n = 5. Value of p was calculated by two-tailed student’s t test.
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It is possible that the higher amount of IL-10 found in the lungs after infection of

mice with CPXV compared to those infected with VV at a similar dose is due to

differences in viral load in the lung. IL-10 production correlates with the inflammatory

response and injury to the host (Moore et al. 2001), which may increase with the amount

of virus present (provided the host has time to respond effectively to the virus, as in a

sublethal infection). To determine the amount of virus present in the lung after infection

with similar doses of CPXV and VV, the number of PFU in the lung was determined 6

days after infection. As shown in Fig. 26, a similar amount of virus was found in the

lungs of mice infected with CPXV or VV. As expected, there was no detectable virus in

the lungs of mice infected with a similar dose of MVA at this time.

Figure 26. Viral load in the lungs of mice infected with similar, sublethal doses of
CPXV, VV or MVA. 8-10 wk old female C57BL/6NCrl  mice were infected intranasally
with 104 PFU of virus diluted in 30 µl PBS. For all groups, n = 3. Mice were euthanized 6
days after infection, and the titers in the lungs were determined by plaque assay or
immunostaining, using the first method described in chapter 2. Differences in the means
among groups were tested by one-way ANOVA with Tukey’s multiple comparison
tests, but no significant differences were found.
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In summary, these data show that, similar to in vitro infection of BMDCs and

RAW cells (section 3.2.3), CPXV induces more IL-10 in vivo than VV or MVA. This was

observed when both sublethal and lethal doses were used. Notably, more IL-10 was

induced as the dose of CPXV increased.  Differences in IL-10 levels 6 days after infection

with CPXV or VV could not be explained by a difference in viral load.

4.2. Response of IL-10 Deficient Mice to CPXV

It is possible that the induction of IL-10 by CPXV (section 4.1.3) contributes to the

reduced recruitment of immune cells to the lungs after CPXV infection compared to VV

infection (4.1.2). This may account in part for the increased virulence of CPXV compared

to VV in C57BL/6 mice (section 4.1.1), and would be consistent with a model in which

CPXV induces IL-10 to suppress the immune response, leading to reduced clearance of

the virus. The model predicts that IL-10 deficient mice would have a more effective anti-

CPXV immune response than wild-type mice, resulting in reduced viral loads, and

potentially reducing morbidity. To test this, IL-10 deficient and wild type mice were

infected with CPXV, with the objectives of determining the influence of IL-10 on

morbidity, viral loads, inflammation, and adaptive and memory immune responses. In

many experiments, in parallel, mice were infected with VV. Since VV is often used as a

vaccine vector, it could be useful to know if IL-10 has a role in a VV infection.

4.2.1. No difference in morbidity induced by CPXV among IL-10 deficient and wild type mice.

IL-10 deficient mice are commercially available in many different genetic

backgrounds. These animals develop enterocolitis as they grow older (Berg et al. 1996;

Kuhn et al. 1993), but the severity of disease is strongly influence by the genetic
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background of the mice. C57BL/6 mice deficient in IL-10 have the least severe intestinal

lesions among IL-10 deficient mutant mice currently available (Berg et al. 1996). Jackson

Laboratories, where the C57BL/6 mice deficient in IL-10 were obtained for these studies,

has noted that only about 13 % of IL-10 deficient mice in this genetic background

developed minor intestinal lesions by 9 months of age. For the following studies, 8 – 10

wk old mice were used. These mice displayed no symptoms of enterocolitis (i.e.,

diarrhea, perianal ulceration, intestinal bleeding or rectal prolapse), and were of a

similar size as age-matched wild type controls.

The host response of IL-10 deficient mice to virus was compared to that of wild-

type mice by infecting mice intranasally with CPXV or VV. Mice were monitored daily

for weight, survival, temperature and clinical signs. As shown in Fig. 27A, the effect of a

dose of 105 PFU of CPXV on the weight of IL-10 deficient mice was similar to that on

wild-type mice (section 4.1.1). However, a dose of 104 PFU of CPXV did not induce any

weight loss in IL-10 deficient mice, while wild-type mice infected with the same dose

lost up to 15 % of their initial weight in a prior experiment (section 4.1.1). The wild type

mice used in section 4.1.1 were from a different facility than the IL-10 deficient mice

used here, and are of a slightly different genetic background. Therefore, a side-by-side

experiment using wild type mice from the same facility and of the same genetic

background as the IL-10 deficient mice was performed to determine if this potential

difference in weight loss was meaningful. As shown in Fig. 27C, wild type mice infected

with 104 PFU of CPXV lost more weight than IL-10 deficient mice, but this was

statistically significant only at 13 days after infection. A replicate experiment did not

produce any significant differences (not shown). As shown in Fig. 27B, the dose
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Figure 27. Weight loss after infection of IL-10 deficient mice with different doses of
CPXV or VV. 8 – 10 wk old female mice were weighed, and then infected with virus
diluted in a total volume of 30 µl PBS. Mice were weighed daily, and the percentage of
the initial weight for each day is shown. Mice were euthanized if they lost more than 25
% of their initial weight or became unresponsive. Symbols represent mean of mice
infected with the indicated number of PFU, or PBS, as shown. Bars indicate SE. A, CPXV.
B6.129P2-Il10tm1Cgn/J (IL-10 deficient) mice were infected with 104 PFU or 105 PFU, or
mock infected with PBS. For all groups, n = 6. B, VV. B6.129P2-Il10tm1Cgn/J mice were
infected with 105 PFU, 106 PFU or 107 PFU of VV, or mock-infected with PBS. For all
groups, n = 6. C, Side-by-side infection of wild type and IL-10 deficient mice with CPXV.
C57BL/6J (wild-type) or B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice were infected with 104 PFU
of CPXV. For wild type, PBS, and IL-10 -/-, PBS, n = 5; for wild type, CPXV n = 10; for
IL-10 -/-, CPXV n = 9. ∗, p < 0.05 wild type, CPXV different from IL-10 -/-, CPXV at
indicated day post-infection by Bonferroni post-test after two-way ANOVA for repeated
measures.
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Figure 27. Weight loss after infection of IL-10 deficient mice with different doses of
CPXV or VV.
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response of IL-10 deficient mice to VV with regards to weight loss was similar to that of

wild-type mice (section 4.1.1).

Similar to infection of wild type mice (section 4.1.1), all IL-10 deficient mice

infected with 105 PFU of CPXV had to be euthanized when they became unresponsive

(Fig. 28A). However, all of the IL-10 deficient mice infected with 104 PFU of CPXV

survived. A previous experiment using mice of a slightly different genetic background

showed that infection of wild-type mice with 104 PFU of CPXV induced morbidity

requiring euthanasia in 30 % of animals (section 4.1.1). As with weight loss, when two

different side-by-side experiments using IL-10 deficient and wild type mice of the same

genetic background were performed, there was no difference in survival. All of the wild

type and IL-10 deficient mice infected with 104 PFU of CPXV survived (not shown).

Survival of IL-10 deficient mice infected with 105 PFU or 107 PFU of VV was similar to

Figure 28. Survival after infection of IL-10 deficient mice with different doses of
CPXV or VV. Survival of same cohort of mice as Fig. 25 A, B. 8 – 10 wk old female
B6.129P2-Il10tm1Cgn/J (IL-10 deficient) mice were infected with virus diluted in a total
volume of 30 µl PBS. Mice were euthanized if they lost more than 25 % of their initial
weight or became unresponsive. Symbols represent percent survival for the indicated
number of PFU, or PBS, as shown. For all groups, n = 6. A, CPXV. Mice were infected
with 104 PFU or 105 PFU. B, Dose response to VV. Mice were infected with 105 PFU, 106

PFU or 107 PFU.
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wild type (section 4.1.1). All of the IL-10 deficient mice infected with 106 PFU of VV had

to be euthanized (Fig. 28B), while only half of wild type mice had to be euthanized at the

same dose in a previous experiment (section 4.1.1). As these minor differences were

attributed to slight variations in the wild type mouse strain for CPXV, no side-by-side

experiments comparing wild type and IL-10 deficient mice of exactly the same genetic

background were performed with VV.

As another measure of morbidity, mouse rectal temperature was measured after

infection. Sublethal doses of CPXV (104 PFU, Fig. 29A) or VV (105 PFU, Fig. 29B) had

little effect on the temperature of IL-10 deficient mice. A lethal dose of CPXV (105 PFU)

resulted in decreasing temperatures beginning 6 days after infection, which rapidly

declined to an average of 8 degrees lower than the initial temperature immediately prior

to euthanasia as a humane endpoint. There was little difference in the kinetics of

temperature loss among IL-10 deficient and wild type mice infected with a lethal dose of

CPXV. The temperature of mice infected with a lethal dose (107 PFU) of VV began

decreasing 2 days after infection. The temperature of IL-10 deficient mice infected with a

lethal dose of VV was significantly lower than wild type mice 6 and 7 days after

infection, after which all mice were euthanized. The temperature of wild type and IL-10

deficient mice after infection with a sublethal (104 PFU) of CPXV was also measured in a

side-by-side experiment. As with weight (Fig. 27C), there was little difference in

temperature among IL-10 deficient and wild type mice infected with CPXV at this dose

(Fig 29C). A second experiment confirmed this result (not shown). Based on these

results, a similar side-by-side experiment with a sublethal dose of VV was not

performed.
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Figure 29. Temperature change after infection of IL-10 deficient and wild type mice
with sublethal and lethal doses of CPXV or VV. Rectal temperatures of female mice
were taken, and then mice were infected intranasally with virus diluted in a total
volume of 30 µl PBS.  Mice were monitored daily for rectal temperature, shown as the
difference from initial temperature. Mice were euthanized if they lost more than 25 % of
their initial weight or became unresponsive. Symbols represent mean of mice infected
with the indicated number of PFU, or PBS, as shown. Bars indicate SE. A, CPXV. 8-10 wk
old IL-10 deficient B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice and 22 wk old C57BL/6Ncrl
(wild-type) mice were infected with 104 PFU (sublethal) or 105 PFU (lethal) of CPXV. For
IL-10 -/- groups, n = 6; for wild type, n = 4. Data were tested for significant differences
between groups by two-way ANOVA for repeated measures with Bonferroni post-tests
for each day post-infection, but there was no difference among wild type and IL-10 -/-
infected with the same dose of virus. Data represent one experiment. B, VV. 8-10 wk old
IL-10 deficient B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice and 22 wk old C57BL/6Ncrl (wild-
type) mice were infected with 105 PFU (sublethal) or 107 PFU (lethal) of VV. For IL-10 -/-
groups, n = 6; for wild type, n = 3. ∗∗∗, p < 0.0001; ∗, p < 0.05 IL-10 -/- different from
wild-type at a dose of 107 PFU by Bonferroni post-tests at indicated time post-infection
after two-way ANOVA for repeated measures. C, Side-by-side infection of wild type
and IL-10 deficient mice with CPXV. Same cohort of mice as in Fig. 27C. C57BL/6J
(wild-type) or B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice were infected with 104 PFU of CPXV.
For wild type, PBS, and IL-10 -/-, PBS, n = 5; for wild type, CPXV n = 10; for IL-10 -/-,
CPXV n = 9. Wild-type, CPXV and IL-10 -/- CPXV were not statistically significantly
different.
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Figure 29. Temperature change after infection of IL-10 deficient and wild type mice
with sublethal and lethal doses of CPXV or VV.
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Clinical signs were also recorded as a measure of morbidity. Infection of IL-10

deficient mice or wild-type mice with sublethal doses of CPXV (104 PFU) did not result

in detectable clinical signs (Fig. 30A and data not shown). A lethal dose (105 PFU) of

CPXV in IL-10 deficient and wild type mice resulted in ruffled fur beginning 5 days after

infection, progressively followed by hunching, reduced locomotion and

unresponsiveness. There was little difference in the onset or severity of clinical signs

dependent on mouse strain. In general, mice infected with lethal doses of CPXV had to

Figure 30. Clinical signs after infection of IL-10 deficient and wild-type mice with
sublethal and lethal doses of CPXV or VV. Clinical signs index (CSI) of same cohort of
mice as Fig. 29A, B. 22 wk old female C57BL/6NCrl (wild type) and 8-10 wk old
B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice were infected with virus diluted in 30 µl PBS. After
infection, mice were scored daily for clinical signs as follows: 0, unremarkable; 1, ruffled
fur; 2, 1 + hunch; 3, 2 + little locomotion; 4, 3 + little response. Symbols represent mean
of mice infected with the indicated number of PFU, or PBS, as shown. Bars indicate SE.
A, CPXV. Mice were infected with 104 PFU (sublethal) or 105 PFU (lethal) of CPXV. For
IL-10 -/- groups, n = 6; for wild type, n = 4. B, VV. Mice were infected with 105 PFU
(sublethal) or 107 PFU (lethal) of VV. For IL-10 -/- groups, n = 6; for wild type, n = 3.



115

be euthanized because they became unresponsive, and usually did not lose > 25 % of

their initial weight. Sublethal infection of IL-10 deficient mice with VV (105 PFU)

induced ruffled fur in some mice, but no other clinical signs (Fig. 30A). After infection of

IL-10 deficient and wild type mice with a lethal dose of VV (107 PFU), mice displayed

clinical signs within 2 days. IL-10 deficient mice rapidly showed ruffled fur and

hunching, which deteriorated into decreased locomotion and unresponsiveness by 7

days after infection. These mice usually lost > 25 % of their initial weight in addition to

becoming unresponsive. Wild-type mice usually did not become unresponsive, and

were euthanized because they lost > 25 % of their initial weight.

The preceding experiments measured morbidity of IL-10 deficient and wild type

mice infected with CPXV and VV in several different ways. By all measures, there is no

difference in morbidity induced by CPXV at sublethal and lethal doses among wild type

and IL-10 deficient mice. There is also no evidence to support a difference in morbidity

among wild type and IL-10 deficient mice infected with VV.

4.2.2. No difference in viral load among IL-10 deficient and wild type mice infected with CPXV

In order to determine if IL-10 affects the amount of virus present in vivo, IL-10

deficient and wild type mice were infected with CPXV and VV at various doses and the

amount of virus determined in the lung and other organs by plaque assay. When IL-10

deficient and wild type mice were infected with lethal doses of CPXV (105 PFU) or VV

(107 PFU), there were no statistically significant differences in the amount of virus found

in the lung (Fig. 31A), ovary (Fig. 1B), spleen (Fig. 31C) or liver (Fig. 31D).

To thoroughly investigate the impact of IL-10 on CPXV in the mouse, wild type

and IL-10 deficient mice were infected with a sublethal dose (104 PFU) of CPXV and the
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amount of virus in the lung, heart, brain, ovary and liver over time was determined. In

the lung, the amount of virus increased during the early part of infection, reaching

maximal levels (106 PFU per lung) 7 days after infection (Fig. 32A). Virus levels in the

lung dropped only slightly over the next week, but by 21 days after infection, no virus

was detected. There was no difference in the amount of virus in the lung among wild

type and IL-10 deficient mice at any time after infection. CPXV was not reliably detected

above the threshold of the assay in other organs at any time (Fig. 32B-E).

Figure 31. Viral load in mouse organs after infection of IL-10 deficient and wild-type
mice with a lethal dose of CPXV or VV. Mice were from the same cohort of mice as Fig.
27A, B. 22 wk old female C57BL/6NCrl (wild type) and 8-10 wk old B6.129P2-Il10tm1Cgn/J
(IL-10 -/-) mice were infected with a lethal dose of CPXV (105 PFU) or VV (107 PFU)
diluted in 30 µl PBS. After mice were euthanized as a humane endpoint, organs were
harvested and the viral titer in each organ (lung, ovary and spleen) or the titer per gram
organ (liver, as only one lobe of liver was collected) were determined using the first
method described in Chapter 2. For wild type, CPXV, n = 4; for IL-10 -/-, CPXV, n = 2;
for wild type, VV, n = 1; for IL-10 -/-, VV, n = 4. Bars represent the SEM. Dotted line
indicates level of detection of the assay. A, Amount of virus in lung. B, Amount of virus
in ovary. C, Amount of virus in spleen. D, Amount of virus in liver.
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Figure 32. Viral load in mouse organs after infection of IL-10 deficient and wild type
mice with a sublethal dose of CPXV. 8-10 wk old female C57BL/6J (wild-type) or IL-10
deficient B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice were infected intranasally with 104 PFU of
CPXV diluted in 30 µl PBS. At the indicated times post-infection, 5 mice per group were
euthanized. Organs were harvested and the viral titer per organ (lung, heart, brain, and
ovary) or the titer per g organ (liver, as only one lobe of liver was collected) were
determined using the second method described in Chapter 2. Dotted line indicates level
of detection of the assay. A, Amount of virus in lung. There were no statistically
significant differences. B, Amount of virus in heart. C, Amount of virus in brain. D,
Amount of virus in ovary. E, Amount of virus in liver.
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Figure 32. Viral load in mouse organs after infection of IL-10 deficient and wild type
mice with a sublethal dose of CPXV.
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The results of determining the amount of virus in various organs after infection

of IL-10 deficient and wild type mice with lethal and sublethal doses of virus do not

show a significant role of IL-10 with regards to CPXV replication or clearance. The data

suggest the same for VV, although, in light of the results for CPXV, this was not tested

using a sublethal dose.

4.2.3. IL-10 deficient mice do not resolve inflammation in the latter stage of CPXV infection as
quickly as wild-type mice

In order to determine if IL-10 influences inflammation during CPXV infection,

several markers of inflammation (IL-6 production, spleen weight and recruitment if

immune cells to the lung) were assessed in IL-10 deficient and wild type mice infected

with a sublethal dose of CPXV (104 PFU). IL-6 is a cytokine that can activate the acute

phase response, induce secretion of chemokines that attract immune cells, and stimulate

the proliferation and differentiation of T-cells and B-cells (reviewed in (Jones 2005). It

has been implicated in weight loss during infection (Kamperschroer and Quinn 2002),

and, unlike TNF, IL-1β and IL-18, which also can induce weight loss (Kamperschroer

and Quinn 2002), personal communication with Elizabeth Ramsburg, Duke University),

orthopoxviruses are not known to target IL-6 during infection (Reviewed in (Seet et al.

2003). Splenomegaly is often noted after infection of mice and humans with a variety of

pathogens. In the case of malarial disease, it is associated with increased numbers of

immune cells in the spleen (Helmby, Jonsson, and Troye-Blomberg 2000). Increased

numbers of immune cells contribute directly to inflammation.

As shown in Fig. 33, after infection of wild-type mice with CPXV, IL-10 levels

were significantly elevated in the serum 7, 9 and 14 days after infection compared to IL-
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Figure 33. Cytokine production after infection of IL-10 deficient and wild type mice
with a sublethal dose of CPXV. The same cohort of mice as Fig. 32 were used. 8-10 wk
old female C57BL/6J (wild-type) or IL-10 deficient B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice
were infected intranasally with 104 PFU of CPXV diluted in 30 µl PBS. At the indicated
times post-infection, serum was collected from 5 mice per group. The mice were then
euthanized and BAL fluid collected. Mice at “0” days post-infection were uninfected
mice. The level of IL-10 (A), IL-6 (B) and IL-17 (C) in the serum and BAL was determined
with a Fluorokine MAP kit. Bars represent SEM. Value of p was determined by two-way
ANOVA for repeated measures and reflects the difference in the curves. ∗∗∗, p < 0.001; ∗,
p < 0.05 wild-type different from IL-10 -/- at indicated time by Bonferroni post-tests after
two-way ANOVA for repeated measures. There was no detectable amount of IL-17 in
the BAL fluid (not shown).
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Figure 33. Cytokine production after infection of IL-10 deficient and wild type mice
with a sublethal dose of CPXV.
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10 deficient mice, which served as negative controls for this experiment, with the highest

amount detected on day 7. IL-10 was also elevated in the BAL fluid 7 and 9 days after

infection, the highest amount detected on day 9. This would be consistent with a model

where IL-10 acts to reduce inflammation in the latter part of infection. Supporting this

model, IL-6 remained elevated in the BAL fluid from IL-10 deficient mice 14 days after

infection, when it had already returned to baseline levels in wild type mice, a difference

that was statistically significant (Fig. 33B). IL-6 also remained elevated in the serum of

IL-10 deficient mice infected with CPXV longer than in that of wild type mice.

The amount of IL-17 in the serum and BAL after infection was also determined as

an indirect measure of the activity of helper T-cells that produce IL-17 (TH17 cells), a

recently identified effecter T cell population distinct from CD4+ TH1 and TH2 cells

(Harrington et al. 2005). These cells have been shown to be pathogenic in autoimmune

disease models (Cua et al. 2003; Langrish et al. 2005; Murphy et al. 2003). Their role

during viral infection, if any, is unknown. There were no detectable amounts of IL-17 in

the BAL fluid of IL-10 deficient or wild type mice at any time after infection (not shown).

CPXV infection rapidly led to enhanced levels of IL-17 in the serum of wild-type mice,

which returned to baseline levels by 3 wk after infection (Fig. 33C). IL-10 deficient mice

were not useful in determining the role of IL-10 in CPXV induction of IL-17, as there

were elevated levels of IL-17 even in naïve mice.

There was no difference in the weight of spleens among IL-10 deficient and wild

type mice infected with a lethal dose of CPXV (105 PFU) at the time of death (Fig. 34A)

and spleens from naïve mice (Fig. 35B, time “0”). When mice were infected with a

sublethal dose of CPXV (104 PFU), spleen weight was increased by 7 days after infection,

and did not return to baseline weight until > 28 days after infection (Fig. 34B). Spleens
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from infected IL-10 deficient mice weighed significantly more than those from wild-type

mice 9, 14 and 21 days after infection, and the difference in the curves was significant (p

= 0.0008 by two-way ANOVA for repeated measures).

Figure 34. Spleen weight after infection of IL-10 deficient and wild type mice with
lethal and sublethal doses of CPXV or VV. Bars represent SEM. A, Lethal dose. Mice
were from the same cohort of mice as Fig. 27A, B. 22 wk old female C57BL/6NCrl (wild
type) and 8-10 wk old B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice were infected with a lethal
dose of CPXV (105 PFU) or VV (107 PFU). For wild type, CPXV, n = 4; for IL-10 -/-,
CPXV, n = 6; for wild type, VV, n = 3; for IL-10 -/-, VV, n = 6. Spleen weights were
determined after mice became unresponsive and were euthanized. There were no
significant differences among wild type and IL-10 deficient mice infected with the same
virus. B, Sublethal dose. The same cohort of mice as Fig. 32 were used. 8-10 wk old
female C57BL/6J (wild-type) or IL-10 deficient B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice were
infected intranasally with 104 PFU of CPXV diluted in 30 µl PBS. At the indicated times
post-infection, 5 mice per group were euthanized and spleens weighed. Mice at “0” days
post-infection were uninfected mice. Value of p was determined by two-way ANOVA
for repeated measures and reflects the difference in the curves. ∗, p < 0.05 wild-type
different from IL-10 -/- at indicated time by Bonferroni post-tests after two-way
ANOVA for repeated measures.
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Kinetic analysis of the recruitment of the cell mediators of inflammation to the

site of infection is one of the most definitive measures of inflammation after infection.

after infection of IL-10 deficient and wild type mice with a sublethal (104 PFU) of CPXV

over time, lung cells were enriched for small cells and then analyzed by flow cytometry.

The numbers of several different immune cells from the lung were then determined (Fig

35). The number of most cell types increased in the lung after infection in both wild type

and IL-10 deficient mice, except that no PMNs were found in wild type at levels

exceeding those found in naïve mice (Fig. 35B). The total number of cells isolated from

lungs reached maximal levels by 7 days after infection (Fig. 35A). For wild type mice,

maximal numbers of DIs (Fig. 35C), DCs (Fig. 35D), CD4+ T-cells (Fig. 35E), AM (Fig.

35G), and B-cells (Fig. 35K) reached maximal levels by 3 days after infection. CD8+ T-

cells (Fig. 35F), monocytes (Fig. 35I,J) and NK cells (Fig. 35L) reached maximal levels by

7 – 9 days after infection. ExMacs did not reach maximal levels until 21 days after

infection (Fig. 35 H), over two weeks later than most other cell types.

As shown in Fig. 35A, the total number of cells obtained from the lungs of IL-10

deficient mice was higher than that from wild-type mice 7 days after infection, but this

difference was not statistically significant. There were, however, several significant

differences in the numbers of individual cell types. Overall, the kinetics of these cells in

the lung were similar among IL-10 deficient and wild type mice during the first week

after infection, but several populations continued to increase in number in IL-10

deficient mice during the second week after infection. 3 days after infection, IL-10

deficient mice had elevated numbers of PMNs, while wild-type mice did not (Fig. 35B).

IL-10 deficient mice also had elevated numbers of DIs, DCs, and T-cells in the lung

parenchyma compared to wild-type mice 14 days after infection (Fig 35C-F). DCs were
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Figure 35. Inflammatory cell infiltrate in the lungs of IL-10 deficient and wild type
mice infected with a sublethal dose of CPXV. The same cohort of mice as Fig. 32 were
used. 8-10 wk old female C57BL/6J (wild-type) or IL-10 deficient B6.129P2-Il10tm1Cgn/J
(IL-10 -/-) mice were infected intranasally with 104 PFU of CPXV diluted in 30 µl PBS. At
the indicated times post-infection, 5 mice per group were euthanized. Lung cells were
enriched for small cells, immunostained and analyzed by flow cytometry. Subsets of
immune cells were identified as described in Figs. 21 and 22. The absolute number of
each cell type in the lungs was determined by multiplying the percentage of each cell
type by the total number of lung parenchyma cells. Bars represent SEM. Where shown,
value of p was determined by two-way ANOVA for repeated measures and reflects the
difference in the curves. ∗∗∗, p < 0.001; ∗∗, p < 0.01; p < 0.05 wild-type different from IL-
10 -/- at indicated time by Bonferroni post-tests after two-way ANOVA for repeated
measures. A, Total cells after enrichment for small cells; B, PMN; C, DI; D, DC; E, CD4+

T-cell; F, CD8+ T-cell. G, AM; H, ExMac; I, ConMo; J, InMo; K, B-cell; L, NK cell.
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Figure 35. Inflammatory cell infiltrate in the lungs of IL-10 deficient and wild type
mice infected with a sublethal dose of CPXV.
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Figure 35 (cont.). Inflammatory cell infiltrate in the lungs of IL-10 deficient and wild
type mice infected with a sublethal dose of CPXV.
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still present in significantly higher numbers in IL-10 deficient mice 21 days post-

infection. Similarly, although not statistically significant, there were higher numbers of

monocytes 14 days after infection of IL-10 deficient mice than wild type mice (Fig. 35I, J).

There were no differences in the number of AM, exMacs, B-cells and NK-cells found in

the lung parenchyma among infected IL-10 deficient and wild-type mice (Fig. 35G, H, K,

L).

As another measure of inflammation in the lung, histological sections were

prepared from IL-10 deficient and wild type mice infected with a sublethal dose of

CPXV 14 days post-infection, when there were more cells in the lungs of IL-10 deficient

mice compared to wild type as determined by flow cytometry (Fig. 35). As shown  in

Fig. 36A, a small, basophilic, mononuclear cell infiltrate was present around bronchioles

and blood vessels after infection of wild type mice with CPXV. The bronchiolar

epithelium appears intact in the affected areas. This mononuclear cell infiltrate was

much more dramatic in the lungs of IL-10 deficient mice after infection with CPXV. The

bronchiolar epithelium in the affected areas was no longer identifiable, and there was

extensive fibrin deposition both in the lung parenchyma and the alveolar spaces.

In summary, the results show that there are elevated levels of IL-6, greater spleen

weights, and more inflammatory cell infiltrate in the lungs of IL-10 deficient mice

compared to wild type mice in the latter part of infection, particularly 14 days after

infection. This occurs after IL-10 levels peak in wild type mice 7 days after infection.

Collectively, these data suggest that IL-10 promotes resolution of inflammation in the

latter part of a CPXV infection. This role for IL-10 in infection is not surprising, and it is

unclear whether more rapid resolution of inflammation in the host could be

advantageous to CXPV.
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Figure 36. Lung histology after infection of Il-10 deficient and wild type mice with a
sublethal dose of CPXV. The same cohort of mice as Fig. 32 were used. 8-10 wk old
female C57BL/6J (wild-type) or IL-10 deficient B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice were
infected intranasally with 104 PFU of CPXV diluted in 30 µl PBS. 14 days post-infection, 1
mouse per group was euthanized. The lower lobe of the left lung was fixed, embedded,
sectioned and stained with hematoxylin and eosin. Bars indicate scale as shown. Black
arrow, bronchiole; white arrow, blood vessel. A, Lung from wild type mouse. B, Lung
from IL-10 -/- mouse.
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Figure 36. Lung histology after infection of Il-10 deficient and wild type mice with a
sublethal dose of CPXV.   
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4.2.4. Il-10 deficient mice have a less effective protective immune response to reinfection with
CPXV than wild type mice

The inflammatory response is important in generation of an effective adaptive

and memory immune response. IL-10 deficient mice likely mount an effective adaptive

immune response to CPXV because they clear a CPXV infection as effectively as wild

type mice (section 4.1.2). As one measure of the adaptive immune response, the

antibody response to CPXV in IL-10 deficient and wild type mice was measured by

determining the endpoint dilution titer of serum again B5R over time (Fig. 37). B5R is an

Figure 37. Antibody titers after infection of IL-10 deficient and wild type mice with a
sublethal dose of CPXV. 8-10 wk old female C57BL/6J (wild-type) or IL-10 deficient
B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice were infected intranasally with 104 PFU of CPXV
diluted in 30 µl PBS. At indicated times post-infection, serum was collected and ELISA
determined the endpoint dilution of antisera against B5R. For days 0, 14 and 21, the
same cohort of mice as Fig. 32 was used, with n = 5 for all groups. For days 28, 35 and 65,
the same cohort of mice as Fig. 28 was used, with n = 10 for wild type, n = 9 for IL-10 -/-.
Symbols represent the geometric mean titer (reciprocal dilution). Bars indicate SE.
Dotted line indicates the level of detection of the assay.
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orthopoxvirus protein conserved among CPXV, VV and MVA. Antibodies against this

protein are responsible for the ability of vaccinia immune globulin to neutralize EEV

(Bell et al. 2004). There were no differences in the titer of B5R antisera that exceeded the

level of error inherent in the assay (specifically, two-fold dilutions were used to

determine the endpoint dilution, which often varies by one dilution from assay to assay,

suggesting a difference would need to be more than 4-fold to be meaningful). A replicate

experiment had similar results (not shown).

To test the protective immune response, IL-10 deficient and wild-type mice

previously infected with 104 PFU of CPXV were challenged with 107 PFU of CPXV, at

least 100 times the dose required to induce lethality in naïve mice. Mice were monitored

for weight loss, temperature change and survival, and by all measures, IL-10 deficient

mice were more susceptible to challenge than wild type. They lost significantly more

weight (Fig. 38A) and temperature (Fig. 38B) than wild-type mice. Importantly, all of the

wild-type mice survived this challenge, while all of the IL-10 deficient mice had to be

euthanized for excessive weight loss, a difference that was highly significant with p =

0.0047 by log-rank test (Fig. 38C). At the time of death, spleens (Fig. 38D) and lungs (Fig.

38E) from IL-10 deficient weighed half again as much as those from wild-type mice,

differences that were statistically significant. Last, detectable amounts of virus were

recovered from the lungs of IL-10 deficient mice at the time of death, while no virus was

detected in the lungs of wild-type mice at the same time (Fig. 38F).

Collectively, the lack of difference in viral loads (section 4.2.1) or B5R-specific

antibody response (Fig. 37) among IL-10 deficient and wild type mice provide no

evidence that IL-10 has an impact on development of an effective adaptive immune
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Figure 38. Response of IL-10 deficient and wild type to reinfection with a lethal dose
of CPXV. The same cohort of mice as Fig. 28 was used. 8-10 wk old female C57BL/6J
(wild-type) or IL-10 deficient B6.129P2-Il10tm1Cgn/J (IL-10 -/-) mice were infected
intranasally with 104 PFU of CPXV diluted in 30 µl PBS. For wild type, n = 10; for IL-10 -
/-, n = 9. All of these mice survived. 10 weeks after the initial infection, the same mice
were infected intranasally with 107 PFU of CPXV diluted in 30 µl PBS. Mice were
monitored daily for weight and rectal temperature. 7 days post-infection, all mice in the
IL-10 -/- group were unresponsive, necessitating euthanasia. Wild-type mice, which did
not have any clinical signs of infection, were also euthanized at this time. Tissue was
collected after mice were euthanized. A, Weight loss. Data is expressed as the percent of
the initial weight. Symbols represent the mean, bars the SE. Value of p was determined
by two-way ANOVA and reflects the difference in the IL-10 -/- and wild-type curves.
∗∗∗, p < 0.001 wild-type different from IL-10 -/- at indicated times by Bonferroni post-
tests after two-way ANOVA. B, Temperature change. Data are expressed as the
difference from initial temperature. Symbols represent the mean, bars the SE. Value of p
was determined by two-way ANOVA and reflects the difference in the IL-10 -/- and
wild-type curves. ∗∗, p < 0.01 wild-type different from IL-10 -/- at indicated time by
Bonferroni post-tests after two-way ANOVA. C, Survival. Symbols represent the percent
survival. Value of p was determined by log-rank test. D, Weight of spleen. Bars represent
the SEM. Value of p was determined by student’s t test. E, Weight of lung. Bars represent
the SEM. Value of p was determined by student’s t test. F, Amount of virus in lungs.
Bars represent the SEM. For statistical purposes, the amount of PFU for wild-type mice
was set as the limit of detection of the assay. Value of p was determined by student’s t
test.
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Figure 38. Response of IL-10 deficient and wild type to reinfection with a lethal dose
of CPXV.
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response to CPXV. However, the reinfection data show that IL-10 deficient mice are less

protected from reinfection with CPXV compared to wild-type mice. These results are

surprising because IL-10 has been shown to have many immunosuppressive functions

(reviewed in Moore KW 2001), and thus the importance of IL-10 in generation of an

effective memory response may reflect a novel role for IL-10 in the immune system.

4.3. Conclusions

The studies in this chapter addressed the role of IL-10 in a CPXV infection by

comparing the effect of CPXV on IL-10 deficient and wild type mice. CPXV is more

lethal than VV in a C57BL/6 intranasal model of infection, perhaps due in part to more

effective inhibition of the inflammatory response by CPXV. Consistent with this, CPXV

infection of wild type mice results in local and systemic production of IL-10. This

supported the hypothesis that CPXV induces IL-10 to suppress inflammation, thereby

reducing viral clearance. However, further results from comparing the response of IL-10

deficient and wild type mice do not support this model. IL-10 does not appear to affect

disease morbidity, viral replication or spread of the virus in vivo. It is not required for

resolution of the primary infection. As for many infections, IL-10 does appear to be

important in resolving the inflammatory response, but it is unclear if this could be

advantageous to the virus. Surprisingly, IL-10 is important in generation of an effective

memory response to CPXV
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5. Discussion

The present studies demonstrate that, although replication of CPXV and VV is

impaired during morphogenesis from IVs to MVs, CPXV modulates DC function in

distinct ways. Notably, CPXV induces significant amounts of IL-10 from BMDCs, while

VV and MVA do not. CPXV also induces IL-10 in vivo, where it has little effect on viral

loads or disease morbidity. In a C57BL/6 mouse model of respiratory infection IL-10 is

important in resolving inflammation during a CPXV infection. In addition, these studies

highlight what may be a novel role of IL-10 in infection: IL-10 contributes to the

generation of an effective memory response.

5.1. Orthopoxvirus Replication in DCs

The current studies present the first extensive analysis of the replication cycle of

CPXV, VV and MVA in mouse DCs. The data show that replication of all three viruses is

impaired in mouse BMDCs (section 3.1.2), in agreement with recent reports of lack of

VV replication in mouse Langerhans cells (Deng et al. 2006), as well as lack of VV and

MVA replication in mouse conventional and plasmacytoid DCs obtained from culture of

mouse bone marrow with GM-CSF and Flt-3 (Waibler et al. 2007). The inability of VV

and MVA to replicate in DCs is likely conserved among mice and humans because

several studies show that VV and MVA do not replicate in human monocyte-derived

DCs (Chahroudi et al. 2006; Drillien et al. 2000; Engelmayer et al. 1999; Jenne et al. 2000;

Kastenmuller et al. 2006).  To date, other than the current studies, there are no reports of

the ability of CPXV to replicate in mouse or human DCs. Since CPXV behaved similarly
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to VV and MVA in mouse DCs with respect to replication, it is possible that it may not

replicate in human DCs either.

One study by Spohr de Faundez et al. (1995), in which splenic DCs were

recovered from mice infected with ECTV, found the DCs contained infectious virions by

an infectious center assay, which was confirmed using electron microscopy. Because

DCs are migratory, moving from the tissue through the lymphatics to lymph nodes

(reviewed in Randolph, Angeli, and Swartz 2005), this could contribute to the spread of

virus through the host. The presence of virus in lymph nodes at the same time it is first

found in lungs after aerosol infection of mice with ECTV is consistent with this model,

although many other cells could likely contribute (Roberts 1962).

Dissemination through the lymphatic system has also been observed for VARV

and MPXV, but it is unclear whether DCs are involved. Similar to ECTV, after aerosol

infection of monkeys with VARV, virus was recovered from draining lymph nodes

within one day (Hahon and Wilson 1960). In a later study (Jahrling et al. 2004), cells that

stained with polyclonal antisera raised against macrophage marker Ab-1 (which is

CD11b, a molecule expressed on monocytes, macrophages, and DCs), were reported to

be productively infected after intravenous infection of cynomolgus macaques with

VARV, both in tissue and in the blood. These cells were implicated in spread through

the lymphatic system, which delivered virus to lymphoid tissues and most major

organs. After infection of cynomolgus monkeys with aerosolized MPXV, virus spread to

the lymph nodes, and then to other tissues (Zaucha et al. 2001). Because the primary

target cells in tissue were macrophages and DCs, they were implicated in dissemination.
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5.2. Viral Gene Expression in DCs

The majority of studies show infection of human monocyte-derived DCs with VV

or MVA leads to robust expression of early and intermediate genes, but there is severely

limited or absent replication of viral DNA and expression of late viral proteins, leading

to abortive replication (Chahroudi et al. 2006; Drillien et al. 2000; Engelmayer et al. 1999;

Jenne et al. 2000; Kastenmuller et al. 2006). Perhaps because it was assumed that viral

gene expression would be the same in mouse DCs, gene expression in mouse DCs has

not been well characterized prior to the current studies. This appears to be an incorrect

assumption. In a pulse-labeling experiment, CPXV, VV and MVA expressed all temporal

classes of viral genes in mouse BMDCs (section 3.1.3). This conflicts with a recent study

by (Liu, Chavan, and Feinberg 2008), which showed using green fluorescent protein

under an early viral promoter that early viral genes are expressed by MVA in mouse

BMDCs and splenic DCs, but late viral genes are not. The late viral gene expression was

analyzed by staining cells with polyclonal antisera raised against A56R, a protein

expressed late during infection. We (not shown) and others (Yates and Alexander-Miller

2007) have had difficulty clearly staining infected cells with polyclonal sera raised

against VV or early proteins, suggesting this is not a reliable way to detect viral proteins.

In addition, there is selective late gene expression in mouse BMDCs (section 3.1.6), and it

is unknown how many late proteins are affected. It may be that A56R expression is

reduced in BMDCs.

It is possible that there is a species-specific difference in the ability of these

viruses to express proteins in DCs, supported by one study by Bronte et al. (1997), which



139

compared the activity of early and late VV promoters in mouse and human DCs. The

authors found that there was no detectible late promoter activity in human DCs, but it

was detected, albeit at a reduced level, in mouse DCs. However, a study by Guerra et al.

(2007) on MVA infection of human monocyte-derived DCs detected some late viral

proteins by Western blot, including A17L and A27L, but not A36R and B5R. Notably,

several decades ago, Nagao, Inaba, and Iijima (1976) performed electron microscopy on

tissue from the site of smallpox vaccination of a child, which showed a Langerhans cell

(with characteristic Birbeck granules) with MVs within a lysosome, and IVs in the

cytoplasm, reminiscent of the accumulation of immature virions observed in mouse

BMDCs infected with CPXV or VV (section 3.1.4). These studies present the possibility

that the life cycles of VV and MVA are similar in mouse and human DCs, perhaps

dependent on which DC subset is considered.

Mouse BMDCs had interesting differences in late viral protein expression

compared to a permissive tissue culture cell line after infection with CPXV. Notably,

although it is usually one of the most abundantly produced proteins after CPXV

infection, there was very little accumulation of the ATI protein, or the truncated ATI

protein encoded by VV, in mouse BMDCs (section 3.1.6). This is most likely due to

reduced synthesis of the protein, although it is possible that it is degraded

cotranslationally or immediately after translation. One possible explanation for this is

that DCs lack some cellular factor the virus needs to express certain late proteins, which

affects expression of the ATI gene, as well as a gene involved in proteolytic processing of

core structural proteins.
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Several cellular factors that promote in vitro transcription of intermediate genes,

including Ras-GTPase activating protein SH3-domain-binding protein and the

cytoplasmic activation and proliferation-associated protein (Katsafanas and Moss 2004),

and late genes, including the heterogeneous ribonucleoproteins A2/B1 and RBM3

(Wright, Oswald, and Dellis 2001), have been identified, but their role during in vivo

expression of viral genes is unclear. In addition, The TATA box-binding protein has

been implicated in activating promoters for intermediate and late viral genes in vivo

(Knutson et al. 2006). Alternatively, there could be increased levels of a cellular factor

that suppresses expression of some late genes. Yin and Yang 1 (YY1) binds to the

initiator element of the intermediate I1L promoter with high affinity (Broyles et al. 1999;

Zhu, Moore, and Broyles 1998). The initiator element site is essential for transcription of

intermediate and late viral genes (Baldick, Keck, and Moss 1992; Davison and Moss

1989). A recent study by Knutson, Oh, and (Broyles 2009) demonstrated that YY1

suppresses transcription of viral genes.

Another intriguing explanation for the selective expression of the ATI protein is

that the virus itself suppresses ATI protein production in DCs to prevent the generation

of CTLs that recognize epitopes derived from it. This could avoid clearance of the virus

in vivo because productively infected cells would be expected to have large amounts of

the ATI protein. In fact, the CTL response to VV primarily targets early proteins, and

CTLs that recognize epitopes from the truncated version of the ATI protein encoded by

VV are not prevalent (Moutaftsi et al. 2006; Oseroff et al. 2005; Pasquetto et al. 2005;

Tscharke et al. 2005), even though it is one of the most abundantly synthesized proteins.

The ability of CPXV to selectively suppress production of the ATI protein in mouse
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BMDCs could be tested by infecting mouse BMDCs with CPXV deletion mutants, and

then determining whether the ATI protein is expressed.

5.3. Defect in Viral Replication in BMDCs

Production of infectious virions from mouse BMDCs infected with CPXV, VV or

MVA is impaired, such that IVs accumulate in the cells (section 3.1.4). Since mutations in

16 out of the 18 genes known to result in accumulation of IVs also result in a lack of

proteolytic cleavage of virion core proteins (reviewed in Condit, Moussatche, and

Traktman 2006), it was unsurprising that there was no proteolytic processing of the

precursor of the major core structural protein, P4a, in mouse BMDCs infected with

CPXV, VV or MVA (section 3.1.5). Reduced expression of any one of these 16 genes

could lead to the accumulation of IVs in mouse BMDCs.

Among these genes, those encoding the viral early transcription factor (VETF)

are attractive possibilities. VETF is composed of two subunits, D6 and A7 proteins,

which are packaged into the MV and are one of the essential factors in initiating early

viral gene expression (reviewed in Moss 2001). VV mutants with temperature sensitive

of IPTG-inducible D6 and A7 have been constructed (Christen, Higman, and Niles 1992;

Hu et al. 1996; Hu et al. 1998). When the function of VETF is abolished by incorporation

of temperature sensitive mutants into the virion, there is a problem in early gene

transcription, which blocks replication (Christen, Higman, and Niles 1992). Interestingly,

when infectious virions are propagated with D6 and A7 turned on by IPTG, and a cell is

subsequently infected in the absence of IPTG, the VETF in the virion is functional, and

there is apparently normal gene expression, with all temporal classes of viral genes
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being expressed at the usual time (Hu et al. 1996; Hu et al. 1998). However, the lack of de

novo VETF during viral replication in the absence of IPTG leads to impaired

morphogenesis, such that IVs accumulate, with rare examples of IVNs or aberrant forms

somewhere between IV and MV. In addition, there is an abnormally large amount of

viroplasm, the heterogeneous dense material observed around the virus factories. This

phenotype is more comparable to that observed in CPXV-infected BMDCs (section 3.1.4)

than disruptions in several other genes that impair MV formation, which often have

large numbers of IVNs or aberrant IVs. In addition, since VETF is a transcription factor,

it is feasible that it may play a role in transcription of some late genes, such as the gene

encoding the ATI protein. It would be interesting to see if there is reduced accumulation

of D6 and/or A7 in mouse BMDCs after CPXV infection.

5.4. DC Survival After Orthopoxvirus Infection

Mouse BMDCs infected with CPXV survive in culture much longer than those

infected with VV or MVA (section 3.2.1). The current studies are the only report of the

effect of CPXV on DC viability we are aware of to date. The different effect on viability is

not likely due to a difference in infectivity of DCs amongst CPXV and VV and MVA. We

were not successful at enumerating the percentage of infected BMDCs by staining with

polyclonal antisera raised against VV or CrmA, a problem also reported in another

study (Yates and Alexander-Miller 2007), but electron microscopy showed that 80 % of

BMDCs have intermediates of viral replication in the cytoplasm after infection with

CPXV. This is very similar to reports of 75 % infectivity of mouse BMDCs after infection

with VV (Yates and Alexander-Miller 2007) and 60 % infectivity after infection with
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MVA (Liu, Chavan, and Feinberg 2008) using viruses that express green fluorescent

protein.

A caveat to this is that the above studies on the infectivity of mouse DCs with

CPXV, VV and MVA all used 10 PFU/cell to infect DCs based on plaque assays in tissue

culture cells. When BMDCs were infected with 10 PFU/cell of CPXV, only

approximately 80 % of the cells became infected, as determined by examining 20 cells by

electron microscopy. It is possible that the mouse DCs are more resistant to infection

than the cells used to titrate virus stocks. However, since bone marrow cultures are

approximately 80 % DCs, it is also possible that the non-DC cells in the culture were not

infectible. Further studies using monoclonal antibodies to poxvirus proteins for

intracellular staining of BMDCs infected with CPXV, VV or MVA, in conjunction with

cell surface markers, would be required to differentiate between these two (or, perhaps,

even more complex) scenarios.

The induction of cell death after infection of mouse DCs with MVA or VV has

been observed by others, and the proportion of cells affected appears to be related to the

maturation state of the DC. Mature mouse BMDCs or splenic DCs survive in culture

longer than immature mouse BMDCs (Liu, Chavan, and Feinberg 2008; Yates and

Alexander-Miller 2007). However, mature DCs are also less infectible: when infected

with > 5 PFU/cell of VV or MVA, only 40 % of splenic DCs (Gasteiger et al. 2007; Liu,

Chavan, and Feinberg 2008; Yates and Alexander-Miller 2007) and 50 % of Langerhans

cells (Deng et al. 2006) expressed viral genes. It is unclear whether the increased number

of dead immature DCs is simply due to increased numbers of infected cells relative to

mature DCs, or that, upon direct infection, mature DCs are actually more resistant to cell

death than immature DCs. These maturation state dependent differences in the
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induction of cell death and infectivity have also been documented in human monocyte-

derived DCs after infection with VV or MVA (Chahroudi et al. 2006; Engelmayer et al.

1999; Guerra et al. 2007; Jenne et al. 2000; Kastenmuller et al. 2006; Zhang et al. 2007).

Accumulating evidence from mouse models of orthopoxvirus infection strongly

suggest that cross-priming of APCs after infection with VV or MVA is the primary

mechanism of T-cell activation, accounting for at least 80 % of activated CTLs ((Basta et

al. 2002; Behboudi et al. 2004; Deng et al. 2006; Drillien, Spelmer, and Garin 2004;

Gasteiger et al. 2007; Liu, Chavan, and Feinberg 2008; Ramirez and Sigal 2002; Shen et al.

2002; Yao et al. 2007; Yates and Alexander-Miller 2007). This is likely true in humans as

well (Drillien, Spehner, and Hanau 2004), and is consistent with a model where MVA

and VV induce cell death in the majority of directly infected DCs before they can

functionally interact with T-cells. The survival of CPXV-infected DCs presents the

possibility that CPXV may be able to subvert DC/T-cell interactions in vivo, rather than

simply killing the DC.

Although information for other orthopoxviruses is limited, one report suggests

that mouse DCs may remain viable after infection with ECTV (Spohr de Faundez et al.

1995). In addition, although viral antigens were primarily localized to

macrophages/DCs in tissues after infection of cynomolgus macaques with VARV or

MPXV, TUNL staining suggested that there was minimal induction of apoptosis in these

cells (Jahrling et al. 2004; Zaucha et al. 2001). A recent phylogenetic analysis of

orthopoxviruses by Babkin and Shelkunov (2008) suggests that CPXV and VV share a

common ancestor, and MPXV, VARV and ECTV ancestors diverged from the shared

ancestor of CPXV and VV successively earlier in history. Because CPXV, MPXV, VARV
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and ECTV may all promote DC survival, is possible that the induction of DC death by

VV and MVA may be the result of a loss of function rather than a true immune evasion

strategy, as was originally assumed (Engelmayer et al. 1999). It is possible that CPXV

encodes a gene, or several genes, that promotes DC survival, which are conserved with

ECTV, but not VV or MVA. Orthopoxviruses encode several proteins that are known to

be anti-apoptotic, and, as with other genes accessory to viral replication, they are highly

divergent, with the most represented in the CPXV genome (reviewed in Seet et al. 2003).

There are likely more genes affecting cell survival that have yet to be identified.

5.5. Effects of Orthopoxviruses on Molecules Important in DC/T-
cell Interactions

CPXV has dramatically different effects on cell surface expression of molecules

important in DC/T-cell interactions than VV and MVA. After infection of mouse

BMDCs with VV and MVA, there is an apparent upregulation of MHC II, CD80 and

CD86 (section 3.2.2). This is in agreement with all other recent studies of the effects of

VV and MVA on mouse DC surface expression of these molecules, when it is taken into

consideration how long the infected DCs remained in culture before analysis.

Specifically, all studies on surface expression of molecules important in DC/T-cell

interactions on mouse BMDCs or splenic DCs infected with VV or MVA performed

within 6 – 8 hr after infection showed a similar apparent upregulation as the current

studies (Liu, Chavan, and Feinberg 2008; Salek-Ardakani et al. 2009; Waibler et al. 2007;

Yammani et al. 2008; Yao et al. 2007), but studies performed > 18 hr post-infection did

not (Behboudi, Moore, and Hill 2004; Gasteiger et al. 2007; Yates and Alexander-Miller
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2007; Zhu et al. 2007). This could be explained by the lack of viable cells in the culture 24

hr after infection (section 3.2.1). It is possible that the apparent upregulation of these

molecules is due to different effects on the viability of immature and mature DCs in the

bone marrow culture. After exposure to VV or MVA, relatively immature mouse

BMDCs were much more susceptible to cell death than mature splenic DCs or BMDCs

matured with TLR agonists (Liu, Chavan, and Feinberg 2008; Yates and Alexander-

Miller 2007). The immature DCs express molecules important in DC/T-cell interactions

at a lower level than mature DCs, and, because experimental manipulation can mature

DCs, it is expected that an “immature” DC population would also contain mature DCs

(reviewed in Shortman and Liu 2002), which is reflected in the phenotype of the mouse

BMDCs (section 3.1.1). If more immature DCs died after exposure to VV or MVA than

mature DCs, the resulting population would express higher levels of molecules

important in DC/T-cell interactions than before. This model suggests that VV and MVA

do not downregulate cell surface expression of molecules important in DC/T-cell

interactions on mouse DCs, which was reported to be the case in a recent study on

mature DCs from mouse spleen after infection with VV (Yates and Alexander-Miller

2007).

There is some indication that what little direct presentation occurs in vivo may be

responsible for the generation of CTLs specific to epitopes that are not derived from

cross presentation (Basta et al. 2002; Liu, Chavan, and Feinberg 2008; Shen et al. 2002;

Yao et al. 2007). Yates and Alexander-Miller (2007) suggested that the infection of

mature DCs could be one mechanism of direct presentation because VV-infected CD8+

splenic DCs (and BMDCs matured with LPS) were capable of stimulating T-cells in vitro.



147

The current studies showed that the majority of DCs infected with MVA and VV are

dead within 12 hr after infection. If infected DCs are capable of migrating to lymph

nodes, and they may not be because a study on human DCs suggested VV infection

impairs directional migration (Humrich et al. 2007), it is theoretically possible that a VV-

infected DC could interact with a T-cell before it expires. DCs infected with HSV have

been shown to travel from the site of infection to a lymph node in 6 hrs (Mueller et al.

2002), and, in the lymph node, DC/T-cell interactions that productively stimulate T-cells

can occur in less than 12 hr (reviewed in Friedl, den Boer, and Gunzer 2005).

Several studies indicate that VV does not induce upregulation of T-cell

costimulatory molecules on human DCs one day post-infection, and may even decrease

cell surface expression of some (Drillien et al. 2000; Drillien, Spehner, and Hanau 2004;

Engelmayer et al. 1999; Jenne et al. 2000). However, one day after infection of human

DCs with MVA, there was moderate maturation as measured by increased levels of

CD80, CD83 and CD86 on the cells surface (Drillien, Spehner, and Hanau 2004;

Kastenmuller et al. 2006), consistent with what we see in mouse DCs. It is difficult to

determine whether this reflects any species-specific DC differences because all of these

studies were performed 24 hr after infection of DCs, and did not discriminate live from

dead and dying cells.

CPXV infection specifically downregulates mouse BMDC surface expression of

CD40, CD86, MHC II and MHC I (section 3.2.2). In the case of MHC I, two genes that

target MHC I trafficking to the surface of the cell have recently been identified in the

CPXV genome (Byun et al. 2007; Dasgupta et al. 2007; personal communication with

Minji Byun). The action of these genes is likely responsible for the downregulation of

MHC I on the surface of BMDCs after infection with CPXV, which could be apparent
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even 6 hr after infection because the half-life of MHC I molecules complexed with

antigen has been reported to be as low as 6 hr in one study (Sigal, Berens, and Wylie

1994). Wilson et al. (1999) reported that reduced MHC I expression on DCs can promote

their clearance by NK cells. However, as CPXV encodes a protein that acts as a

competitive antagonist of the NKG2D activating receptor on NK cells (Campbell et al.

2007), CPXV downregulation of MHC I on DCs is unlikely to promote their clearance by

NK cells.

The apparent reduction in MHC I on the surface of BMDCs infected with VV or

MVA (section 3.2.2) may be due to increased survival of mature vs. immature DCs in the

same culture, as the DCs that were expressing high levels of MHC II, CD40, CD80 and

CD86 actually expressed lower levels of MHC I than the DCs that expressed these

molecules at a low level (section 3.1.1). There is no evidence for an as yet undiscovered

poxvirus gene involved in downregulation of surface MHC I that could be encoded by

VV. The CPXV genes that target MHC I trafficking are not found in the genomes of VV

and MVA, and several studies show VV does not downregulate MHC I (Byun et al.

2007; Dasgupta et al. 2007; Hammarlund et al. 2008). In addition, removing the two

genes identified to affect MHC I trafficking to the cell surface from CPXV completely

abolishes MHC I downregulation (personal communication, Byun).

There are no reports of CPXV genes that could explain the downregulation of

CD40, CD86 or MHC II. Downregulating any one of these could impair the immune

response. MHC II expression is essential to activation of CD4+ T-cells, which, in a CPXV

infection, are required for successful clearance of the virus by helping CD8+ T-cells as

well as functioning as effecter cells (Ferrier-Rembert et al. 2007). CD40 is an important

costimulatory molecule in DC/T-cell interactions. When it binds to CD40L on the T-cell,



149

it signals to the DC to upregulated molecules important in DC/T-cell interactions and

produce cytokines, all of which lead to a more efficient contact plane between the DC

and T-cell (reviewed in Friedl, den Boer, and Gunzer 2005). CD80 and CD86 bind to

CD28 on the T-cell, providing survival and proliferation signals (reviewed in Friedl, den

Boer, and Gunzer 2005). Interestingly, there may be selective pressure on the virus to

specifically downregulate CD86, but not CD80, on the surface of DCs. An intriguing

report by Salek-Ardakani et al. (2009) demonstrated that the function of CD86, and not

CD80, is important for VV-specific CD8+ T-cells responses in the mouse.

It is possible that CPXV encodes as yet unidentified genes that downregulate

CD40, CD86 and MHC II, which could be identified by screening CPXV deletion

mutants for lack of downregulation of these molecules on the surface of mouse BMDCs.

Alternatively, these molecules could be downregulated through the induction of IL-10

(reviewed in Moore et al. 2001) or other factors. However, IL-10 is unlikely to contribute

to downregulation of these molecules on BMDCs in vitro because IL-10 production from

CPXV-infected BMDCs does not begin for at least 6 hr (section 3.2.3), after the

downregulation of MHC II, CD40 and CD86 has already occurred (section 3.2.2). In vivo,

where DCs are not synchronously infected, IL-10 induced by a DC soon after infection

could have effects on DCs that become infected later.

A recent study by Samuelsson et al. (2008) suggested that CPXV infection of

mouse BMDCs did not alter CD40 expression. In their study, Samuelsson et al. (2008)

used 1 PFU/cell, likely resulting in a mix of infected cells and bystander cells. If the

majority of the cells are not infected, the downregulation of CD40 after infection with

CPXV may not be apparent.
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5.6. Effects of Orthopoxviruses on DC Cytokine Production

Another notable difference in the effect of CPXV on mouse BMDCs compared to

that of VV and MVA is that CPXV induces production of IL-6 and IL-10, while VV and

MVA do not, which, to our knowledge, is the first report of the effects of CPXV on DC

cytokine production. The importance of this is underscored by the significantly higher

levels of IL-10 after infection of mice with CPXV than with VV (section 4.1.3), which is in

agreement with recent studies (Knorr et al. 2006; MacNeill, Moldawer, and Moyer 2009;

Smee et al. 2008). The opposite effect on IL-6 was seen in vivo: IL-6 levels were reported

to be higher after infection of mice with VV than with CPXV (Knorr 2006). One possible

explanation for this is that IL-10 appears to be important in turning off IL-6 production

in the latter part of infection (section 4.2.3). It is possible that IL-10 also dampens the

amount of IL-6 in vitro, as the IL-6 induced from BMDCs by CPXV infection is far less

than that induced by treatment with Pam/CpG, while the reverse is true for IL-10.

In contrast to the current studies, several recent studies suggest that VV or MVA

may induce IL-6 and IL-12 from mouse DCs (Samuelsson et al. 2008; Yao et al. 2007; Zhu

et al. 2007). In this study, it is possible that cytokine production occurred early after

infection but was not detected at 24 hr. Cytokines can have extremely short half-lives,

and the rapid death of mouse BMDCs infected with VV and MVA would have

prevented significant de novo cytokine production 24 hr after infection. Alternatively, the

effect of increasing amounts of virus on the number of bystander DCs could also explain

why the current studies did not detect cytokine production from BMDCs infected with

VV and MVA. The studies reporting cytokine production from DCs all used 1 PFU/cell
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based on the plaque assays in a tissue culture cell line. As discussed above, it is

improbable that using 1 PFU/cell would infect all of the DCs in the culture. This would

result in a mixed population of infected and uninfected cells (bystander cells), in which

the bystander DCs could phagocytose material from dead infected cells, leading to

activation of the DC. In this scenario, the cytokines would be produced from the

uninfected DCs, which would reduce in number as higher amounts of virus were used

to infect the culture, leading to less cytokine production as the PFU/cell increases. This

inverse relationship of number of PFU used for infection and cytokine production has

been observed after infection of BMDCs with MVA (section 3.2.3) and VV (Yates and

Alexander-Miller 2007). Notably, after in vivo infection of mice with VV, only bystander,

uninfected DCs from the spleen were found to produce IL-12, while directly infected

DCs did not (Yammani et al. 2008).

5.7. Implications for Vaccine Design

The studies on MVA and VV interactions with mouse BMDCs may suggest some

modifications of these viruses to improve their efficacy as vaccines. In the case of MVA,

this is particularly important because it currently requires high amounts of virus and

multiple boosts to be as protective as replication competent vaccines (Ferrier-Rembert et

al. 2008; Grandpre et al. 2009). The advantage to using MVA instead of VV-based

vaccines that can replicate in human cells is that, MVA, which does not replicate in

human cells (Drexler et al. 1998), has proven very safe in immunocompromised animals

(Hanke et al. 2005; Mayr et al. 1978; Stittelaar et al. 2001) and humans (Sutter and Staib
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2003; Vollmar et al. 2006). If the capacity of MVA to stimulate the immune response can

be improved, it may reduce the amount of virus required for immunization.

If CPXV actually does encode a gene that suppresses transcription of the ATI

protein, this could prompt some modifications of MVA vaccine vectors. The suppressor

could be removed from MVA, allowing for higher expression of late viral genes, which

could improve immunogenicity and potentially expand the CTL repertoire. In addition,

because the ATI protein is produced in such copious amounts, its promoter is often used

to drive expression of marker genes or antigens late after infection. For studies where it

is desirous to look at late gene expression in DCs, other promoters may be preferable.

Differential viral gene expression amongst mouse and human DCs may or may

not have implications for the use of the mouse as a preclinical model. MVA and VV

induce death of DCs from both mice and humans (section 3.2.1, as well as, (Chahroudi et

al. 2006; Engelmayer et al. 1999; Guerra et al. 2007; Jenne et al. 2000; Kastenmuller et al.

2006; Liu, Chavan, and Feinberg 2008; Zhang et al. 2007; Zhu et al. 2007). In addition,

although VV and MVA can express late proteins in mouse DCs, it is likely at a reduced

level (Bronte et al. 1997), supported by the prevalence of CTLs that recognize epitopes

from early proteins (Moutaftsi et al. 2006; Oseroff et al. 2005; Pasquetto et al. 2005;

Tscharke et al. 2005). However, it may be important to note that the block in viral

replication in human DCs occurs upstream of late gene expression when considering

whether enhancing late gene expression by MVA in a mouse DC may increase

immunogenicity in a meaningful way.

The CPXV genome could be screened using deletion mutants for genes that

enhance survival of mouse BMDCs, which, if identified, could then be placed in the

MVA genome and tested in a mouse model. A recombinant MVA virus that does not kill
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DCs as quickly might elicit a more effective immune response through enhanced

presentation of antigens directly to naïve T-cells. If found, identifying a gene that

suppresses late protein expression in DCs could be useful in developing VV-based

vaccines. For example, this gene could be removed from MVA, potentially increasing the

expression level of late proteins and thereby expanding the repertoire of antigens.

5.8. Pathogenesis of Orthopoxviruses

The increased morbidity induced by CPXV compared to VV after intranasal

infection of C57BL/6 mice supports its use as a pathogenic virus in models for

preclinical evaluation of vaccines and antivirals. C57BL/6 mice may be more suitable

than the current BALB/c model for vaccines (Ferrier-Rembert et al. 2007a; Ferrier-

Rembert et al. 2007b) and antivirals (Knorr et al. 2006; Quenelle, Collins, and Kern 2003)

because C57BL/6 mice mount a more effective TH1 cytokine and cell-mediated response

than BALB/c mice (Belosevic et al. 1989; Chaudhri et al. 2004; Heinzel et al. 1991;

Locksley et al. 1991; Scott 1991). In humans, VV appears to generate a TH1-biased

response (Zaunders et al. 2006).

The current studies are generally in agreement with recent studies on the dose

response of C57BL/6 mice to VV administered intranasally (Ahmed, Martin, and

Johnson 2007; Berry et al. 2007). To our knowledge, this is the first report of the dose

response of C57BL/6 mice to intranasal infection with CPXV. Not surprisingly, CPXV

appears to be more lethal in C57BL/6 mice when administered through the trachea

(MacNeill, Moldawer, and Moyer 2009). It is possible that CPXV is more lethal in

C57BL/6 mice than in BALB/c mice because the LD50 in adult BALB/c mice has been
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reported as 105.3 PFU after intranasal administration (Thompson et al. 1993), a dose of

CPXV that reproducibly necessitates euthanasia of all C57BL/6 mice (section 4.1.1).

Conversely, C57BL/6 mice may be more resistant to infection with VV, which could be

important when comparing the efficacy of MVA-based vaccines to that of first or

second-generation replication competent VV-based vaccines because higher doses of

virus can be used.  In BALB/c mice, a dose of > 105 PFU introduced intranasally is

usually lethal in adult mice (Belyakov et al. 2003; Parkinson, Sanderson, and Smith 1995;

Reading, Symons, and Smith 2003), and doses > 103 PFU induce weight loss (Fahy et al.

2008; Parkinson, Sanderson, and Smith 1995; Reading and Smith  2003). It takes one

hundred-fold more VV to induce the same morbidity in C57BL/6 mice (section 4.1.1).

Interestingly, the earlier onset of weight loss and death observed after infection

of C57BL/6 mice with VV (mean day to death = 6) compared to CPXV (mean day to

death = 8) is in agreement with all other models of intranasal infection to date,

regardless of variation in LD50 due to the particular virus strain, mouse strain or age of

the mice. Specifically, the mean day to death after intranasal infection with a lethal dose

of VV is 6 – 7 (Ahmed, Martin, and Johnson 2007; Belyakov et al. 2003; Berry et al. 2007;

Hutchens et al. 2008; Parkinson, Sanderson, and Smith 1995; Reading and Smith 2003;

Reading, Symons, and Smith 2003; Williamson et al. 1990) and with CPXV is 8 – 10

((Bray et al. 2000; Ferrier-Rembert et al. 2007; Knorr et al. 2006; Quenelle, Collins, and

Kern 2003; Quenelle et al. 2004; Smee et al. 2008; Thompson et al. 1993). This likely

reflects a fundamental difference in the host response to CPXV and VV. Recently,

(Parker et al. 2009) evaluated intranasal administration of ECTV, another pathogenic

mouse orthopoxvirus (reviewed in Schriewer, Buller, and Owens 2004), for use in

C57BL/6 mice as a model to test anti-poxvirus therapies. The induction of weight loss
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and mean day to death after ECTV infection (Parker et al. 2009) were strikingly similar

to that induced by CPXV in the same model (section 4.1.1). Human infections with

VARV and MPXV, similar to mouse infections with CPXV and ECTV, also have a long

incubation period before signs of disease, which manifest 7 – 17 days or 12 days after

infection, respectively (reviewed in Di Giulio and Eckburg 2004; Fenner 1993).

In the case of CPXV, the relatively long incubation period before manifestation of

clinical signs compared to VV can be explained by an increased ability of CPXV to

suppress the inflammatory response early during infection compared to VV. Weight loss

in mice has been shown to be due to the action of inflammatory cytokines, including

TNF, IL-1β, IL-6 and IL-18 (Kamperschroer and Quinn 2002), personal communication

with Elizabeth Ramsburg, Duke University). Weight loss in mice infected with VV

begins several days earlier than in mice infected with CPXV (section 4.1.1), suggesting

that production of inflammatory cytokines is delayed in a CPXV infection. Supporting

this model, IL-6 production was not detected in the lungs or serum of mice infected with

CPXV until one week after infection, exactly when the mice begin to lose weight (section

4.2.3; Knorr et al. 2006). In fact, a recent study showed that IL-6 was induced within 3

days after intranasal infection of BALB/s mice with VV, but its production was not

detectable until two days later in a similar infection with CPXV (Knorr et al. 2006). In

addition, there is reduced inflammation in the lung after intranasal infection with CPXV

compared to VV (section 4.1.2) in agreement with a previous study (Thompson et al.

1993).

Suppression of the inflammatory response in the lung could be expected to

promote virulence in vivo by reducing the virus-specific immune response. This could
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account for the increased disease morbidity after CPXV infection compared to VV

infection in the C57BL/6 model. Orthopoxviruses encode many genes whose function in

controlling inflammation is known, including secreted receptors for TNF, IL-1β, IL-18

and chemokines, as well as proteins that interfere with cytokine production through

inhibition of TLRs and NF-κB activation at a cellular level (reviewed in Seet et al. 2003).

CPXV has more of these genes than VV. For example, VV species lack the virally

encoded CD30 homolog, which has been implicated in controlling the inflammatory

response (Panus et al. 2002; Smith, Bryant, and Alcami 2000). In addition, the current

studies show CPXV can specifically downregulate MHC I, CD40, and CD86, while VV

likely does not. This could impair the function of DCs and thereby the virus-specific T-

cell response, which is essential to clearance of a CPXV infection (Ferrier-Rembert et al.

2007). CPXV also induces more IL-10 than VV in vivo (section 4.2.1; Knorr et al. 2006)).

These studies show that IL-10 is important in reducing inflammation, particularly in the

latter part of a CPXV infection (section 4.2.3), but it is unclear whether this is

advantageous to the virus.

5.9. IL-10 and Infection

CPXV induces more IL-10 in vivo than VV (section 4.1.3; Knorr et al. 2006), most

likely because CPXV specifically induces IL-10 (section 3.2.3). Supporting this, there is a

positive correlation between the amount of virus used for infection and the level of IL-10

(section 4.1.3). Based on this, and the known functions of IL-10, it was predicted that IL-

10 would promote CPXV virulence. Using the effects of CPXV on IL-10 deficient

compared to wild type mice, as expected, the results show that IL-10 is important in
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resolving inflammation in the latter part of a CPXV infection. However, there was no

evidence that IL-10 has an effect on viral replication or clearance in vivo.

Many viruses, including EBV, CMV, and orf virus, encode IL-10 homologs

(reviewed in Slobedman et al. 2009). Not surprisingly, the virally encoded IL-10

homologs have immunosuppressive effects in vitro. The role of IL-10 encoded by EBV

and CMV in vivo is poorly understood. In one study, after infection of sheep with orf

virus deficient in viral IL-10 through scarification, the lesion size was reduced and there

were increased levels of gamma interferon compared to infection with wild type virus

(Fleming et al. 2007). This suggests that for orf virus, the viral IL-10 is a virulence factor,

but the effect of viral IL-10 on orf virus replication and clearance in vivo remains unclear.

A previous study on VV administered into the peritoneum suggested that IL-10

promotes viral replication in the ovary (van Den Broek et al. 2000). When wild type and

IL-10 deficient mice were infected with VV via an intranasal route (section 4.2.1), we did

not see a difference in disease morbidity or the amount of virus in the lung or other

organs (section 4.2.2). This suggests that the route of infection may be an important

factor in determining the role of IL-10 in infection. Thus, it is possible that a different

model may reveal a more meaningful role for IL-10 in a CPXV infection. Perhaps most

useful would be generation of a CPXV mutant that does not induce IL-10 by identifying

the gene(s) important in induction of IL-10 and removing them. The host response to

such a virus could be compared to that of wild type virus. In addition, different routes of

infection, including intravenous, intraperitoneal, intratracheal, subcutaneous, and

intracranial, could all be used.
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In rodent populations where CPXV is endemic, it influences cyclic population

dynamics and may reduce fecundity by up to 70 % (Begon et al. 2009; Burthe et al. 2008;

Burthe et al. 2006; Smith et al. 2008). There may be selective pressure on CPXV to ensure

survival of its host, and thereby its own survival, since it does seem to impact host

population levels. Reduced immunopathology due to the induction of IL-10 by CPXV

could help combat detrimental effects of the virus on the host population. Supporting

this model, there is some suggestion that, when VARV jumped into the human

population, there was selective pressure on the virus for attenuating mutations (Esposito

et al. 2006).

In the influenza mouse model of infection, an interesting study recently showed

that IL-10 produced by virus-specific CD4+ and CD8+ cells, which are recruited to the

lung one week after infection, is critical in suppressing lethal lung immunopathology

(Sun et al. 2009). This underscores the importance of IL-10 in protecting against an

excessive immune response during infection, which has also been suggested for many

other pathogens, including Toxoplasma gondii, Trypanosoma subspecies, Plasmodium

subspecies, Mycobacterium subspecies and HSV (reviewed in (Couper, Blount, and Riley

2008). The main producers of IL-10 in the lung after a CPXV infection have not been

identified. Significant amounts of IL-10 are not detected in the lung until one week after

infection of mice with CPXV, similar to infection with influenza (Sun et al. 2009). This is

several days after DCs reach maximal levels in the lung, suggesting that, although CPXV

can induce IL-10 production from mouse BMDCs in vitro (section 3.2.3), DCs may not be

a significant source of IL-10 in the lung after CPXV infection of mice. However, CD8+ T-

cells are at their highest numbers 9 days after infection, exactly when the amount of IL-
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10 recovered from the lung is highest at the highest level (section 4.2.3). These results are

consistent with a model in which IL-10 is produced by virus-specific T-cells recruited to

the lung after CPXV infection. Thus the role of IL-10 in a CPXV infection may be similar

to that in an influenza infection, but with an interesting twist: unlike influenza, CPXV

may have evolved a gene that specifically induces IL-10.

There is some suggestion that CPXV specifically targets myeloid lineage cells in

vivo (Hsu et al. 2009), but further studies would be required to determine if DCs are

specifically targeted. Notably, many orthopoxviruses, including VARV, MPXV, and VV,

have been shown to specifically target cells of myeloid lineage, including DCs, during

the primary stages of infection (Becker and Sprecher 1989; Chahroudi et al. 2005;

Jahrling et al. 2004; Liu, Chavan, and Feinberg 2008; Nagao, Inaba, and Iijima 1976;

Yammani et al. 2008; Yao et al. 2007; Yu, Hu, and Ostrowski 2009; Zaucha et al. 2001). It

is possible that if CPXV induces IL-10 from infected DCs early in infection, those DCs

could travel to lymph nodes and stimulate a population of IL-10 producing T-cells

(reviewed in Rutella, Danese, and Leone 2006), which then move to the lung

approximately one week after infection. This model could be tested by infecting mice

with wild type CPXV and CPXV deficient in the gene(s) that induce IL-10. After

infection, intracellular IL-10 production in different populations of immune cells in the

lung and lymph nodes could be determined over time. In addition, a recombinant CPXV

expressing red fluorescent protein could be used to identify cells directly infected with

CPXV.
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5.10. Implications for Human Disease

The importance of IL-10 in turning off the inflammatory response may suggest

therapeutic uses of IL-10 during viral infections, but it is essential to note that while IL-

10 has the potential to ameliorate immunopathology, there could be severe

consequences to the ability of the immune response to resolve infection if the timing or

amount of IL-10 administered is inappropriate (O'Garra et al. 2008). Jahrling et al. (2004)

reported that, after infection of cynomolgus macaques with VARV, there were high

levels of IL-6. The authors suggested that IL-6 contributes to the “cytokine storm”

implicated in death from smallpox disease. Similar results were reported after infection

of cynomolgus monkeys with MPXV (Zaucha et al. 2001). IL-10 is an important regulator

of IL-6 in the latter stages of CPXV infection (section 4.2.3). It is possible that

administering IL-10 in the latter stages of highly pathogenic orthopoxvirus infections,

such as VARV and MPXV, where there is evidence of immunopathology, may protect

the patient from death. This could be tested in a preclinical model of lethal

orthopoxvirus disease using ECTV, which has recently been developed for evaluating

anti-poxvirus therapies (Parker et al. 2009), and has not been reported to induce IL-10.

These studies may have implications for treatment of highly pathogenic influenza

infection as well, where IL-10-mediated suppression of the immune response in the

latter part of infection can make the difference between life and death (Sun et al. 2009).

5.11. IL-10 and Protective Immunity

The importance of IL-10 in resolving inflammation during a CPXV infection is

consistent with its known functions. It is widely accepted that IL-10 functions primarily
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as a suppressor of the immune system through its actions to downregulate MHC II and

CD80/CD86 expression on APCs, suppress the production of proinflammatory

cytokines (both TH1 and TH2) and chemokines, and limit CD4+ T-cell proliferation,

which in turn could be expected to interfere with the function of CD8+ T-cells and B-cells

(reviewed in Couper, Blount, and Riley 2008).  For many infections, this appears to be

important in controlling excessive TH1 and CD8t T-cell responses to prevent

immunopathology, for which CPXV may be the latest example (section 4.2.3). It was

therefore most surprising that IL-10 plays a critical role in the generation of an effective

protective immune response to CPXV (section 4.2.4).

It is possible that factors unique to IL-10 deficient mice contributed to their

increased susceptibility to reinfection with CPXV. For example, if IL-10 deficient mice

and wild type mice have the same memory immune response, it is possible that, upon

reinfection, the IL-10 deficient mice die simply because they cannot effectively control

the inflammation boosted by the memory response. The weight loss of the mice

reinfected with 107 PFU of CPXV is rapid, more so than in a naïve mouse infected with

the same dose, suggested there is an earlier, more robust inflammatory response upon

reinfection. The increased weight of spleens and lungs from IL-10 deficient mice

compared to wild type mice support a model in which the IL-10 deficient mice have an

uncontrolled, pathologic immune response upon reinfection. However, the wild type

mice effectively cleared virus from the lung 7 days after reinfection, while there were

significant amounts of virus in the lungs of IL-10 deficient mice at the same time,

suggesting that IL-10 deficient mice do not clear a secondary infection as well as wild

type mice. There is no clear explanation for this. It is possible that the increased

inflammatory response in the IL-10 deficient mice compared to wild type mice upon
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reinfection somehow interferes with the recruitment and/or function of the antiviral

immune response in the lung, resulting in reduced clearance of the virus. The IL-10

deficient mice may have suffered more lung damage during the primary infection,

which is likely, considering the immunopathology noted in the lungs of these mice

(section 4.2.3). This could impair an effect immune response and also increase the impact

of more lung damage upon reinfection.

Alternatively, it is possible that the memory immune response is not as effective

in IL-10 deficient mice compared to wild type. IL-10 does not have a direct suppressive

effect on CD8+ T-cells. In fact, it may be quite the contrary. It can induce CD8+ T-cell

recruitment, proliferation and cytotoxic activity (Foulds, Rotte, and Seder 2006; Groux et

al. 1998; Jinquan et al. 1993; Rowbottom et al. 1999; Santin et al. 2000). A remarkable

study by Foulds, Rotte, and Seder (2006) showed that IL-10 was important for the

generation of an effective memory response to Listeria monocytogenes due to its action on

CD8+ T-cells in the primary infection. Supporting this, when exogenous IL-12 was used

to stimulate a memory CD8+ T-cell response, the resulting T-cell population had a

surprising proportion of IL-10 producing T-cells, which were shown using adoptive

transfer experiments to have a significant role in promoting the generation of memory

CD8+ T-cells (Lee, Lee, and Chang 2007). The authors further showed that this effect is

due to decreased apoptosis in CD8+ T-cells. In conflict with this, a recent report by

(McKinstry et al. 2009) showed that IL-10 deficient mice are more resistant to reinfection

with a lethal dose of influenza, due to the suppressive effect of IL-10 on TH17 cells.

IL-10 has also been reported to contribute to naïve B-cell differentiation into

plasma cells (Arpin et al. 1995; Choe and Choi 1998; Rousset et al. 1995), as well as

CD27+ memory B-cell differentiation into plasma cells (Agematsu et al. 1998; Nagumo
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and Agematsu 1998). In addition, IL-10 can contribute to generation of memory B-cells

(Roy, Kim, and Butcher 2002). The significance of these in vitro effects of IL-10 on B-cells

in the generation of a protective immune response in vivo is poorly understood.

However, an effect of IL-10 on generation of memory B-cells may be more likely to

explain the impaired protective immune response to CPXV in IL-10 deficient mice than

an effect on CD8+ T-cells. Prime-challenge models of ECTV infection of MHC II, CD40 or

B-cell deficient mice show that B-cells, their interaction with CD4+ T-cells, and their

production of virus-specific antibodies are important in protection from secondary

infection (Panchanathan, Chaudhri, and Karupiah 2005, 2006). Similarly, when

cynomolgus macaques were vaccinated with VV, then challenged with MPXV, they

were susceptible to infection only if B-cells, but not CD4+ or CD8+, were depleted

(Edghill-Smith et al. 2005). There are conflicting reports of whether susceptibility to

VARV is associated with lower neutralizing antibody titers in vaccinated individuals

(Mack, Noble, and Thomas 1972; Sarkar, Mitra, and Mukherjee 1975). These studies

provide no evidence for differences in the antibody response to CPXV, but it is possible

that there are differences neutralizing antibodies in the serum. In addition, there could

be differences in the amount of total IgA or IgG antibodies or neutralizing antibodies at

the site of infection (for example, in the saliva).

CPXV infection may be a useful model in which to study the effect of IL-10 on

the generation of the memory response because, unlike L. monocytogenes (Foulds, Rotte,

and Seder 2006), there is no difference in the amount of virus recovered from wild type

and IL-10 deficient mice. This could limit the confounding effect of different pathogen

burdens in interpreting the results. In addition, CPXV may specifically induce some of
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the IL-10 found after CPXV infection in vivo (section 4.1.3), potentially providing another

tool for investigation of the importance of IL-10 to the memory immune response.

Further studies in the CPXV model of infection could determine if there is a difference in

the CD8+ memory T-cell or memory B-cell response dependent on IL-10. It would be

interesting to determine if the serum or spleen cells from IL-10 deficient mice infected

with a sublethal dose of CPXV could protect a naïve wild type mouse from infection

with CPXV as effectively as serum or spleen cells from wild type mice infected with a

sublethal dose of CPXV.

5.12. Concluding Remarks

The main objective of these studies was to determine the effects of different

orthopoxviruses on DCs, with the hypothesis that CPXV has effects on DCs that are

distinct from those of other orthopoxviruses. The results show that CPXV does have

many unusual effects on mouse BMDCs. BMDCs infected with CPXV survive longer in

culture than VV-infected BMDCs. In addition, CPXV specifically downregulates MHC I,

MHC II, CD40 and CD86 on the cell surface, and induces production of IL-6 and IL-10.

All of these effects, except for downregulation of MHC I, have not been previously

reported and may have implications in the treatment of orthopoxvirus disease and

vaccine design. The impact of one of these effects, the induction of IL-10 by CPXV, on

the host response in vivo was investigated by comparing the effects of CPXV on IL-10

deficient and wild type mice after intranasal administration. Although the results from

these experiments did not suggest a clear role for IL-10 in a CPXV infection, it was

shown that IL-10 is important in generating a protective immune response to infection.
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These results do not fit with the current IL-10 paradigm, and may reflect a novel role for

IL-10 in the immune response, for which these studies could serve as the foundation.
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