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Abstract
Our body has many mechanisms in place to deal with foreign pathogens. In
particular, several cell types such as monocytes and NK cells and mechanisms such as
the IFN and inflammatory responses are targeted at early detection and clearance of
pathogens. Although these effector cells and mechanisms have been well studied in
peripheral challenges such as HSV and VACV, less is known about their role in an
immune response to an ECTV infection. The ECTV model of a peripheral challenge
provides several advantages over VACV as ECTV can be studied in its natural host and
the pathogenesis is a more accurate representation of a peripheral challenge in
humans. Several key tools are available that allow for the efficient study of a peripheral
challenge in this model such as resistant and susceptible strains of mice and virus
encoded HRM.
Using the ECTV model of a peripheral challenge in mice, we further analyzed the
innate immune response. In particular, we investigated the importance of
monocytes/macrophages at the site of infection and showed that these cells are
essential for ECTV resistance as mice that are susceptible to ECTV lack these cells at
the site of infection. We also analyzed the functions of the cells that contribute to ECTV
resistance. We studied the role of inflammation as part of the innate response in an
ECTV infection by analyzing the both the IL-1 and ROS responses. We showed that
both the IL-1 response and ROS production are necessary for ECTV resistance, and
that monocytes at the site of infection are responsible for ROS production in response
to ECTV infection. These studies shed new light on of the early mechanisms required
to mount a successful response against a peripheral challenge.
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Chapter I: Literature Review
Peripheral Challenge by a Pathogen
A. A Brief Summary of Early Events
The epidermis is perhaps the body’s best defense against harmful pathogens.
However, breaks in the skin or mucosa occasionally allow entry of pathogens, and an
immune response must be activated. The early stages of the immune response are
referred to as the innate response and are critical for determining the outcome of an
infection. The innate immune response is characterized by its rapid induction and is
composed of a narrow range of effector mechanisms. In general, the innate immune
response has two important phases: early-induced responses such as interferons
(IFNs) produced by infected epithelial and resident dendritic cells (DCs), and recruited
cellular effectors including neutrophils, macrophages, and natural killer (NK) cells
(Duerst and Morrison 2003).
The innate immune responses to Herpes Simplex Virus (HSV), and to Vaccinia
Virus (VACV) are two of the most well characterized responses to a peripheral
challenge. During an initial infection the resident cells of the epidermis, including
keratinocytes and Langerhans cells (LCs), are the first responders followed by
infiltrating cells, such as monocytes/macrophages, NK cells, and plasmacytoid dendritic
cells (Cunningham, Abendroth et al. 2010). Inflammatory cells such as macrophages,
NK cells, and the IFN response are important mediators in innate resistance against
both HSV and VACV. NK cells, along with monocytes and neutrophils, are recruited to
the site of infection as part of the inflammatory response. Once there, NK cells are
specifically responsible for killing virus infected cells, in particular those cells with
decreased MHC class I on their surface (See, Khemka et al. 1997). These cells are
important in both VACV and Ectromelia virus (a related poxvirus; ECTV) infection, as in
vivo evidence shows that antibody depletion of NK cells using anti-asialo GM1
gammaglobulin enhances virulence (Bukowski, Woda et al. 1983); (Parker, Parker et al.
2007).
Keratinocytes infected in vitro by HSV secrete chemokines and cytokines in a
defined sequence with type I IFNs and β-chemokines, or C-C chemokines, being
1

secreted first in order to attract monocytes to the site of infection (Mikloska, Danis et al.
1998). As mentioned previously, IFNs are key components of the innate response to a
peripheral challenge. IFNs are secreted proteins that generate an antiviral state in
infected or uninfected cells and can be divided into two groups, type I and type II IFNs
(Samuel 1991; Johnson, Bazer et al. 1994). Both groups of IFNs play key roles in the
early stages of HSV and poxvirus infection, and are critical to controlling a peripheral
challenge (Deonarain, Alcami et al. 2000); (Xu, Cohen et al. 2008); (Cunningham,
Abendroth et al. 2010). Type I IFNs include IFN-α and IFN-β. They are secreted by
leukocytes and fibroblasts, induce an antiviral state within the cell, and upregulate MHC
class I expression on the cell surface (Biron 1999). Type II IFN, or IFN-γ, is secreted by
both macrophages and NK cells, and is important for activation of the immune and
inflammatory responses (Farrar and Schreiber 1993). Keratinocytes next secrete
interleukin (IL)-1 and IL-6 (Mikloska, Danis et al. 1998), two potent pro-inflammatory
cytokines that function in cell activation, proliferation and differentiation. A similar
pattern of innate immune effector expression can be seen in poxvirus-infected
keratinocytes (Esteban and Buller 2005).
Invading pathogens are sensed through pattern recognition receptors (PRR)
such as Toll-like receptors (TLR), nucleotide-binding oligomerization domain containing
(NOD)-like receptors (NLR), and retinoic acid-inducible gene (RIG)-I-like receptors
(RLR). These receptors recognize a variety of pathogens including viruses and
bacterial and many danger signals as well. In particular, TLR2 and TLR9 are
associated with VACV and ECTV recognition respectively (O'Gorman, Sampath et al.);
(Samuelsson, Hausmann et al. 2008). Triggering these receptors activates signaling
cascades that lead to cell activation and expression of cytokines and chemokines, and it
is likely that interplay between these families ensures the efficient co-ordination of
innate immune responses (Creagh and O'Neill 2006).
As our body is continually challenged by pathogens that break through the first
line of defense (i.e. the skin and mucosa), our innate immune system is designed to
rapidly activate and destroy such pathogens. Several innate immune mechanisms are
essential for mounting an effective immune response against pathogens, such as HSV
and VACV, that challenge the periphery including recruitment of NK cells and
2

monocytes via chemokine production, activation of effector cells, and pro-inflammatory
cytokine production. Therefore, understanding how a particular pathogen initiates
and/or evades these mechanisms is essential to understanding how to clear the
pathogen.

B. A Brief Summary of Inflammatory Mediators and Their Role In the Innate Immune
Response
Clinical inflammation typically includes pain, redness, hypotension and swelling
and can be initiated in response to a broad range of harmful stimuli. In the cases of
both HSV and VACV, infection rapidly activates the innate immune system and
inflammatory response along with its mediators in order to commence defending the
body against the pathogen (Duerst and Morrison 2003); (Haga and Bowie 2005). Tissue
damage, be it from the invading pathogen, a non-pathogenic source, or the immune
response itself, can also induce acute inflammation (Medzhitov 2008). Cells already
present in all tissues such as keratinocytes and those cells rapidly recruited to the site
of assault, mainly monocytes (macrophages or DCs) and NK cells, initiate the process
of acute inflammation. At the onset of insult, these cells undergo activation and release
inflammatory mediators responsible for the clinical signs of inflammation.
The induction of IFNs during a peripheral challenge is critical to mounting an
effective immune response against the pathogen. Type I IFNs (IFNα/β) are among the
very first mediators released from virus-infected cells, and their induction is therefore
linked to interactions between host PRRs and the inducing viral factors. Type I IFNs
also have an immunomodulatory effect of activating NK cells, macrophages and DCs
(Takaoka and Yanai 2006). As an example of the importance of IFNα/β in a peripheral
challenge, the early production of IFNα/β in mice infected with HSV was linked to
resistance as treatment with antibodies to IFN-α/β increases and accelerates mortality
of a generalized HSV-1 infection (Gresser, Tovey et al. 1976). The importance of type I
IFNs in poxvirus infection will be discussed later.
In contrast to type I IFNs, IFN-γ is not produced as a direct result of the invading
pathogen; however, its expression is due to immediate-early cytokine stimulation
(Malmgaard 2004). In the early stages of the immune response, IFN-γ is secreted
3

mainly by NK cells, but also by macrophages in response to various stimuli. Its chief
role in the inflammatory response is the activation of APCs such as macrophages
allowing for increased phagocytosis and priming the production of pro-inflammatory
cytokines and other anti-pathogenic molecules including NO and ROS (Billiau and
Matthys 2009); (Boehm, Klamp et al. 1997). C57BL/6 mice, which are normally
resistant to VACV infection, succumb to infection when treated with anti-IFN-γ
(Ramshaw, Ramsay et al. 1997). Notably, IFN-γ expression can be induced by a
variety of cytokines, including IL-1, secreted by macrophages and other APCs, thus
highlighting the importance of leukocyte crosstalk in an immune response to a
peripheral challenge (Malmgaard 2004).
IL-6, as stated above, is a potent pro-inflammatory cytokine, and is produced by
a variety of cell types but mainly by monocytes/macrophage. IL-6 is a multi-functional
cytokine involved in the differentiation of B cells and T cells, and in particular it induces
the synthesis of acute-phase proteins, which are plasma proteins required to sustain an
inflammatory response (Benigni, Fantuzzi et al. 1996); (Ceciliani, Giordano et al. 2002).
The importance of IL-6 in host defense against a peripheral challenge is emphasized by
recent evidence that shows human corneal epithelial cells infected with HSV-1
increased the release of IL-6, which in turn induced an array of inflammatory mediators
(Miyazaki, Haruki et al. 2011). Furthermore, poxvirus virulence, specifically mousepox,
is enhanced in C57BL/6 mice lacking IL-6 production (O'Gorman, Sampath et al.). In
addition, IL-6 production is dependent on IL-1β, again stressing the significance of
interplay between all cells involved in the innate response (Johnston, Rahman et al.
2007).
IL-1 is almost certainly the most potent pro-inflammatory cytokine involved in the
inflammatory response and defense against a peripheral challenge. In general, IL-1 is
involved in inducing fever, vasodilation, and hypotension via cytokine secretion,
hormone upregulation, and immune cell activation (Ren and Torres 2009); (Sims and
Smith 2010). IL-1 also induces the expression of chemokines and the expression of
adhesion molecules on endothelial cells, which together allow for the infiltration of other
inflammatory and immunomodulatory cells to the site of infection (Feldmeyer, Werner et
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al. 2010). The specifics of IL-1 and its functions in inflammation and the response to a
peripheral challenge will be discussed in detail throughout the remainder of this review.
While clinical inflammation and its symptoms are often thought of negatively,
inflammatory mediators are essential for establishing an effective innate immune
response to a peripheral challenge. This is evidenced by the fact that IFNs and proinflammatory cytokines such as IL-1 and IL-6 are required for a successful immune
response against HSV and VACV. Hence it is important to understand what effects
inflammation mediates and by what mechanisms.

Acute Response of Myeloid Cells to Inflammation
A. Introduction to Monocytes
Myeloid cell refers to a cell derived from a precursor in the bone marrow. These
cells may be of either monocytic or granulocytic origin. Monocytes, the circulating
precursors of both macrophages and dendritic cells, patrol various tissues for signs of
infection/inflammation and possess a wide variety of anti-pathogenic functions.
Monocytes/macrophages are considered to be critical for establishing a host
defense against a peripheral infection. Human monocytes express CD11b, CD11c, and
CD14 while CD11b and F4/80 expression characterize murine monocytes (Geissmann,
Jung et al. 2003). Monocytes are also distinguished from other immune cell populations
by their lack of B, T, NK, and DC markers such as CD19, CD8, CD49b, or CD11c. Two
types of monocytes are key players in the innate response to a peripheral insult,
inflammatory and classical monocytes. Inflammatory and classical monocytes can be
distinguished by their expression of Ly6C. In contrast to granulocytes such as
neutrophils, neither of these groups expresses Ly6G (Saha and Geissmann 2011). An
antibody against Gr1, an epitope shared by both Ly6C and Ly6G, is commonly used to
identify Ly6C expression. Thus, using antibodies specific to either Ly6C or Ly6G is
necessary and should be used to distinguish monocytes from granulocytes.
Although monocytes/macrophages are typically the major players when it comes
to inflammation, neutrophils are also important in initiating inflammation at the very early
stages of a peripheral challenge. Neutrophils, like macrophages, are professional
5

phagocytic cells of the innate immune system. They are present in large number in the
peripheral blood and are recruited rapidly to peripheral sites of damage or infection
(Costantini and Cassatella 2011). Neutrophils function primarily by bringing the
invading pathogen into contact with harmful molecules such as reactive oxygen species
(ROS; to be discussed in detail later). The mechanisms involved in pathogen
destruction result in not only the death of the pathogen but also the neutrophil, often
resulting in the release of harmful effector molecules normally assigned for pathogen
destruction. Thus in many cases, the inflammatory process is not generated solely by
invading pathogens but also by the immune response itself. Host tissue damage and
other clinical signs of inflammation can be attributed in part to the accumulation of
neutrophils, their activation, and inherent function (Segel, Halterman et al. 2011).
+

Inflammatory monocytes (Ly6C ) are quickly recruited from the bone marrow to
+

the site of infection/inflammation and give rise to both activated CD11b and CD11c

+

APCs (Geissmann, Jung et al. 2003). These cells provide protection in various mouse
models of infection by presenting antigen to T cells (Leon, Lopez-Bravo et al. 2007) and
producing effector molecules such as TNF and nitric oxide (a reactive nitrogen species
with similar properties to ROS; NO) (Dunay, Damatta et al. 2008). In particular,
+

depletion of Ly6C , but not specific depletion of neutrophils, exacerbated virus
replication, disease severity and mortality in C57BL/6 mice infected with HSV-1
suggesting that inflammatory monocytes are required for a successful immune
+

response against HSV-1 (Wojtasiak, Pickett et al.). Ly6C monocytes also express
CCR2, the receptor for monocyte chemoattractant protein-1, a chemokine that mediates
monocyte and NK cell chemotaxis. Mice deficient in CCR2 demonstrated an inability of
Ly6C+ monocytes to leave the bone marrow upon bacterial infection (Serbina and
lo

Pamer 2006). As CCR2 is not expressed on Ly6C cells, effects seen in CCR2-/- mice
+

are suggested to be specific to the Ly6C inflammatory monocyte subset. The lack of
this subset of monocytes contributes to increased susceptibility to a number of viruses
including West Nile virus and HSV-2 (Getts, Terry et al. 2008); (Iijima, Mattei et al.
2011).
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Conversely, Ly6C monocytes, so-called classical or resident monocytes, exhibit
long-range crawling over capillaries, small veins, and arteries, patrolling the blood
vessels for signs of tissue damage or infection (Auffray, Fogg et al. 2007). These cells
are also thought to be involved in sensing tissue damage and are suggested to be
involved in tissue repair (Saha and Geissmann 2011). This subset produces TNF-α and
up-regulates gene expression for IL-1 and other chemokines involved in the recruitment
lo

and activation of other effector cells (Auffray, Fogg et al. 2007). Ly6C cells are also
distinguished from inflammatory monocytes by their expression of CX3CR1, the
fractalkine (CX3CL1) receptor. Classical/resident monocyte recruitment is severely
diminished in mice lacking this receptor and a protective role for these cells in several
inflammatory diseases has been established; however, their function in virus infection
has yet to be determined (Auffray, Fogg et al. 2007); (Weber, Saurer et al. 2011);
(Karlmark, Zimmermann et al. 2010).
Monocytes are critical to mounting a successful immune response to many
+

+

pathogens, both bacterial and viral. Inflammatory monocytes, CD11b Ly6C
+

lo

CC2 CX3CR1 , are rapidly recruited to the site of a peripheral challenge and play a
+

lo

protective role. In contrast, research suggests that classical monocytes, CD11b Ly6C
-

+

CC2 CX3CR1 , play a role in tissue repair. The function of either of these subsets in a
poxvirus infection has to be well established.

B. Introduction to Macrophages
Macrophages take part in key functions of the innate response including
phagocytosis of pathogens and production of immune factors such as cytokines and
ROS (exact role in the innate immune response to be discussed later) (Ogura and
Kitamura 1998). Murine macrophages, like monocytes, express CD11b and F4/80.
Macrophages are present in virtually all tissues and differentiate from circulating
monocytes, which migrate into tissue both in the steady state and in response to
inflammation or infection (Gordon and Taylor 2005). Two distinct subsets of
macrophages have also been well characterized, the so-called “M1” and “M2”
macrophages to parallel the Th1/Th2 paradigm (Martinez, Gordon et al. 2006). M1
7

macrophages are referred to as classically activated while the M2 subset of
macrophages is referred to as alternatively activated. Although much is known about
how a Th1 or Th2 response is elicited, a specific extracellular environment that directs
the formation of either M1 or M2 macrophages has yet to be found, emphasizing
individual cell plasticity in the myeloid lineage rather than discrete cell types (Mosser
and Edwards 2008).
M1 macrophage activation occurs in response to pathogen associated molecular
patterns (PAMPs) or interferon-γ and is characterized by a high capacity to present
antigen, production of toxic intermediates (NO and ROS), pathogen clearance via
phagocytosis, and production of pro-inflammatory cytokines (Sica, Larghi et al. 2008).
In contrast, M2 functions include regulating the inflammatory response, scavenging
debris, promoting angiogenesis, and tissue remodeling and repair (Sica, Larghi et al.
2008). Although many studies are now revealing the functions of M1 and M2
macrophages, these studies have yet to define a specific tissue or disease in which
either subset dominates (Mosser and Edwards 2008); (Gordon and Taylor 2005).
Like monocytes, macrophages are also important players in the early stages of a
peripheral challenge, and they too can be classified into various subsets. Research
shows that the M1 and M2 subsets play complementary roles as the M1 subset
functions primarily in pathogen clearance and inflammatory while the M2 subset
functions in regulation of the immune response and tissue repair. The role of either of
these subsets in a viral infection is still unclear.
The IL-1 Response In Anti-Viral Immunity
A. Introduction to IL-1 and Inflammasomes
There are two forms of interleukin-1, IL-1α and IL-1β. Both are prototypic proinflammatory cytokines that exert pleiotrophic effects on a variety of cell types and play
key roles in acute and chronic inflammation (Ren and Torres 2009). IL-1α is present in
healthy cells, remains largely intracellular or membrane-associated, and functions in
several aspects of cell grow and proliferation. Conversely, pro-IL-1β, a biologically
inactive form of the protein, is first synthesized and intracellular stores accumulate after
an initial pathogen stimulus propagated through innate PRRs (e.g., through TLRs,
NLRs, RLRs, etc...) (Rathinam and Fitzgerald 2010).
8

Both IL-1α and IL-1β bind the same receptor, the type 1 IL-1 receptor (hence forth
referred to as IL-1R). Both forms of IL-1 also bind the type II IL-1 receptor; however, this
receptor lacks an intracellular signaling domain and thus serves as a decoy receptor
(Dinarello 2005). The IL-1R signals through conserved cytosolic regions called Tolland IL-1R–like (TIR) domains that are common to both the IL-1R and the TLRs (Weber,
Wasiliew et al. 2010). Signaling through this complex rapidly assembles two intracellular
signaling proteins, myeloid differentiation primary response gene 88 (MyD88) and
interleukin-1 receptor–activated protein kinase (IRAK) 4 (Brikos, Wait et al. 2007).
Together IL-1, IL-1R, MyD88, and IRAK4 form a stable IL-1–induced first signaling
module that is paralled by the auto-phosphorylation of IRAK4, and IRAK4 subsequently
phosphorylates IRAK1 and IRAK2 (Kawagoe, Sato et al. 2008). Tumor necrosisassociated factor (TRAF) 6 is then recruited to the complex, where after activation it,
along with IRAK1 and IRAK2, dissociates from the initial receptor complex to allow
activation of transcription factors such as nuclear factor κB (NF-κB) and activator protein
1 (AP-1) (Cao, Xiong et al. 1996); (Walsh, Kim et al. 2008) (Fig. 1.1). Interestingly,
several components of the IL-1R signaling cascade are also found in other related
signal transduction pathways. For example, MyD88, IRAK4, and TRAF6 are all
components of TLR signaling pathways including TLR2 and TLR9 (Wu, Lu et al. 2005),
the PRRs responsible for recognition of VACV and ECTV respectively. Additionally,
several IRAK proteins are involved in the signal transduction pathway culminating in the
generation of ROS (Massaro, Habib et al. 2006); (Brigelius-Flohe, Banning et al. 2004).
Maturation of pro-IL-1β requires proteolytic processing via caspase-1. The
production of IL-1β is organized into two regulated phases: an initial priming period
involving synthesis and accumulation of pro–IL-1β, followed by the assembly and
activation of a multiprotein complex, termed the inflammasome (Embry, Franchi et al.
2011). The inflammasome, an intracellular multi-protein complex that acts as an
activating scaffold for several pro-inflammatory caspases, assembles in the cytosolic
compartment, and activates caspase-1 by proteolytic processing (Rathinam and
Fitzgerald 2010). A variety of microbial and viral products, endogenous danger signals
(danger associated molecular patterns (DAMPs)) or environmental toxins can all trigger
inflammasome complexes (Martinon, Mayor et al. 2009).
9

Figure 1.1. Interleukin-1 receptor (IL-1R)-ligation initiates a signaling cascade resulting
in the activation of NF-κB (nuclear factor κB) and AP-1 (activator protein-1). This
cascade includes the adaptor MyD88 (myeloid differentiation primary response gene
88), the protein kinases IRAK (IL-1R-associated kinase) and TRAF6 (TNF receptorassociated factor 6).

10

Figure 1.1
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Inflammasomes contain NOD-like receptors (NLR) proteins, and are named for
the particular NLR protein present in the complex (Ren and Torres 2009). The NLRP3
inflammasome (also referred to as the NACHT, LRR and PYD domains-containing
protein 3 (NALP3)) is perhaps the best studied inflammasome to date. It is believed
that the NLRP3 inflammasome acts as a sensor of cell injury, microbial products, and
viral components. As with production of IL-1β, activation of the inflammasome also
begins with a priming step in which various stimuli up-regulate the expression of
inflammasome components such as NLRP3 (van de Veerdonk, Netea et al. 2011).
A recent study suggests that IL-1β secretion by bone marrow derived
macrophages (BMDM) infected with modified vaccinia virus Ankara (MVA) is mediated
by the NALP3 inflammasome pathway (Delaloye, Roger et al. 2009). MVA is a highly
attenuated, particularly compared to VACV, and replication-deficient strain of poxvirus.
However, another study suggests that the absent in melanoma-2 (AIM2) inflammasome,
not the NLRP3 inflammasome, is involved in IL-1β expression in macrophages infected
with VACV (Rathinam, Jiang et al. 2010). As previously stated, a broad range of stimuli
activates the NLRP3 inflammasome whereas the AIM2 inflammasome activation is
restricted to sensing double-stranded DNA (dsDNA) (Hornung, Ablasser et al. 2009)
perhaps accounting for the discrepancy. The mechanism by which other poxviruses
induce IL-1β expression has yet to be determined.
IL-1β is perhaps the most potent pro-inflammatory cytokine expressed during a
peripheral challenge. Ligation of IL-1β with its receptor initiates a complex signaling
cascade that shares components with several other signal transduction pathways
associated with the innate immune response. Thus analysis of IL-1β functions is
complicated. IL-1β is initially produced as pro- IL-1β, and it must be cleaved by
caspase-1 in order to be functionally active. In turn, caspase-1 is activated by cleavage
via the inflammasome. Analysis of mechanisms involving IL-1β and/or the
inflammasome is also complicated by increasing studies that show both IL-1β
production and inflammasome activation require priming steps.

12

B. Function of IL-1β in Inflammation and the Innate Anti-Viral Response
IL-1β is a potent inflammatory cytokine that mediates a wide range of reactions,
including fever, hypotension, and the release of stress hormones (Johnston, Rahman et
al. 2007). Notably, IL-1β is involved not only in the recruitment of immune and
inflammatory cells into the site of infection but also in stimulating and enhancing the
function of these cells. Recent studies show that inflammasome-mediated production of
IL-1β was necessary for recruitment of neutrophils in cases of leprosy and
Staphylococcus aureus infection (Lee, Li et al. 2010); (Miller, Pietras et al. 2007).
Ichinohe et al. have also shown that inflammasomes and responsiveness through the
IL-1R are important for eliciting T cell responses to influenza virus in vivo (Ichinohe, Lee
et al. 2009). IL-1β has also induces the release of other pro-inflammatory cytokines
such as TNF and IL-6, and direct the cellular adaptive response toward a Th17 bias
(Chung, Chang et al. 2009).
Importantly, IL-1β activates macrophages to phagocytose the invading virus and
to release toxic oxygen and nitrogen radicals (Netea, Simon et al. 2010). In particular
Yoo et al. showed using the H2O2-sensitive fluorophore DCFDA, that ROS production
increased in RAW 264.7 macrophages treated with IL-1β (Yoo, Shin et al. 2002). A
study by Woo et al. claim that in their experimental system the bacterial endotoxin
lipopolysaccharide (LPS), and not IL-1β, was responsible for increased ROS production
in RAW 264.7 cells (Woo, Lim et al. 2004). IL-1 and LPS initiate signaling cascades
with several common factors, highlighting the complexity of analyzing IL-1 mediated
mechanisms. ROS in turn can also activate inflammasome formation, and this topic will
be discussed further in the next section.
The importance of IL-1β is highlighted by the enhanced susceptibility of mice
lacking the IL-1R or inflammasome activity to virus infection (Szretter, Gangappa et al.
2007); (Ichinohe, Lee et al. 2009); (Rathinam, Jiang et al. 2010). However, the
presence of immune evasion mechanisms to counteract IL-1β production or its effects
makes an even stronger case for the importance of IL-1β in protecting against a
peripheral challenge. In particular, the VACV B15R gene encodes a soluble IL-1R. The
deletion of B15R from VACV accelerated the appearance of symptoms of illness and
mortality in infected mice, suggesting that the blockade of IL-1β by VACV can diminish
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the inflammatory response to infection thus regulating disease severity (Alcami and
Smith 1992). In addition, VACV also encodes other factors that block caspases-1,
MyD88, and IRAK2 activity (Haga and Bowie 2005). These and other poxvirus immune
evasion tactics will be discussed in detail later.
IL-1β is involved in several facets of the innate immune response from cell
activation to hormone upregulation. Importantly, IL-1β activates macrophages to
increase phagocytosis and cytokine expression. Although it is known that poxviruses
possess immune evasion tactics aimed at inhibiting IL-1β and its signal transduction
pathway, the exact role IL-1β in the immune response to poxvirus infection is not clear.

Reactive Oxygen Species
A. Functions in Host Defense
ROS encompass a group of chemically reactive ions, radicals and molecules
derived from oxygen whose chief function is defending the host against an invading
pathogen. Most cells produce ROS at low levels during many homeostatic/metabolic
functions. For example, mitochondria generate ATP through aerobic respiration and
generate ROS as a byproduct of NADP oxidation (Naik and Dixit 2011). However,
phagocytes such as neutrophils and macrophages are specialized for ROS production
through the expression of lysosomal NADPH oxidase (phox). This enzyme consists of a
membrane-bound catalytic subunit gp91phox (otherwise known as Nox2), which
transfers electrons from NADPH through the enzyme to molecular oxygen to generate
superoxide, with the secondary production of other ROS (Lambeth 2004) (Fig 1.2).
During an immune response, ROS are produced within to the lysosome to kill
any phagocytosed pathogens, such as bacteria or viruses, by stripping electrons from
biologically important molecules (e.g. proteins, nucleic acids, lipids, etc…) and in so
doing disrupting the function of these molecules and ultimately destroying the pathogen
(Dinauer 2007). Recent studies have shown that viruses drastically increase ROS
expression (Vlahos, Stambas et al. 2011), and in particular HSV infection specifically
upregulated ROS expression in monocytes and not neutrophils (Bellner, Karlsson et al.
2007). Additionally, GP91-deficient mice, which lack the catalytic subunit of Nox2, show
increased susceptibility to bacterial infection (Shiloh, MacMicking et al. 1999).
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GP91-deficient mice also showed increased inflammation upon bacterial
infection, suggesting other roles for ROS beyond an antiseptic function such as the
induction of inflammatory mediators (Blanchard, Yu et al. 2003). Also, release of ROS,
in particular hydrogen peroxide (H2O2), by damaged tissues can form a decreasing
concentration gradient that directs leukocyte recruitment at the site of tissue injury,
highlighting yet another mechanism by which ROS can orchestrate inflammatory
responses in tissues (Niethammer, Grabher et al. 2009).
Although ROS are continually produced at low level in the mitochondria during
ATP generation, during an immune response, large quantities are produced by NADPH
oxidase in the lysosome. Mice that lack the ability to generate lysosomal ROS show
increased susceptibility to both bacterial and viral infection. Granulocytes such as
neutrophils are typically considered to be the chief producers of ROS in an immune
response; however, evidence suggests that monocytes may also play a key role in ROS
production. The role of ROS, particularly that produced by monocytes, has yet to be well
characterized in a poxvirus infection.
B. ROS Modulation of the Inflammasome and Signal Transduction
Very recently ROS has been shown to activate inflammasome formation.
Although the end result of inflammasome activation is almost always caspase-1
activation and maturation of pro-IL-1β, the component of the inflammasome complex
involved in sensing the pathogen or damage may vary. Thus multiple stimuli activate
the inflammasome. Recent studies show that NLRP3 inflammasome activation by both
influenza virus and Candida albicans was dependent on ROS production (Allen, Scull et
al. 2009); (Gross, Poeck et al. 2009). Inversely, macrophages treated with ATP rapidly
produced ROS and the use of the broad-spectrum NADPH oxidase inhibitor,
diphenyleneiodonium (DPI) inhibits ATP-mediated caspase-1 activation (Cruz, Rinna et
al. 2007). As stated previously, the AIM2 inflammasome, the inflammasome responsible
for IL-1β processing upon VACV infection, appears to be restricted to the sensing of
dsDNA, and a recent study by Zhou et al. suggests ROS is not involved in AIM2
inflammasome activation (Zhou, Yazdi et al. 2011).
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Figure 1.2. Superoxide is generated from various sources, which include the NADPH
oxidase (NOX) enzymes (such as the phagocyte NOX, Phox). Two molecules of
superoxide can react to generate hydrogen peroxide (H 2O2), catalyzed b the enzyme
superoxide dismutase (SOD). In the presence of iron, superoxide and H 2O2 react to
generate hydroxyl radicals. Hypochlorous acid (HOCl), is formed in neutrophils from
H2O2 and chloride by the phagocyte enzyme myeloperoxidase (MPO).
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Figure. 1.2
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While there is convincing evidence to suggest ROS is an effective stimulator of
inflammasome activation, there is evidence indicating that ROS production may play
only a minor roll in inflammasome activation. For example, LPS alone can trigger ROS
production in macrophages, but it is not able to activate the NLRP3 inflammasome
(Schellong 1960); (Provoost, Maes et al. 2010). In addition, the observation has been
made that cells isolated from patients with chronic granulomatous disease (CGD), which
are deficient in NADPH-dependent ROS production, can secrete expected or even
higher levels of IL-1β in conjunction with NLRP3 inflammasome activation (Lundqvist
and Dahlgren 1996). Furthermore, a deficiency in superoxide dismutase (SOD; role in
viral immune evasion to be discussed in the next section), which leads to elevated ROS
levels, can actually inhibit caspase-1 activity (Zheng, Burrows et al. 1998). These
results suggest that the role of ROS in inflammasome activation and subsequent IL-1β
maturation may vary greatly depending on the immune stimulus, and that ROS may
play a role in priming the inflammasome as opposed to activation.
The functions of ROS already discussed emphasize the complexity of ROS in a
peripheral challenge; however, ROS may add further complications due to the fact that
these molecules can also alter intracellular signaling and transcription factor expression.
Just as protein phosphorylation can provide a general form of signaling, so too can
NOX-derived ROS provide a means of signaling that is used by many signaling
pathways (Lambeth 2004). In particular, ROS production by the PRRs such as TLRs
regulates activation of redox-regulated transcription factors (NF-κB and AP-1) and
cytokine production (Ogier-Denis, Mkaddem et al. 2008); (Iriti and Faoro 2007).
While ROS can act directly on a pathogen to clear it from the body, ROS can
also act indirectly in the immune response by stimulating the inflammasome and
modulating signal transduction pathways associated with pathogen sensing. The lack
of clarity between inflammasome activation and priming and the cross talk between
many of the signal transduction pathways associated with pathogen sensing
complicates analysis of the role of ROS in these innate immune mechanisms.
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Ectromelia Virus
A. A Model of a Peripheral Challenge
ECTV is the mouse viral equivalent to variola virus (smallpox virus; VARV), thus
the virus is an ideal model for studying the immune response to a peripheral challenge
by a pathogen in its natural host. ECTV normally enters through the periphery via
abrasions in the skin, where the virus replicates locally and quickly spreads systemically
through the lymphatic system to vital organs such as the spleen and liver, a
pathogenesis similar to that of VARV in humans (Chapman, Nichols et al. 2010). In
contrast, VACV pathogenesis following intradermal (i.d.) infection consists of local
replication and little to no spread from the site of infection (Jacobs, Chen et al. 2006)
In mousepox-sensitive strains of mice, ECTV infection culminates with either
rapid death or outward symptoms of mousepox due to very high viral loads that have
spread from the periphery to vital organs, particularly the liver (Fang, Lanier et al. 2008).
All of our studies were conducted by administering the virus i.d. in the footpad, as this is
the pathogen’s natural route of infection, and studies indicate that the route of infection
plays an important role in immunological outcome. For example, in study by the Buller
group, C57BL/6 were infected with varying doses of ECTV both by an intranasal (i.n.)
and i.d. route (in the footpad). A dose as low as 90 plaque-forming units (PFU) was
sufficient to cause death in 50% of mice infected i.n. with all higher doses killing 100%;
however, all mice infected i.d. were resistant to all doses administered (Parker, Siddiqui
et al. 2009).
ECTV, a member of the orthopoxvirus family, causes lethal disease in some
strains of inbred mice but not others (Wallace, Buller et al. 1985). While all mouse
strains become infected with the virus, strains such as C57BL/6 and 129 are resistant to
lethality following inoculation in the footpad. However, other strains such as the DBA2/J
and BALB/c are susceptible to the virus with over 80% lethality when injected with as
little as 5 PFU in the footpad (Fang and Sigal 2010). The use of mice from both
categories, susceptible and resistant, has allowed for insight into what components of
the immune system are critical for mounting an effective immune response to a
peripheral assault.
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The mouse model of ECTV infection is an accurate representation of an immune
response to a peripheral challenge. This model, as opposed to VACV, is a more
precise mimic of poxvirus infection in humans. The availability of resistant and
susceptible mouse strains also offers useful tools for determining which aspects of the
immune response are necessary to mount a successful immune response against a
peripheral challenge.

B. Determinants of Resistance to ECTV
Several mechanisms involving NK cells are central for ECTV resistance. NK
cells and their effects on the immune response to ECTV are essential in the first five
days post-infection (p.i.) (Fang and Sigal 2010). Migration of NK cells to the draining LN
is critical for ECTV resistance, as the ability of these cells to migrate in response to virus
infection diminishes with age and in conjunction susceptibility increases (Fang and Sigal
2010). Most notably, these cells curb virus spread from the draining lymph node (LN) to
the liver by means of IFN-γ production, which in turn enhances the T cell response
(Fang, Lanier et al. 2008). In addition, mice treated with anti-IFN-γ antibodies upon
infection in the footpad with ECTV showed enhanced virus spread to the spleen, lungs,
ovaries, and, especially, liver (Karupiah, Fredrickson et al. 1993).
A defective CD8+ T cell response also contributes to ECTV susceptibility. The
Sigal group showed that B6 mice deficient in CD28, a co-stimulatory molecule that
binds to either CD80 or CD86 on pAPCs, are highly susceptible to lethal mousepox
during the early stages of ECTV infection (Fang and Sigal 2006). A thorough
comparison of the CD8+ T cell responses to ECTV and VACV by the authors suggested
that the main reason for the susceptibility of CD28 knockout mice was a reduced
response at the early stages of infection (Fang and Sigal 2006), thus highlighting the
importance of the innate response in controlling virus spread and/or replication.
Although much is know about the adaptive and cellular immune responses
required for ECTV resistance, less is know about the immediate-early innate
mechanisms needed to successfully combat an ECTV infection. What is well known
about early mechanisms associated with ECTV resistance centers around the IFN
response. As mentioned previously, Type I IFNs are produced early in response to a
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peripheral challenge, including to poxvirus infection. In addition to IFN-γ, IFNα/β is
critical to ECTV resistance. Both 129 and C57BL/6 mice showed increased
susceptibility to ECTV infection in experiments using antibody depletion (Karupiah,
Fredrickson et al. 1993); however, the source of these IFNs is unknown. Studies have
also shown that ECTV-mediated IFN-γ induced expression of NO (a similar molecule to
ROS) inhibited virus replication in macrophages (Karupiah, Fredrickson et al. 1993);
(Karupiah and Harris 1995).
The importance of DC in an ECTV infection has been studied; however, the main
focus is typically on DC functions associated with T cell priming or activation. For
example, aP2-deficient mice (These mice lack the fatty acid binding protein aP2) exhibit
impaired DC function and substantially lower production of IFN-γ by CD8+ T cells upon
ECTV infection (Bronte, Carroll et al. 1997). Parenthetically, no other mechanisms
associated with DC such as cytokine production or phagocytosis was investigated.
Although study of macrophages in ECTV resistance is more comprehensive than
that of DC it is still incomplete. Studies show that replication of ECTV in macrophages
is important for spread of the virus from the skin to target organs such as the spleen and
liver (Senkevich, Wolffe et al. 1995), and C57BL/6 mice depleted of macrophages by
Cl2MBP-encapsulated liposome administration on average died at approximately 8 days
post-infection (Karupiah, Buller et al. 1996). Thus the importance of macrophages in
ECTV pathogenesis and resistance has been established. However, it has yet to be
determined what functions macrophages are carrying out that is necessary for surviving
ECTV infection.
There is much evidence supporting the importance of NK cells, T cells, and the
IFN response in ECTV resistance; however, less is known about the importance of
innate effector cells in ECTV infection. While the role of DC and macrophages in ECTV
resistance has been studied, any analysis of cell function focuses on the adaptive
response. The mechanisms directly modulated by these cells in the early stages of
infection have yet to be analyzed.
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C. Evasion and Modulation of the Host Immune System
Poxviruses, including ECTV, have developed an elaborate array of mechanisms
to modulate and evade the host’s immune defense. It is likely that the main focus of
host response modifiers (HRM) is to attenuate the innate response at the primary site of
infection, as replication of the virus at this site would be sufficient for transmission of
progeny virus to another host (Esteban and Buller 2005). The HRM encoded by ECTV
function by disrupting receptor-ligand interactions and post-receptor ligation signaling
and by inhibiting cytokine secretion. As VACV is more widely studied than ECTV, many
of the HRM encoded by both viruses are analyzed using VACV models. Results
obtained from the VACV models are mostly likely not an accurate representation of how
the HRM functions in an ECTV model as the pathogenesis of VACV and ECTV differ
greatly in the mouse (Chapman, Nichols et al. 2010). Examples from VACV models are
used when necessary to illustrate the functions of the HRM.
As stated previously, the migration of cells to the site of a peripheral challenge
and to the draining LN is critical for controlling infection. Both ECTV and VACV encode
a semaphorin protein associated with inhibiting cell migration (Esteban and Buller
2005). Expression of VACV protein A39R was associated with an increase in the
severity and persistence of skin lesions after intradermal infection of mice (Gardner,
Tscharke et al. 2001), and ECTV expression of a closely related A39R protein inhibited
migration of monocytes in vitro (Comeau, Johnson et al. 1998); (Spriggs 1999). The
effects of this protein in vivo have yet to be determined in an ECTV model of infection.
ECTV also modulates both the Type I and Type II IFN response. The virus
inactivates IFN-α/β and IFN-γ by expression of two soluble, abundantly secreted
proteins, the viral IFN-α/β receptor and viral IFN-γ receptor. These proteins bind to their
respective IFNs with high affinity, preventing their interaction with cellular receptors
(Smith and Alcami 2002). In addition, a mutant ECTV, in which the Type I IFN binding
protein was deleted, showed an attenuation of at least 10^7 fold as susceptible BALB/c
mice infected with up to 5x10^7 PFU did not succumb to infection (Xu, Cohen et al.
2008).
As discussed, ROS can mediate several mechanisms of pathogen destruction
including not only direct killing, but also induction of effector molecules and signal
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transduction pathways. VACV encodes a SOD-like protein; however, the protein is
lacking catalytic activity (Almazan, Tscharke et al. 2001). Although the encoded SOD
lacked biological activity, it inhibited the cellular SOD possibly by disrupting the balance
of oxidants and antioxidants (Cao, Teoh et al. 2002); (Almazan, Tscharke et al. 2001),
thus reducing the expression of ROS and presumably inhibiting any ROS-mediated
immune responses.
Based on the large role the IL-1 response and its subsequent signal transduction
molecules play in inflammation (discussed extensively in previous sections), it would be
expected that HRM targeting these mechanisms would have a significant impact on viral
pathogenesis. However the exact effects of the HRM on pathogenicity in the mousepox
model are difficult to characterize due to conflicting results. This is most evident in
regards to the VACV IL-1β binding protein (vIL-1βR), which share sequence homology
with the type II IL-1 receptor and inhibits IL-1 from binding to its cellular receptor
(Esteban and Buller 2005). Mice infected i.d. with either wild-type VACV or vIL-1βRmutant virus show no difference in pathogenesis (Tscharke, Reading et al. 2002) while
mice infected i.n show increased mortality (Alcami and Smith 1992).
In addition to inhibiting IL-1 from ligation with its endogenous receptor, VACV
also modulates IL-1R (and TLR) ligation signal transduction. For example, the HRM
encoded by the VACV K1L gene prevents IκBα degradation that in turn inhibits NFκB
activation (Shisler and Jin 2004). Infection of both susceptible and resistant mice with a
K1L-deletion ECTV mutant showed no difference in disease pathogenesis between the
two strains (Chen, Drillien et al. 1993). However, the HRM encoded by the N1L VACV
gene inhibits I-κB kinase, ultimately inhibiting NFκB activate and results in increased
virulence (Bartlett, Symons et al. 2002); (DiPerna, Stack et al. 2004). These results
again stress the lack of understanding regarding poxvirus modulation of the IL-1
response and TLR ligation.
The effects of ECTV mutants deficient in any of the earlier mentioned HRM has
yet to be well studied. There is reason to believe the effects of VACV HRM and ECTV
HRM, in the case of IL-1 modulation, may differ. Although the vIL-1βR encoded by both
VACV and ECTV have similar binding patterns in that they both bind IL-1β and not IL1α, the binding affinities of each vIL-1βR differ greatly with the total amount of IL-1β
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binding activity being lower in an ECTV infection (Esteban and Buller 2005). It is
unclear if this decrease in binding activity is due to lower expression levels of the vIL1βR, lower binding affinity, or that the majority of the protein remains membrane-bound
(Chen, Buller et al. 2000).
The study of HRM provides insight into which immune mechanisms are important
for resistance to a poxvirus infection. ECTV and other poxviruses encode many HRM,
most of which are aimed at inhibiting or modifying mechanisms associated with the
innate immune response. These mechanisms include ROS expression, both the type I
and type II IFN response and multiple facets of the IL-1R again, highlighting the
importance of these mechanisms in mounting a successful immune response to an
ECTV infection.

Summary
Our body has many mechanisms in place to deal with foreign pathogens. In
particular, several cell types such as monocytes and NK cells and mechanisms such as
the IFN and inflammatory responses are targeted at early detection and clearance of
pathogens. Although these effector cells and mechanisms have been well studied in
peripheral challenges such as HSV and VACV, less is know about their role in an
immune response to an ECTV infection. The ECTV model of a peripheral challenge
provides several advantages over VACV as ECTV can be studied in its natural host and
the pathogenesis is a more accurate representation of a peripheral challenge in
humans. Several key tools are available that allow for the efficient study of a peripheral
challenge in this model such as resistant and susceptible strains of mice and virus
encoded HRM.
Using the ECTV model of a peripheral challenge in mice, we intent to further
analyze the innate immune response. In particular, we aim to investigate the
importance of monocytes/macrophages at the site of infection and the functions of these
cells that contribute to ECTV resistance. We intend to study the role of inflammation as
part of the innate response in an ECTV infection by analyzing the both the IL-1 and
ROS responses. We expect that these studies will shed new light on of the early
mechanisms required to mount a successful response against a peripheral challenge.
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Chapter II: Materials and Methods
Mice
All mice were housed in the specific pathogen free animal facility of the Hershey
Medical Center. Mouse strains with the exception of C57BL/6 and BALB/c were bred at
the Hershey Medical Center. The Penn State College of Medicine Institution Animal
Care and Use Committee approved all studies. C57BL/6 and BALB/c mice were
purchased from Jackson Laboratory.
CX3CR1-GFP (Jung, Aliberti et al. 2000), CCR2 knockout (Boring, Gosling et al.
1997), IL-1R knockout (Glaccum, Stocking et al. 1997) and GP91 knockout (Pollock,
Williams et al. 1995) breeding pairs were purchased from Jackson Laboratory. Due to
an increased susceptibility to infection, GP91 knockout mice were maintained on water
containing 2mg/mL neomycin. Table 2.1 has been provided for reference purposes.

Cell Lines
BSC-1 cells were purchased from ATCC. The NR9456, NR9569, and NR9457
macrophage cell lines, which are wild type, TLR9 knockout, and TLR2 knockout
respectively, were purchased from BEI resources and originally made by Dr. Doug
Golenbock (University of Massachusetts Medical School, North Worcester,
Massachusetts). All cells were maintained in DMEM containing 10% FBS and
supplemented with 2 mM L-glutamine and penicillin/streptomycin.

Viruses
Ectromelia virus (ECTV; stain Moscow) was provided by Dr. R. Mark Buller (St.
Louis University School of Medicine, St. Louis, Missouri). Dr. Luis Sigal (Fox Chase
Cancer Center, Philadelphia, Pennsylvania) provided the Δ163 eGFP-ECTV (strain
Moscow). VACV (strain WR) was provided by Drs. John Yewdell and Jack Bennink
(National Institutes of Health, Bethesda, Maryland).
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Table 2.1. Mouse Strains

Strain
BALB/c

C57BL/6

CCR2 knockout



Highly susceptible to ECTV infection



Useful model for immunological studies



Wild-type mice



Genetic background of the other strains used



Lack the gene encoding CCR2



Deficient in recruiting monocytes/macrophages
to sites of inflammation

CX3CR1-GFP



The gene encoding CX3CR1 is replaced by the
gene that encodes eGFP



Homozygous mice are deficient in downstream
FKN receptor signaling

GP91 knockout

IL-1R knockout



Lack the gene for the gp91 subunit of Nox2



Deficient in superoxide (and ROS) production



Lack the amino acids that encode the majority
of the extracellular domain of the type I IL-1R



Deficient in downstream IL-1R signaling
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Plaque Assay to Determine ECTV Titers
Plaque assay protocol was adapted from email correspondence with Dr. Daniel
Rubio (Fox Chase Cancer Center, Philadelphia, Pennsylvania). Various tissues,
including footpad, popliteal lymph node, spleen, and liver, were collected into tubes
containing DMEM (2.5% FBS, 2 mM L-glutamine, penicillin/streptomycin). Tissue
samples were pulverized using glass homogenizers and subjected to three freeze/thaw
cycles. Tissue lysates were added to monolayers of BSC-1 cells and incubated at
37°C, 5% CO2 for two hours after which the lysates were removed and CMC overlay
media was added. After 4 to 6 days, the monolayers were stained and fixed using 5 g/L
crystal violet solution containing 10% formaldehyde.

Isolation of Cells from Mice
A. Footpad
The protocol for isolating cells from the footpad was adapted from a previous
report (Jacobs et al., 2006) and recommendations from Dr. Matthew Fischer
(Oregon Health & Science University, Portland, Oregon). The footpads were
removed by cutting around the ankle, inserting forceps between the skin and
muscle, and pulling upward to detach the entire footpad. Footpads were cut into
smaller pieces to increase surface area and digested in 2 mg/ml collagenase XI.
The tissue was forced through a fine steel mesh to obtain a cell suspension. The
cells were incubated in ACK lysis buffer to remove any RBC, and debris was
extracted by passing through a 40 μm nylon filter.
B. Lymphoid Tissue
To isolate cells from lymphoid tissue, the tissue was cut into small pieces and
digested in 2 mg/ml collagenase D. The tissue was forced through a 40 μm nylon
filter, and incubation in ACK lysis buffer was used to remove RBC.
C. Liver
Liver perfusions were performed prior to removal of tissue. The protocol for the
perfusions was adapted from recommendations by Dr. Yayoi Izu (Pennsylvania
State University, Milton S. Hershey Medical Center, Hershey, Pennsylvania).
27

After opening the abdominal and chest cavities, the right atrium was punctured
with scissors followed immediately by insertion of a 25G butterfly needle with
Luer adapter into the left ventricle. Livers were perfused with 10 ml sterile PBS.
Tissue was cut into smaller pieces and digested in 2 mg/ml collagenase XI. The
tissue was forced through a fine steel screen, and incubated in ACK lysis buffer
to remove RBC. A Percoll separation was performed as per manufacturers
instructions to isolate lymphocytes. Cells suspension was passed through a 40
μm nylon filter.
Infections
For mouse infections with ECTV, mice were inoculated with 10^3 PFU of the
various ECTV in either the left hind footpad or both footpads in 30 μl HBSS + 0.1%
BSA. For intradermal infections in the ear, mice were inoculated with 10^3 PFU of
various ECTV in both ears in 10 μl HBSS + 0.1% BSA.

Staining for Flow Cytometric Detection of Cell Surface Proteins
Cells were incubated in supernatant from 2.4G2 hybridoma containing 5%
normal mouse serum and 5% normal hamster serum (referred to henceforth as “Fc
Block”) on ice for 15-20 minutes. Cells were then incubated on ice in a 1:100 dilution of
fluorochrome- or biotin-conjugated antibodies (as per manufacturers instructions) in Fc
Block for 40-60 minutes. In cases of biotin-conjugated antibodies, cells were
subsequently incubated on ice for 40-60 minutes in a 1:500 dilution of fluorochromeconjugated streptavidin in Fc Block. Table 2.2 is provided as a reference for all
antibodies used.
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Table 2.2. Antibodies Utilized for Flow Cytometric Analysis
Epitope

Clone

Source

CD49b

DX5

BD Pharmigen

NK1.1

PK136

BD Pharmigen

Ly6G

1A8

BD Bioscience

Ly6C

AL21

BD Pharmigen

CD11b

M1/70

BD Pharmigen

CD11c

N418

eBioscience

B220

RA3-6B2

BD Pharmigen

CD3e

145-2C11

eBioscience

CD90.2

53-2.1

eBioscience

F4/80

BM8

eBioscience

CD19

MB19-1

eBioscience

1D3

eBioscience

MP520F3

eBioscience

IL-6
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Staining for Flow Cytometric Detection of Intracellular proteins
Cells were incubated in 10 μg/ml Brefeldin A (BFA) in DMEM containing 2.5%
FBS at 37°C, 5% CO2 for 4 hours during virus infection to induce accumulation of
protein in the endoplasmic reticulum. Following staining of cell surface proteins
(previously described), cells were fixed in 1% fresh paraformaldehyde (PFA) in PBS for
15 minutes at room temperature. Cells were blocked on ice for 20 minutes in Fc Block
containing 0.5% saponin. Cells were then incubated for 40 to 60 minutes on ice in a
1:100 dilution of fluorochrome-conjugated antibody (unless otherwise noted by
manufacturer) in Fc Block with 0.5% saponin. Table B is provided for reference
purposes.

Detection of Reactive Oxygen Species by Flow Cytometry
The protocol for staining cells was adapted from previous reports (Eruslanov and
Kusmartsev 2010), and the manufacturer’s instructions. Cells were incubated in 10 mM
5-(and6) chloromethyl 2,7 dichlorodihydrofluoresin diacetate acetyl ester (CMH2DCFDA) in pre-warmed PBS at 37°C for 30 minutes in the dark. Cells were washed
twice with pre-warmed PBS, and allowed to rest in PBS at 37°C in the dark for 10
minutes between washes.
Stained cells for ROS expression using CellROX™ Deep Red Reagent as per
manufacturer’s instructions. Cells were incubated in 5 μM reagent in pre-warmed PBS
at 37°C for 30 minutes in the dark. Cells were washed three times with pre-warmed
PBS. Staining for cell surface proteins was carried out as previously described. Cells
were analyzed using flow cytometry.
Quantification of Interleukin-1beta (IL-1β) by Enzyme Linked Immunosorbent
Assay (ELISA)
NR9456 macrophages were treated with 80 ng/ml phorbol myristate acetate
(PMA) in 10% complete DMEM at 37°C for 2 hours prior to infection. Washed cells with
2.5% complete DMEM twice followed by infection with either wt ECTV or IL-1bp KO
ECTV at a multiplicity of infection (MOI) of 10. Cells were incubated at 37°C, 5% CO2,
30

and constant rocking during infection. Cell supernatants and/or lysates were then used
in a colorimetric, sandwich IL-1β ELISA from eBioscience. A standard curve (y = mx +
b) was created using the supplied IL-1β standards. The curve was then used to
calculate the concentration of IL-1β in experimental samples.
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Chapter III: Phagocytic Cells and Inflammatory Mediators Contribute
to ECTV Resistance
Introduction
The VACV mouse model is commonly used to mimic small pox infection. This
approach is inherently flawed for several reasons. The pathogenesis of an i.d. VAVC
infection in mice varies greatly from a VARV infection in humans, whereas the
pathogenesis of an i.d. ECTV infection in mice is very similar to VARV in humans
(Chapman, Nichols et al. 2010); (Jacobs, Chen et al. 2006). In all of our in vivo studies,
we utilized the ECTV model in order to obtain a more accurate representation of the
immune response to a peripheral challenge such as VV in humans. In addition, a
systemic route of infection such as i.p. is often studied in both ECTV and VACV models,
and recently aerosolization (i.n. infection) has been used in ECTV models to mimic a
poxvirus bioterrorism event (Chapman, Nichols et al. 2010). Although the
pathogenesis of an i.n. ECTV infection is similar to an i.d. infection, the outcome
following an i.n. inoculation differs from that of an i.d. inoculation, as C57BL/6 mice are
normally resistant to an i.d. ECTV infection but succumb to either the i.p or i.n infection
(Parker, Siddiqui et al. 2009); (Schell 1960). Thus our use of the i.d. route of infection is
ideal for studying the innate response to a peripheral challenge, as many pathogens
that infect humans at the periphery do not cause lethality.
Phagocytes, in particular macrophages, play an important role in ECTV
resistance. Inhibition of virus replication in macrophages hinders the spread of virus
from the skin to vital organs, and depletion of macrophages enhances ECTV virulence
(Senkevich, Wolffe et al. 1995; Karupiah, Buller et al. 1996). Our results confirm these
findings as resistant C57BL/6 mice show a large influx of macrophages (CD11b

+

-

CD11c ) to the site of infection, and this influx is absent in susceptible BALB/c mice.
The phenotype of the monocytes/macrophages involved in anti-ECTV immunity is
+

-

undefined. In general, inflammatory monocytes (Ly6C Ly6G ) move to sites of infection
and mediate viral clearance through phagocytosis and induction of pro-inflammatory
+

mediators (Geissmann, Jung et al. 2003). Our results show that a Ly6C Ly6G

-

inflammatory monocyte population is also present early at the site of infection in
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C57BL/6 mice, persists throughout the course of infection, and produces ROS. Again,
this subpopulation of cells is absent in the BALB/c mice suggesting inflammatory
monocytes are important for ECTV resistance.
ROS induction due to a peripheral challenge is important for mounting a
successful immune response. Recent studies show that virus infection can upregulate
ROS by various immune cell populations including monocytes (Vlahos, Stambas et al.
2011; Bellner, Karlsson et al. 2007). Our results show that not only are mice deficient in
ROS expression more susceptible to ECTV infection, but macrophages are the principal
producers of ROS at the site of infection and the draining lymph node.
The mechanisms used by phagocytes to control ECTV infection, in particular the
inflammatory response, also lack characterization. Data show that VACV infection
upregulates expression of pro-inflammatory cytokines such as IL-6, TNF, and IL-1 in
human monocytes/macrophages (Rokita, Kupiec et al. 1998). Again, ECTV infection of
and replication in macrophages is important for virus pathogenesis; however, the innate
immune mechanisms triggered by ECTV infection of macrophages are largely unknown.
We show that the IL-1 response is critical for ECTV resistance and that IL-1β
expression is upregulated in macrophages following ECTV infection.
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Results
To begin analyzing what immune cell types are important for ECTV resistance
during the early stage of infection, we infected both resistant C57BL/6 and susceptible
BALB/c mice i.d. with 10^4 pfu wt ECTV in the footpad and collected the footpad tissue
at various times post-infection. Tissue was also collected from uninfected mice as a
control. We subsequently used flow cytometry to determine the various immune cell
populations present in the footpad. C57BL/6 mice showed a dramatic increase in the
number of phagocytic cells at the site of infection on day 6 post-infection compared to
-

-

susceptible BALB/c (Fig. 3.1A). These cells were characterized as CD11c , CD49b ,
-

-

+

CD19 , CD3e , and CD11b , indicating that they are likely monocytes. As BALB/c mice
show 100% mortality by day 6 post-infection at that dose of virus (data not shown), the
same experiment was conducted using i.d. injection of 10^3 pfu wt ECTV in the footpad
to analyze later times post-infection, and again the C57BL/6 mice showed an increase
in phagocytic cells on day 8 post-infection compared to susceptible BALB/c (Fig. 3.1B).
The peak of phagocytic cell infiltrate in C57BL/6 coincides with approximately the same
point at which the susceptible BALB/c succumb to infection with the same dose of virus,
suggesting that these cells are necessary for resistance to ECTV infection (Fig. 3.2).
Similar experiments to those mentioned above were conducted to determine if a
particular subpopulation of monocytes predominated at any time point. Using separate
antibodies specific for either Ly6C and Ly6G, as opposed to one antibody against Gr1,
+

+

-

we showed that a population of CD11b Ly6C Ly6G cells predominates at the site of
infection on day 2 post-infection in C57BL/6 mice and persists until at least day 6 postinfection (Fig. 3.3). This subpopulation of presumable monocytes was greatly
+

decreased in the BALB/c mice. A second subset was characterized as CD11b Ly6C

+

+

Ly6G and persisted in the footpad throughout the course of infection in the C57BL/6
mice. This subpopulation was not present in the footpads of BALB/c mice until at least
6 days post-infection at which point the population was still smaller than that seen in the
C57BL/6 (Fig. 3.3).
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Figure 3.1 A and B. Phagocytic cells increase at the site of infection in C57BL/6
mice.
C57BL/6 and BALB/c mice were infected i.d. in the footpad (f.p.) with either 10^3 (A) or
10^4 (B) pfu of wt ECTV. Tissue samples from the footpad were taken at various days
p.i., and immune cell populations were analyzed by flow cytometry. Phagocytes were
+

-

-

-

identified as CD11b , CD19 , CD3e , and CD49b .

Error bars represent the standard error.
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Figure 3.1
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Figure 3.2. BALB/c mice succumb to infection following i.d. inoculation in the footpad
with wt ECTV.
C57BL/6 and BALB/c mice were infected i.d. in the f.p. with 10^3 pfu of wt ECTV and
subsequently monitored for mortality. All C57BL/6 mice survived infection with 100% of
infected BALB/c mice succumbed to infection by day 8 p.i.
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Figure 3.2
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Figure 3.3. The CD11b+ phagocytic cell infiltrate contains a Ly6C+Ly6G- cell
population.
C57BL/6 and BALB/c mice were infected with 10^3 pfu wt ECTV in the f.p. Cells were
+

-

isolated from the f.p.at the days shown post-infection and phagocytes (CD11b , CD 19 ,
-

-

NK1.1 , and CD3e ) were examined by flow cytometry for Ly6C and Ly6G expression.
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Figure 3.3
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Although the importance of ROS production in mounting a successful
antibacterial response is well characterized, recent data suggest that ROS expression is
upregulated and plays a key role during an antiviral immune response (Bellner,
Karlsson et al. 2007; Vlahos, Stambas et al. 2011). To begin analysis of what
function(s) the phagocytic cells at the site of an ECTV infection may be performing to
confer resistance to C57BL/6 mice, GP91-/- mice (deficient in NADPH oxidasemediated ROS production) were monitored for survival following inoculation with 10^3
pfu wt ECTV in the footpad. These mice showed an average of 50% increase in
mortality when infected with 10^3 PFU and a 75% increase in mortality when infected
with 10^4 PFU compared to the C57BL/6 control mice (Fig. 3.4A and B). These results
indicate that ROS production is necessary to mount an effective immune response upon
ECTV infection.
We next used flow cytometry to determine the level of ROS expression by
+

phagocytic cells in C57BL/6 mice. Analysis of the footpad showed that CD11b cells
express ROS as early as one day post-infection and continue to express ROS during
infection, with large quantities being expressed and reaching a plateau on day 5 postinfection (Fig. 3.5A).

+

+

+

These cells, along with CD11c and CD11b CD11c , also

expressed ROS in the draining LN (the popliteal LN; PLN), but not until later at day 7
+

post-infection, with the CD11b population producing the most ROS (Fig. 3.5B).
Additionally, the spleen and liver were also examined for ROS expression; however, no
significant ROS expression by any of the phagocytic cell populations analyzed could be
detected in either tissue (data not shown).
As phagocytic cells in the footpad and PLN displayed increased levels of ROS
expression upon ECTV infection, flow cytometry was again used to further characterize
these cells and divide them into subpopulations based on cell surface markers. Two
monocyte subsets showed increasing numbers of ROS-producing cells over the course
+

+

+

+

of infection, Ly6C and Ly6C Ly6G , with the Ly6C cells as the largest ROS-producing
monocyte subset (Fig. 3.6). To analyze ROS expression at early time points after
infection (i.e. 1 hour, 2 hours, etc…), we next used the NR9456 macrophage cell line in
conjunction with CM-H2DCFDA and flow cytometry. ROS expression was measured at
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Figure 3.4 A and B. GP91-deficient mice show increased susceptibility to wt ECTV
infection compared to wild-type mice.
Wild-type and GP91-/- mice were infected i.d. in the footpad with either 10^3 (A) or 10^4
(B) pfu of wt ECTV. Mice were subsequently monitored for survival.
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Figure 3.4
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Figure 3.5 A and B. Phagocytic cells express ROS at the site of infection and the
PLN.
C57BL/6 mice were infected in the f.p with 10^3 pfu of wt ECTV. Tissue was harvested
from the f.p. (A) and the PLN (B) at the times post-infection indicated. ROS and cell
surface marker expression were measured using flow cytometry.
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Figure 3.5
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Figure 3.6. ROS expression by monocyte subpopulations at the site of infection.
C57BL/6 mice were infected in the f.p with 10^3 pfu of wt ECTV. Tissue was harvested
from the f.p. at the times post-infection indicated. ROS and cell surface marker
expression were measured using flow cytometry.
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Figure 3.6
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various times over 6 hours. The data showed that expression increased steadily over
the course of infection with the highest level of ROS expression seen at 6 hours postinfection (Fig. 3.7).
CCR2 and CX3CR1 are both chemokine receptors expressed on monocytes.
Mice deficient in either receptor show decreased monocyte infiltration to sites of
infection or inflammation (Getts, Terry et al. 2008; Auffray, Fogg et al. 2009). In order to
determine if defects in chemotaxis are responsible for the decrease in phagocytic cells
at the site of infection in BALB/c mice, several experiments were conducted using mice
deficient in either CCR2 or CX3CR1 expression. CCR2-/- mice were infected with 10^3
PFU wt ECTV in the footpad and subsequently monitored for mortality. All mice,
including the C57BL/6 control group, survived infection with no overt differences in
pathogenesis between the two groups (Fig. 3.8A). Notably, both the CCR2-/- and
C57BL/6 showed a comparable amount of swelling in the footpad (Fig. 3.8B). A similar
experiment was conducted using CX3CR1-/- mice, and again the mice showed no
exacerbation of ECTV infection compared to the wild-type mice (Fig. 3.9).
IL-1β is capable of not only activating macrophages to phagocytose an invading
virus (Netea, Simon et al. 2010), but also inducing ROS production by macrophages
(Yoo, Shin et al. 2002). Thus further analysis of requirements for ECTV resistance was
focused on determining the importance of the inflammatory response, in particular the
IL-1 response, in our model. First, IL-1R-/- mice were infected with either 10^3 PFU or
10^4 PFU wt ECTV in the footpad and subsequently monitored for mortality. IL-1R-/mice showed 50% mortality by day 7 post-infection with either dose of virus, and
IL-1R-/- mice infected with either dose of virus showed 100% mortality by day 11 postinfection (Fig 3.10 A). To begin establishing what aspects of the IL-1 response are
important for ECTV resistance, inflammation at the site of infection was measured by
taking footpad measurements throughout the course of infection. Swelling did not differ
between the resistant C57BL/6 and susceptible IL-1R-/-, as footpad measurements of
both strains infected with either 10^3 or 10^4 PFU wt ECTV of mice showed the same
increase in size over time (Fig. 3.10 B). These results suggest that the IL-1 response is
critical to surviving an ECTV infection.
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Figure 3.7. ROS expression by macrophages increases following exposure to wt
ECTV.

The NR9456 macrophage cell line was infected with wt ECTV at an MOI of 10. Cells
were collected at the times indicated and analyzed using flow cytometry.
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Figure 3.7
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Figure 3.8 A and B. CCR2-deficient mice show no alternative phenotype following
wt ECTV infection compared to wild-type mice.

Wild-type and CCR2-/- mice were infected with 10^3 PFU wt ECTV in the footpad and
subsequently monitored for mortality (A). Footpad measurements were taken daily to
analyze the amount of swelling present at the site of infection (B).

Error bars represent the standard error.

51

Figure 3.8
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Figure 3.9. CX3CR1-deficient mice show no alternative phenotype following wt
ECTV infection compared to wild-type mice.
Wild-type and CX3CR1-/- mice were infected with 10^3 PFU wt ECTV in the footpad and
subsequently monitored for mortality.
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Figure 3.9
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Figure 3.10 A and B. IL-1R-deficient mice show enhanced susceptibility to wt
ECTV infection but no increase in swelling at the site of infection.
Wild-type and IL-1R-/- mice were infected i.d. in the footpad with either 10^3 or 10^4 pfu
of wt ECTV and subsequently monitored for survival (A). Footpad measurements were
taken daily to analyze the amount of swelling present at the site of infection (B).
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Figure 3.10
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Several studies involving viruses such as murine cytomegalovirus (MCMV),
influenza and ECTV, have all linked curbing virus spread with enhanced resistance
(Noda, Tanaka et al. 2001; Yen, Aldridge et al. 2009; Fang, Roscoe et al. 2010). As IL1R-deficient mice are highly susceptible to ECTV infection, we set out to determine if
the IL-1 response was associated with an increase in systemic virus spread. Both
C57BL/6 and IL-1R-/- mice were infected with 10^3 PFU wt ECTV in the footpad. At
various days post-infection, mice were euthanized and tissue samples were collected
from the footpads, PLN, spleen, and liver. Plaque assays of all samples were then
conducted. Viral titers at the site of infection are comparable in both strains of mice
throughout the course of infection (Fig. 3.11). However, as infection progresses to day
five, viral replication is increased in the PLN, spleen, and liver of IL-1R-deficient mice
compared to the wild-type (Fig. 3.11). Thus our data suggest that the IL-1 response
maybe necessary to control the systemic spread of virus.
As previously discussed, ECTV encodes numerous HRM aimed at modifying the
host immune response to avoid clearance. In particular, ECTV encodes an IL-1 binding
protein, which inhibits the IL-1 response. To further characterize the importance of the
IL-1 response in an ECTV infection, susceptible BALB/c mice were infected i.d. in the
footpad with varying doses of Δ163 eGFP-ECTV (strain Moscow), in which the IL-1
binding protein has been deleted. There was no obvious alternative phenotype or
attenuation of pathogenesis in BALB/c mice infected with the mutant ECTV (Fig. 3.12).
To analyze IL-1β expression at early time points post-inoculation, we inoculated
the NR9456 macrophage cell line with wt ECTV at an MOI of 10. Cell were primed with
80ng/mL PMA for two hours prior to infection and collected at various times postinoculation and lysed. Cell lysates were subsequently analyzed using an IL-1β ELISA.
Our results show that IL-1β expression increases early after inoculation and steadily
decreases over time, suggesting that ECTV infection causes an early initiation of the IL1 response (Fig. 3.13). Notably, infection with the Δ163 eGFP-ECTV showed a only
small amount of IL-1β expression at 1 hour post-inoculation compared to infection with
wt ECTV (Fig. 3.13).
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Figure 3.11. IL-1R-deficient mice show enhanced systemic spread of virus
compared to wild-type mice.
C57BL/6 and IL-1R-/- mice were infected in the f.p. with 10^3 PFU wt ECTV. At the
indicated times post-infection, mice were euthanized and the indicated tissue was
collected. Viral plaque assays were subsequently conducted to analyze the amount of
virus present in each tissue at the various time points.
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Figure 3.11
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Figure 3.12. Δ163 eGFP-ECTV shows no attenuation in BALB/c mice.
BALB/c mice were infected with various dose of Δ163 eGFP-ECTV and subsequently
monitored for mortality.
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Figure 3.12
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Figure 3.13. Macrophages show IL-1β expression early following exposure to wt
ECTV.
The NR9456 macrophage cell line was inoculated with either wt ECTV or Δ163 eGFPECTV at an MOI of 10 after priming for two hours with 80ng/mL PMA. Cells were
collected at the times indicated, lysed, and lysates were analyzed for IL-1β expression
by ELISA.
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Figure 3.13
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Chapter IV: Discussion
Our data show that the infiltration of monocytes to the site of infection is a
contributing factor for ECTV resistance. In particular, resistant C57BL/6 mice show a
+

+

-

large CD11b , Ly6C , Ly6G subpopulation of monocytes that infiltrate to the site of
infection. Recent data suggest that this population is rapidly recruited to sites of
inflammation and thus these cells have been termed “inflammatory monocytes”
(Randolph 2009). The role of inflammatory monocytes has been mainly studied in
cancer and other inflammatory diseases. For example, functional analysis of
CD11b+Ly6C+ monocytes infiltrating the colon during inflammatory bowel disease (IBD)
positively correlated this population with colonic inflammation (Waddell, Ahrens et al.
2011), and Ly6C+ inflammatory monocytes associated with kidney fibrosis were linked
to enhanced nephritis (Lin, Castano et al. 2009).
The use of the term “inflammatory monocytes” is misleading as the label
inflammatory can prematurely ascribe functional attributes to cells based on ex vivo
studies while they largely remain to be functionally characterized in vivo (ZieglerHeitbrock, Ancuta et al. 2010). Studies suggest that an “immature” monocyte-like
myeloid derived suppressor cell (MDSC) typically associated with tumors is similar to
+

+

inflammatory monocytes as this population is also characterized as CD11b , Ly6C ,
-

Ly6G (Fairweather and Cihakova 2009). Unlike inflammatory monocytes, MDSCs
typically display an immune suppressive role in disease (Youn and Gabrilovich 2010).
Notably, the Sunderkoetter group recently showed that glucocorticoid expression gives
rise to a murine monocyte subtype, which shares characteristics of both inflammatory
monocytes and MDSCs (Varga, Ehrchen et al. 2008). These cells are CD11b+
Ly6C+CX3CR1- and are able to migrate quickly into inflamed tissue, where they,
however, exert anti-inflammatory effects typically associated with monocytic MDSCs
(Varga, Ehrchen et al. 2008). Collectively, the data regarding both inflammatory
monocytes and MDSCs highlight the plasticity of monocytes and emphasize the
importance of analyzing monocyte populations not only within a specific system, but
also in vivo and ex vivo.
Data pertaining to the specific function of inflammatory monocytes in a virus
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infection is extremely limited. In our system, it appears that this inflammatory monocyte
population is protective as susceptible BALB/c mice lack this population and succumb to
an ECTV infection. In addition, a recent study showed that mice lacking CCR2, a
chemokine receptor on Ly6C+ inflammatory monocytes, displayed a significant increase
in mortality due to WNV encephalitis (Lim, Obara et al. 2011). Another recent study
showed CD11b+Ly6+ inflammatory monocytes produced IFN-β in response to VAVC
infection (Barbalat, Lau et al. 2009). Ly6C+Ly6G- monocytes also express iNOS in
several in vitro models of VACV infection (Harris, Buller et al. 1995; Karupiah and Harris
1995). In addition, immature myeloid cells characterized as Gr1 + from tumor-bearing
mice had significantly higher levels of ROS, specifically H2O2 rather than superoxide
anion, than Gr1+ cells obtained from tumor-free mice (Kusmartsev, Nefedova et al.
2004; Corzo, Cotter et al. 2009). Our data are consistent with this study as we find that
the CD11b+Ly6C+Ly6G- population is the major monocyte subpopulation expressing
ROS at the site of an ECTV infection.
As previously discussed, monocytes are able to differentiate into M1 or M2
macrophages in response to the appropriate stimuli. Ly6C+ inflammatory kidney
macrophages associated with enhanced nephritis exhibited markers of classical or M1biased activation (Lin, Castano et al. 2009). However, phenotypic analysis of the Ly6C+
intestinal inflammatory macrophages associated with IBD and colonic inflammation
revealed that these cells expressed both M1- and M2-associated genes (Waddell,
Ahrens et al. 2011). Further classifying the monocyte/macrophage population seen in
our ECTV model as one macrophage subpopulation or another may be difficult as
macrophages are not “permanently differentiated” as other immune cell types such as
Th1 or Th2 cells are considered to be, but are able to move from M1 to M2 depending
on the local environment (Hume 2008). However, determining the macrophage
phenotype associated with phagocytic cells at the site of an ECTV infection may provide
insight into the cytokine and chemokine environment present at the site of infection and
thus further knowledge of the requirements for resistance to a peripheral challenge.
As previously discussed, our studies show that ROS is critical to an anti-ECTV
+

response, and in particular, ROS expression is mainly seen in the CD11b phagocytic
cell population. The role of phagosomal ROS has been well characterized in anti65

bacterial immunity (Rada and Leto 2008; Lam, Huang et al. 2010). Increasing amounts
of data, including our own, indicate that ROS generated not only by neutrophils but also
by monocytes is important in anti-viral immunity in several capacities. We show that the
CD11b+ phagocytic cells at the site of infection responsible for the majority of ROS
production are also Ly6C+ and Ly6G- suggesting that they are monocytes and not
granulocytes. In addition, the Karlsson group showed that monocytes generated ROS
is response to HSV using isoluminol-enhanced chemiluminescence (ECL) (Bellner,
Karlsson et al. 2007). This assay system is well suited for real-time studies of
superoxide anion release from activated phagocytes (Dahlgren and Karlsson 1999;
Lundqvist and Dahlgren 1996).
Flow cytometry systems, such as the DCFDA assay used in our studies, are
used for detecting ROS and oxidative stress. In particular, DCFDA can detect H2O2,
hydroxyl radicals, and peroxyl radicals with in the cell (Eruslanov and Kusmartsev
2010). In addition dihydrorhodamine (DHR)-123, a compound similar to DCFDA, has
been used to detect ROS expression upon HIV infection (Salmen, Colmenares et al.
2010); (Crow 1997). The majority of these methods detect intracellular ROS, which can
be generated not only within the phagosome but also by mitochondria. Mitochondrial
ROS (mtROS) can specifically be detected via flow cytometry using MitoSOX™
(Invitrogen), which permeates live cells where it selectively targets mitochondria, and is
rapidly oxidized by superoxide but not by other ROS (Nakahira, Haspel et al. 2011; Tal,
Sasai et al. 2009).
In addition to directly mediating pathogen clearance, ROS have a wide range of
reported signaling effects (Lam, Huang et al. 2010). For example, ROS can inactivate
mitogen-activated protein kinases (MAPKs) that activate AP-1 transcription factors (IKK)
that activate NF-κB (Kamata, Honda et al. 2005), factors also associated with IL-1R and
TLR signaling. Data show that ROS generated by the mitochondria can affect
intracellular signaling leading to pro-inflammatory cytokine production (Naik and Dixit
2011). The Choi group showed that mtROS is required for caspases-1 activation
(Nakahira, Haspel et al. 2011), which subsequently leads to IL-1β production.
Importantly, data show that when mitochondrial activity is deregulated not only is ROS
generation suppressed but inflammasome activation is as well (Zhou, Yazdi et al. 2011).
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These results suggest that mtROS, as opposed to ROS produced with in the lysosome,
is necessary for inflammasome activation as oppose to ROS associated with the phagolysosome. Thus determining the subcellular source of ROS, particularly in monocytes
or macrophages, in a specific immune response is critical to understanding whether
ROS is involved directly or indirectly in establishing a successful immune response.
As stated, ROS can effect IL-1β expression, and our data also indicate a major
role for the IL-1 response in anti-ECTV immunity. ROS expression has been linked to
inflammasome activation and subsequent IL-1β production (Nakahira, Haspel et al.
2011; Zhou, Yazdi et al. 2011). However, as new data regarding the inflammasome
emerges, it is becoming evident that the distinction between priming and activation
needs to be made clear. The NLRP3 inflammasome, the most well studied
inflammasome, is activated by a broad range of stimuli; however, there is no evidence
of direct ligand binding, thus challenging the concept of that the inflammasome is a
receptor (Davis, Wen et al. 2011). It is evident that mature IL-1β production is a
biphasic process, in which components such as NLRP3 and/or pro-IL-1β accumulate in
the cytosol during the initial phase and inflammasome activation leading subsequent
caspase-1 activation ultimately results in IL-1β expression (Latz 2010).
Conversely, AIM2 has recently emerged as a bona fide cytosolic receptor for
pathogenic DNA that activates an inflammasome (Davis, Wen et al. 2011; Hornung,
Ablasser et al. 2009). Recent studies suggest that VACV can trigger both the NLRP3
and AIM2 inflammasomes (Muruve, Petrilli et al. 2008; Delaloye, Roger et al. 2009)
(Rathinam, Jiang et al. 2010). Studies have yet to reveal which inflammasome plays a
role in ECTV infection. Understanding the mechanism by which an ECTV infection
leads to IL-1β expression is important for determining what functions the IL-1 response
plays in ECTV resistance.
Our data show that the IL-1 response is crucial for ECTV resistance; however,
the exact role of IL-1β in an ECTV infection is not completely understood. Monocyte
recruitment is likely not affected by the lack of the IL-1 response as swelling does not
differ between wild-type and IL-1R-deficient mice, and no alternative phenotype is
observed in CCR2- and CX3CR1-deficient mice upon ECTV infection. As IL-1Rdeficient mice, as well as BALB/c mice, succumb to infection prior to the onset of a T
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cell response (Reading and Smith 2003; Jacobs, Chen et al. 2006), it is likely that IL-1β
is necessary during the innate response to an ECTV infection. IL-1β plays a role in
many aspect of the innate immune response, including activating macrophages and
increasing the expression of other cytokines. For instance, IL-6 production is
particularly sensitive to IL-1β (Dinarello 1996), and recent data suggest that IL-6 is an
important resistance factor essential for surviving ectromelia infection (O'Gorman,
Sampath et al. 2010). Hence analysis of the exact function of the IL-1 response in
ECTV infection is complicated.
Several studies show that IL-1β expression can lead to ROS production. For
instance, myeloid suppressor cells (Gr1+CD11b+) from mice with IL-1β secreting
tumors expressed increased levels of ROS, as determined by DCFDA assay (Bunt,
Sinha et al. 2006). These results possibly suggest that our results indicating both the
IL-1 response and ROS expression are necessary for ECTV resistance show that a lack
of IL-1R signaling lead to a decrease in ROS expression. However, it is more likely that
the lack of ROS expression correlates to a decrease in IL-β expression via decreased
inflammasome activity and/or priming as more data support a model of inflammasome
activation by ROS (Zhou, Tardivel et al. 2010; Tschopp and Schroder 2010).
The innate immune response, in particular the role of monocytes/macrophages in
a peripheral challenge, including induction of both ROS and the IL-1 response, is
elaborate and complex. Knowledge regarding any of these aspects of ECTV infection is
limited at best. Our data show that monocytes/macrophages, the IL-1 response and
ROS expression are all necessary for a successful anti-ECTV response. It is highly like
that the three elements are interconnected. Determining how all these aspects of the
innate immune response are related will provide valuable insight into the immune
response to a peripheral challenge such as a VV infection in humans.
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