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ABSTRACT OF THE DISSERTATION

Natural Killer Cell Recruitment and Activation Following Orthopoxviral Infection
by
Melissa A. Pak-Wittel

Doctor of Philosophy in Biology and Biomedical Sciences
Immunology

Washington University in St Louis, 2012
Professor Wayne M. Yokoyama, Chairperson

The orthopoxviridae are large, complex DNA viruses with important historical
and clinical significance. Members of this genus encode numerous proteins known to
subvert the immune response to infection, providing a useful system to probe required
host responses for resistance and survival. Natural killer (NK) cells provide an essential
innate response to infection through direct lysis of infected cells and cytokine production.
The innate anti-viral response following infection is associated with NK cell population
expansion in draining LNs, where they are normally a rare population. We have
identified mechanisms underlying NK cell expansion following orthopoxviral infection
and have examined viral inhibition of the NK cell-mediated host response.

Since close contact with cowpox virus (CPXV), a natural pathogen of rodents,
causes zoonotic infections in humans, we employed a footpad model of infection in mice
to determine the requirement of NK cells for resistance to orthopoxviral infection.
Systemic depletion of NK cells prior to CPXV infection resulted in increased viral
replication and systemic dissemination. Recruitment of NK cells to the draining LN was
pertussis toxin sensitive indicating chemokine receptor dependence. Candidate

chemokine receptors were identified by comprehensive analysis of chemokine mRNA



expression in the draining LN in conjunction with chemokine receptor expression on NK
cells. We determined that CXCR3 was intrinsically required for NK cell recruitment to
the draining LN in an interferon-y— (IFN-y) dependent manner. Additionally, a non-
overlapping requirement for subcapsular sinus macrophages was required for NK cell
recruitment.

CPXYV inhibited full maturation of NK cells leading to incomplete activation
following infection. We found that NK cells recruited to the draining LN did not produce
IFN-y or up-regulate surface activation markers. The inhibition of NK cell production of
IFN-y was CPXYV specific, multifactorial and complex. Despite this phenotype, cytotoxic
function of NK cells was preserved through uninhibited production of granzyme B. We
have demonstrated that the innate response to CPXV infection induces chemokine-
mediated recruitment of NK cells to the draining LN where they limit replication and

dissemination despite specific inhibition by CPXV.
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CHAPTER 1:

Introduction



Orthopoxviruses, Cross Protective Vaccination and Zoonotic Infections

Orthopoxviruses are large, complex DNA viruses whose genus includes
historically and clinically important viruses. Among these is variola virus (VARV), the
causative agent of smallpox infection, which had devastating consequences on the human
population due to its significant morbidity and morality (1). Cross-protection conferred
by another orthopoxvirus, vaccinia virus (VV), allowed eradication of naturally occurring
smallpox disease during a campaign led by the World Health Organization. The basis of
cross-protection was demonstrated by Edward Jenner who deliberately inoculated an
eight year old boy first with freshly isolated cowpox virus (CPXV) from a lesion on a
dairy maid and subsequently with VARV (2). Jenner’s hypothesis that immunization with
CPXYV would confer protection to smallpox challenge was confirmed when the child
displayed no signs of smallpox disease.

Despite eradication of natural smallpox infection, the possibility of deliberate
release of VARV during a potential bioterrorist event remains. Additionally, other
orthopoxviruses increasingly cause emerging zoonotic infection including monkeypox
virus, which is primarily localized to Africa but caused a recent outbreak in the
Midwestern United States (3-5). There have also been increasing reports of zoonotic
CPXYV infection in Europe, where CPXV is endemic in the rodent population (6-10).
Despite reports of increasing zoonotic infections, vaccination is no longer routinely
recommended or practiced. While most immunocompetent individuals tolerate
vaccination with little to no problem, significant side effects have been reported in
patients who are immunocompromised and those with eczema and atopic dermatitis (9,

11). In addition, the protective immune response diminishes over time in vaccinated



individuals (12-14). This has resulted in a population that is increasingly susceptible to
zoonotic orthopoxvirus infections.

The origin of VV is unknown, although there is some speculation that VV arose
following multiple passages of CPXV during the course of smallpox eradication (15).
Due to the widespread propagation of VV strains that were ultimately used to eradicate
smallpox, VV became the prototypical orthopoxvirus for study of immunomodulation
and host-pathogen interactions (16). Some studies have examined immune evasion by
VV with the goal of generating safer vaccines. These studies have resulted in the
development of attenuated vaccine strains including ACAM200 and modified vaccinia
Ankara (MVA), which were derived from serial in vitro passaging and targeted deletions
of immunomodulatory genes, respectively (17, 18). Since VV also elicits a strong cellular
and humoral immune response, other studies have examined its use as a vector to bolster
immunizations against other pathogens (18). These studies have demonstrated that VV-
vectored immunization increases the immune response to cancer antigens and several
pathogens including human immunodeficiency virus and rabies virus. Thus, many studies
have both examined immunomodulation of the host immune system and exploited the
immunostimulatory response by VV.

Increasing numbers of reports indicate that zoonotic CPXV infections are
predominantly caused by skin scratch inoculation following interaction with an infected
animal (6-9) whereas zoonotic infection with VV very rarely occurs, especially as the
host reservoir is unknown (19). CPXV has the largest genome in the Orthopoxvirus genus
and its host reservoir is the wild rodent population in Europe (10, 20-22). Since CPXV
and the mouse have co-evolved, this makes host-pathogen interplay relevant to study in a

mouse model. Another area of interest for research into CPXV biology is examination of



the large arsenal of potential host range and immunomodulatory open reading frames
(ORFs) encoded by CPXV. Analysis of CPXV unique ORFs may highlight particularly
important host immune responses for resistance to orthopoxviruses that cannot be studied
using other orthopoxvirus genus members. Therefore, continued study of primary
immune responses to orthopoxviruses in a matched host-pathogen relationship, such as
mouse-CPXV, is of interest to provide additional insight into the host immune response
which may lead to novel clinical advances to protect against emerging orthopoxvirus

infections.

Viral Inmune Evasion

Orthopoxvirus genome size varies greatly, from 130kb to 290kb, and many ORFs
are highly conserved between genus members. The central coding region, encoding ORFs
responsible for viral replication and life cycle, is highly conserved among all
orthopoxvirus family members (22). The genetic termini are more variable among
orthopoxviruses, and are where ORFs involved in host range and immunomodulation are
located. Orthopoxviruses contain many virally encoded proteins that act in combination
to subvert both intracellular and extracellular host immune responses (23, 24).

Intracellular inhibition by orthopoxviruses occurs through numerous viral proteins
acting at different levels of respective anti-viral signaling pathways. Host recognition of
orthopoxvirus infection is mediated by pattern recognition receptors (PRRs) such as toll-
like receptors, NOD-like receptors and intracellular RNA sensors, including retinoic acid
inducible receptors (RIG-I) and melanoma differentiation associated gene-5 (MDAS)
(24-27). Orthopoxviruses encode inhibitory proteins that sequester double stranded RNA

to evade recognition by RIG-I and MDAS. Also, numerous virally encoded proteins



interfere with signaling cascades downstream of PRRs to prevent host recognition. These
mechanisms of inhibition have been well characterized and virally encoded regulators
have been identified at most levels of signaling pathways (16, 23). In addition to
inhibiting signaling pathways downstream of host recognition by PRR, several inhibitory
proteins produced by orthopoxviruses have dual functions in inhibiting apoptotic
signaling pathways (28). Orthopoxviruses also encode intracellular inhibitory proteins
that prevent surface expression of major histocompatibility complex class I (MHC class
I) to escape detection by the cytotoxic CD8" T cell response (29-32). Thus,
orthopoxviruses encode numerous intracellular immune evasion proteins that interfere
with multiple host responses.

Orthopoxvirus mediated control of the host response also occurs extracellularly
through a number of mechanisms. These include expression of virally encoded binding
proteins for cytokines, chemokines and complement proteins to inhibit the recruitment of
lymphocytes and thus progression of the inflammatory response. There are numerous
cytokines that orthopoxviruses target to prevent inflammation including type I interferons
(IFNs), IFN-y, tumor necrosis factor o (TNF-a), IL-1 and IL-18, with some
orthopoxviruses encoding more than one ORF to target each cytokine (23, 33-35).
Orthopoxviruses interfere with chemokine signaling and recruitment by encoding both
chemokine binding proteins and proteins that can bind to and saturate
glycosoaminoglycans on host surfaces where chemokines normally bind following
secretion (36-38). Modulation of the inflammatory immune response by orthopoxviruses
includes the induction of anti-inflammatory cytokines like IL-10 (39). Due to constant
selective pressure from co-evolution with their hosts, orthopoxviruses have developed a

number of strategies to subvert the host immune response.



Host Response to Orthopoxvirus Infection

Despite numerous immunomodulatory proteins encoded by orthopoxviruses, in
general, a strong humoral and cellular immune response is elicited following infection,
conferring lasting immunity including cross-species protection (14, 17, 40). Infection
with orthopoxviruses leads to the generation of neutralizing antibodies against both the
intracellular mature virion and the extracellular enveloped virus resulting in a long-
lasting antibody-mediated protection. Generation of neutralizing antibodies requires
CD4" T cells and is first detectable 14 days following vaccination and persists for
decades. In the absence of B cells, but not CD4" or CD8" T cells, naive hosts challenged
with orthopoxvirus succumb to infection indicating that an antibody response is essential
for survival. Although T cell responses are not required for survival, they prevent viral
replication and spread immediately following inoculation (17). In contrast to CD8" T
cells, whose function peaks 2 to 4 weeks post vaccination before primary responses
decline, the CD4" T cell response is long lived (14, 40). Prophylactic treatment of naive
Rhesus macaques with human vaccinia immunoglobulin from vaccinated individuals is
protective, even in the absence of memory CD4" or CD8" T cell responses (14). On the
other hand, in the absence of B cells, CD4" and CD8" memory T cells can confer
protection to VV(40). These strong cellular and humoral responses confer both resistance
and long-lived cross-species protection against orthopoxvirus infection.

In addition to the requirement for a strong adaptive immune response, many
elements of the innate immune system have been implicated in resistance to
orthopoxvirus infection. These include induction of pro-inflammatory cytokines such as

IL-12 and IL-18 that mediate Ty1 skewed adaptive immune priming and activation of



both NK cells and T cells (41, 42). Additionally, mice infected with VV that ectopically
expresses IL-15 survive infection through the activation of NK cells (43). Dendritic cells
(DCs) can sense infection through PRRs and secrete IL-12, IL-15 and IL-18 which
stimulate activation of NK cells (44, 45). Despite several in vitro studies demonstrating
inhibition of maturation and induction of apoptosis in DCs upon orthopoxvirus infection,
in vivo infection results in up-regulation of co-stimuatory molecules and production of
IL-12 (46-48). However, a requirement for DCs to mediate protection from orthopoxvirus
infection has not been demonstrated in vivo. Similarly to orthopoxvirus infection of DCs,
in vitro infection of macrophages results in apoptosis. However, in vivo macrophage
depletion in an intranasal model of infection results in increased susceptibility (49, 50).
These in vivo studies indicate that DCs and macrophages confer protection against
orthopoxvirus infection. Thus redundancy in host immune responses to orthopoxvirus

infection confers resistance and protection.

Natural Killer Cells

Natural killer (NK) cells are innate immune lymphocytes that play an important
role in the response to tumors and infections by inducing lysis of transformed or infected
cells and producing cytokines that help shape other immune responses. Activation of NK
cell function is mediated through two distinct mechanisms: integration of signaling
through inhibitory and activating receptors (51, 52) and cytokine stimulation (45, 53, 54).
Down-regulation of MHC class I, which normally mediates strong inhibitory signaling in
uninfected cells, renders cells sensitive to NK cell lysis (55). Ligands for activation
receptors can either be pathogen-derived or host-derived and up-regulated upon cell

stress (56, 57). While stimulation with cytokines, such as IL-12, IL-15 and IL-18, has



been shown to be effective at activating NK cells to produce other cytokines, NK cell
effector functions are largely determined locally since cell-cell contact is required for NK
cell-mediated lysis of infected cells. Ultimately, it is the integration of these signals that
determines NK cell functionality.

Following activation, NK cells function by lysing target cells or secreting
cytokines. Lysis of virally infected cells is mediated through granzyme B and perforin
(58, 59). Activation of NK cells through cytokine signaling or activation receptor
engagement results in cytokine production by NK cells including IFN-y, TNF-a and
granulocyte-macrophage stimulating colony factor (GMCSF) (60-62). Following
stimulation, NK cells produce pro-inflammatory chemokines, including CCL3, CCL4 and
CCL5, that recruit macrophages and other lymphocytes to the site of inflammation (63,
64). These coordinated actions of NK cells limit viral replication, induce inflammation

and prime an adaptive immune response at early times following infection.

Chemokines and Chemokine Receptors

The immune response is marked by recruitment of innate and adaptive
lymphocytes to the site of infection or inflammation and to secondary lymphoid organs.
Recruitment of lymphocytes is mediated through multiple mechanisms, but one of the
best characterized is chemokine-mediated trafficking. Chemokines have conserved
cysteine residues and from which their nomenclature is derived (65). Some of these
molecules are constitutively expressed, as is the case for CCL19 and CCL21 which
recruit T and B cells into secondary lymphoid organs through high endothelial venues
(66). During inflammation, there is induction of inflammatory chemokine expression that

is responsible for recruiting innate and adaptive lymphocytes to the site of infection or



inflammation (67, 68). There is some suggestion that chemokines act not only in
recruitment but also possess direct antimicrobial activity (69). Once chemokines are
secreted, they bind to surface expressed glycosaminoglycans. Promiscuous binding
occurs between inflammatory chemokines and their receptors, suggesting a need for
redundancy in this recruitment system.

Chemokine receptors are G protein-coupled receptors (GPCRs) that contain seven
transmembrane spanning regions (65, 70). As with other GPCRs, chemokine receptors
signal via guanine nucleotide-binding proteins (G proteins) which become active when
GDP is exchanged for GTP, activating downstream signaling cascades (70). It is well
known that pertussis toxin blocks GPCRs by ribosylating the GDP on the G protein,
locking it in an inactive state and preventing downstream signaling (71). Lymphocytes
express an array of chemokine receptors, allowing trafficking during development,
homeostatic conditions and to sites of inflammation.

The recruitment of NK cells in homeostatic and inflammatory conditions has been
well studied in human systems, but many discrepancies exist in the murine model (72-
74). Since infection with different pathogens stimulates and/or inhibits the production of
different chemokines, NK cells must require the expression of several chemokine
receptors for proper localization to control infection (75-79). However, many of these
studies do not address murine pathogens, so conclusions about murine NK cell

chemokine receptor requirements remain somewhat unclear.

A Protective Role for NK Cells Following Orthopoxvirus Infections
Our understanding of NK cells and their requirement for orthopoxvirus resistance

is in the context of VV and ectromelia virus (ECTV) infection, although the endemic



hosts for these viruses remains obscure. In systems where NK cells are lacking, such as in
genetic deficiency or following systemic antibody depletion, viral infection is
uncontrolled and results in lethality (80-82). During ECTV infections, the NK cell
receptors, CD94 and NKG2D, are required for protection and NK cells producing IFN-y
and granzyme B expand in the draining lymph node (81, 83). Additionally, the transfer of
Thy1" memory NK cells is protective against lethal challenge with V'V infection (84).
These data indicate that NK cells are an important component of innate immunity-
mediated resistance to ECTV and VV.

Since CPXYV has co-evolved with its rodent hosts, CPXV infection of rodents is
appropriate for the study of orthopoxvirus-host interactions. However, the role of NK
cells in CPXV infection has not been investigated. CPXV has the largest genome in the
orthopoxvirus genus (20) and contains several ORFs not found in either VV or ECTV
genomes. This includes two ORFs, CPXV012 and CPXV203, that potently down-
regulate the expression of MHC class I (29-32).While this might render the infected cell
sensitive to NK cell-mediated lysis, CPXV also encodes another ORF, CPXVO018, that
binds in vitro with high affinity to the NKG2D activation receptor and blocks its
recognition of ligands on target cells (85). Additionally, all orthopoxviruses encode a
number of cytokine binding proteins which could also limit the activation of NK cells,
such as one specifically targeting IL-18 (34), a well known mediator of NK cell
activation. NK cell activation could also be non-specifically subverted through virally
encoded chemokine binding proteins that may limit lymphocyte recruitment, including
NK cells, to the site of infection (38, 86, 87). Thus the role of NK cells following CPXV

infection was unclear.

10



In these studies, we developed a model of footpad inoculation using CPXV
infection and demonstrated that it mimics the natural route of viral transmission both
within the host population to zoonotic hosts. Using this model of inoculation, we
determined that NK cells were required in response to CPXV infection. Furthermore, we
investigated the mechanisms of NK cell recruitment to the draining LN following CPXV
infection including examination of chemokine-mediated trafficking and up-stream
signaling requirements. While NK cells were required for resistance to CPXV infection,
we also observed that CPXV was inhibiting their function and further examined this
inhibition by using CPXV deletion-mutant viruses in our footpad infection model. These
studies extend the requirement of NK cells to CPXV infection and additionally provide

novel insights into NK cell trafficking and stimulation following orthopoxvirus infection.
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CHAPTER 2:

Materials and Methods
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Mice

Mice were maintained according to institutional guidelines under specific pathogen free
conditions. C57BL/6Ncr (CD45.1) mice and B6.LY5.2/Cr (CD45.2) mice were obtained
from the National Cancer Institute (Fredrick, MD). CCR7'/', CXCR3'/', CCR2” ’, IFNyR'/ i
and CD11¢c-DTR transgenic mice were obtained from Jackson Laboratory (Bar Harbor,
ME) and bred in our facility. CCR5”" and C57BL/6 control mice were obtained from
Taconic (Germantown, NY). Batf3”" mice were a kind gift from the laboratory of Dr.
Kenneth Murphy (Washington University, St Louis) and were also previously

described(88). All mice were used between 6 and 12 weeks of age.

Cells and Viruses

CV-1 and Vero cells were obtained from the American Tissue Culture Center (ATCC,
Manassas VA) and maintained in recommended media. BMDCs were generated by
culturing bone marrow cells with Flt-3 ligand (200ng/mL) for 9 days at 37°C at 5% CO,.
Cowpox virus strain Brighton Red and Vaccinia virus strain Western Reserve were
plaque purified three times from laboratory stocks initially obtained from the ATCC on
CV-1 tissue culture cells. Viral stocks were amplified in Vero cells and isolated following
cell lysis by centrifugation through 36% sucrose solution. Viral titers of these stocks were

assessed by standard plaque assays on confluent CV-1 monolayers.

Infection
Mice under anesthesia were infected in the right rear footpad with 1.5x10° pfu in 25uL
volume of virus diluted in PBS. At 1, 2, 3, 6 or 9 dpi, LNs, spleen, kidneys, lungs, liver,

feet, uterus and ovaries were isolated. Organs that were used to determine viral titers

13



were frozen at-80°C until processing and organs that were used to assess viral genome

copies were frozen at -20°C until DNA extraction.

Flow Cytometry

For samples analyzed by flow cytometry, LNs and spleens were crushed in R10 (RPMI,
10% FCS, L-glutamine and pen-strep). When macrophages and DCs were stained,
spleens and LNs were diced and incubated in liberase TL (Roche, Indianapolis, IN) for
45 minutes at 37°C in 5% CO, prior to being crushed. Red blood cells in splenocytes
were lysed before staining for flow cytometry. For later experiments, prior to
extracellular staining the cells were stained with cell fixable viabilty dye (eBioscience,
San Diego, CA). Antibodies used for flow cytometry analysis were purchased from both
BD Biosciences and ebiosciences: NK1.1 (PK136), NKp46 (29A1.4), CD3 (145-2C11),
CD19 (1d3), CD11c (HL3), Ly6G (1A8), CD11b (M1/70), F4/80 (BMS), CD45.1 (LyS5.1,
clone A20), CD45.2 (Ly5.2, clone104), CD49b (DXS5), Ly49CIFH (14B11), Ly49AD
(12A8), NKG2D (CXS5), CD94 (18d3), CD62L (MEL-14), CD103 (2E7), CD-69
(H1.2F3), CD127 (A7R34), Siglec H (551), and Klrgl (2F1). Surface staining of cells
was performed on ice in staining buffer (3% FBS, 0.1% NaNj3 in PBS) with 2.4G2 (anti-
FcyRII/II) to prevent non-specific antibody binding. When staining for IFN-y and
granzyme B, whole LNs or red blood cell lysed splenocytes were first incubation in R10
containing Brefeldin A (GolgiPlug, BD) for 20-30 minutes at 37°C in 5% CO, before
extracellular staining. After surface staining, cells were fixed and permeablized using a
Cytofix/Cytoperm kit (BD Pharmingen) or Mouse FoxP3 Buffer Set (BD Pharmingen)
according to manufacturer’s instructions. Antibodies used for intracellular staining were

IFN-y (XMG1.2), Ki67 (B56), FoxP3 (FJK-16s), and Granzyme B (clone GB-12,
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caltag). Flow cytometry data were collected on BD FACSCanto™™ using FACSDiva

software (BD) and analyzed using FlowJo software (Tree Star, Ashland, OR).

Viral Titers

Traditional plaque assays were done using organ lysates generated by beat beading three
times in 1mL of RPMI. Serial dilutions were plated in duplicate on confluent CV-1
monolayers grown using minimal FCS. Cells were stained 2dpi using a crystal violet
solution and plaques were counted. Quantitative PCR was used as a more sensitive
measurement of viral genome copy numbers. DNA was generated from organs and was
then amplified using StepOnePlus (Applied Biosystems) in a 10uLL volume containing 2x
Universal PCR Master Mix, No AmpErase UNG (Roche). Quantitative PCR DNA probes
are non-extendable oligonucleotides labeled with 5° 6-FAM reporter and 3° Zen / lowa
Black FQ quencher dyes. Primer/probe sets were obtained from IDT DNA and sequences
are indicated in Table 1. Samples were run in duplicate, genome copy number was
normalized to f-actin copy number and numerical values obtained were multiplied by

1000.

Depletion

To systemically deplete NK cells, 200ug of NK1.1 antibody (PK136) or control antibody
(mAR) was injected IP 2 days prior to infection. For neutralization of IFN-y,
250ug/mouse of H22 antibody or control PIP antibody, a kind gift from the Dr. Robert
Schrieber laboratory (Washington University, St Louis), was injected 2 days prior to
infection. In the CD11c-DTR mice, of diphtheria toxin (Sigma) diluted in PBS was first

tested at 20, 10 and 5 ng/g body weight of the mouse to determine a dose that selectively

15



depleted DCs but not NK cells or macrophages in the draining lymph node when injected
in the leg. For recruitment experiments, 5 ng/g body weight was administered in the hind
leg 1 day prior to infection. To deplete macrophages, SOuL of commercially available
liposomes that encapsulated clodronate or PBS were injected in the footpad in the foot 5

days prior to infection (Encapsula, Nashville, TN).

Chemokine RNA expression

Draining and non-draining LNs were isolated and RNA was extracted using Trizol
following the manufacturer’s instructions (Invitrogen, Carlsbad, California). cDNA was
then generated using 500ng of the isolated RNA using Superscript III Reverse
Transcriptase according to manufacturer’s protocol (Invitrogen). Quantitative PCR was
then performed as described for viral genome copies except values were only normalized
to f3-actin and were otherwise unmanipulated. Primer/probe set sequences are indicated in

Table 1.

Adoptive Transfers

For adoptive transfer experiments, donor splenocytes were purified from C57BL/6
CD45.1, CCR7 (CD45.2) or CXCR3 (CD45.2) knockout mice and red-blood cells were
lysed. For the pertussis toxin or PBS pre-treatment, cells were plated at a density of
3x10’/mL in R10 with either 100ng/mL pertussis toxin or PBS and incubated at 37°C in
5% CO; for 2 hours before cells were then washed 4 times with PBS. All transferred cells
were labeled with 2.5uM CFSE (CellTrace, Invitrogen). The labeling reaction was
quenched using 10% FCS in RPMI. Cells were then washed twice in PBS, passed

through a 40um cell strainer and resuspended in a volume such that animals could be
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injected IV with 200uL volume. BMDCs were injected either into the top of the foot of

the mouse in a volume of 20uL or intravenously injected in a volume of 100uL.

Multiplex Gene Expression Analysis

LNs from CPXYV infected mice were isolated, homogenized in QuantiGene sample
processing buffer (Affymetrix, Santa Clara, CA) and then incubated at 65°C for 30
minutes before being stored at -80°C. Samples were further processed and run using a
custom multiplex set of beads (Affymetrix) for controls and all listed chemokines by the
Genome Technology Access Center (Washington University, St Louis, MO). Chemokine
expression was normalized first to Hprt!I transcripts and fold change was assessed by
normalizing to the appropriate non-draining LN control. Heat maps were generated using

Jeolorgrid (UCSF, San Francisco, CA (89)).

Cytokine Bead Array

Organs were homogenized in 1mL RPMI and supernatants were used in the mouse
inflammation kit (BD Bioscience) following the manufacturer’s protocol. Data were
collected using the BD FACSCalibur™ using CellQuest Pro Version 4.0 (Mac, BD

Biosciences) and BD CBA Version 1.4 (Mac).

Ex Vivo Lymphocyte Stimulation
Following infection, LNs were harvested and lymphocytes were isolated and incubated
for 1 hour with with 0.5 ug phorbol myristate acetate (PMA, Sigma-Aldrich) and 4 g

ionomycin (Calbiochem) at 37°C in 5% CO,. After 1 hour of incubation, Brefeldin A
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(GolgiPlug, BD) was added and cells were incubated an additional 7 hours a 37°C in 5%

CO; before staining as previously described.

Immunohistochemistry

LNs were harvested directly into PLP (0.05 M lysine phosphate buffer, pH 7.4, 0.05 %
glutaraldehyde, 0.002 mg NalO4 ml21, 0.5 % paraformaldehyde) with 0.1% Triton X-
100 fixative for at least 8 hours then dehydrated in 30% sucrose overnight. Tissues were
then embedded in OCT in Tissue-Tek (Sakura Finetek) and snap frozen in 2-
methylbutane cooled over dry ice before being stored at -80C until use. Cryostat sections
were cut 9um thick before being rehydrated in PBS and blocked with 10% goat serum in
2.4G2 for 30 minutes. Sections were incubated with primary stain for 2 hours at room
temperature, washed 3 times, and incubated in secondary stain for 1.5-2 hours. Primary
antibodies used were anti-CD3 (FITC) and unconjugated anti-CD169 (AbD Serotec) and
secondary antibody AlexaFluor594 (Molecular Probes). Sections were washed 3 more
times in PBS and mounted in VectaShield mounting medium with DAPI (Vector
Laboratories Inc, Burlingame, CA). Images were acquired using a Nikon Eclipse 801

microscope and processed using MetaMorph (Molecular Devices, Sunnyvale, CA).
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Table 1: Quantitative PCR primer/probe sets.
Primer and probe sequences for RNA expression are shown in a 5’ to 3’ orientation.
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CHAPTER 3:

Host Response to Cowpox Virus Footpad Infection
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In vivo studies of CPXV are relatively rare and have typically utilized intranasal
inoculation (30, 39, 90). These infections model the natural route of smallpox virus
transmission and the proposed mechanism of dissemination by bioterrorists. However,
the natural route of transmission for CPXV is contact-mediated both within the host
reservoir during zoonotic spread to other species including humans (6, 8, 91). We have
therefore examined CPXYV infection using a footpad injection model in order to study the
immediate host response to infection under normal physiological conditions. Only a few
studies have employed CPXV footpad infection and there are no data available
documenting the host response regarding this route of infection (92, 93). Therefore, we
first sought to characterize the immediate immune response in the down-stream popliteal

LN.

Determining Infectious Dose

In order to choose a dose to study a sublethal inoculation and infection that occurs
following zoonotic transmission, we performed survival studies in C57BL/6 mice using
an intraperitoneal (IP) route of inoculation which mimics systemic infection. We chose to
perform survival studies with this route of infection because a previously published
reports indicate that footpad infection with CPXV does not result in lethality (92, 93).
C57BL/6 mice were inoculated with doses of CPXV ranging from 1.567x10° pfu/mouse
to 1.26x10° pfu/mouse and mortality and morbidity were observed. This survival curve
experiment indicated an LDsg of 1.155x10” pfu/mouse during systemic infection. When

mice were challenged IP with CPXV, all mice showed signs of illness including ruffled
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fur and hunched posture. Additionally some, but not all mice developed lesions on their
tails which resolved by 30 days post infection (dpi). Mice treated with higher doses of
CPXYV also lost of up to 10% of original weight before either succumbing to infection or
recovering (Figure 1A). Following initial weight loss, surviving mice gained weight and,
by 28 dpi, ranged from 100-125% of initial weight. At the lowest dose studied, 1.567x10°
pfu/mouse, all of the mice survived infection. Therefore, all subsequent experiments were
carried out using a dose of 1.5x10° pfu/mouse. By choosing this sublethal systemic dose

of virus, we were then able to perform our studies in hosts with ensured survival.

Lymphocyte Expansion Following CPXYV Infection

The LN plays a crucial role in immunosurveillance by collecting infectious
antigens from the periphery in an environment that increases the likelihood of interaction
between antigen presenting cells (APCs) and circulating naive and memory T and B cells
(94). One of the hallmarks of infections and inflammatory reactions is lymphadenopathy.
This is the consequence of recruitment, expansion and retention of lymphocytes in the
draining LN while an immune response is primed resulting in characteristically swollen
LNs. Indeed, following footpad infection with CPXV, the draining popliteal LN was
enlarged and many lymphocyte populations were expanded.

Innate lymphocytes including macrophages, neutrophils, and DCs, play a critical
role in limiting viral replication and spread early following infection as well as
simultaneously priming an appropriate adaptive immune response. These innate
lymphocytes are characterized by their ability to phagocytose viral particles and
recognize infection via PRRs which then stimulates an antiviral state (95, 96). Both

macrophages and neutrophils function by producing inflammatory cytokines,
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antimicrobial products, and reactive nitrogen and oxygen species that directly kill
infected cells. Following CPXYV infection, we have found that while macrophages were
more quickly expanded, both macrophage and neutrophil populations were substantially
increased by 3 dpi (Figure 2A, 2B). Pathogens are also phagocytosed and detected in the
draining LN by resident DCs or at the site of infection, stimulating trafficking of
migratory DCs to the draining LN (97, 98). The detection of most infections that occur in
the periphery is mediated by a variety of migratory DC subsets, including dermal and
Langerhan DCs. These migratory DCs are then thought to be responsible for stimulating
the immune response in the draining LN either directly or indirectly by passing antigens
to LN resident DCs. Surprisingly, the migratory DC population did not greatly expand at
early time points following CPXYV footpad infection in comparison to the homeostatic
trafficking of this subset found in the non-draining LN (Figure 2C). In contrast, the LN
resident DC population was significantly increased at 2 and 3 dpi, suggesting that this
subset of DCs might play a more significant role following CPXYV infection (Figure 2D).
Whether LN resident DCs were expanded via in situ proliferation or recruitment and
differentiation of blood monocytes was not determined at this time. All of these data
demonstrated that innate immune cell populations are expanded in the draining LN
following CPXV footpad infection.

The LN is an important site for priming an adaptive immune response as it
provides a location for relatively rare naive and memory T and B cells to interact with
antigen bearing APCs. Under homeostatic conditions, T and B cells are recruited to the
lymph node from circulation through high endothelial venules (99). If these cells do not
encounter APCs displaying cognate antigens, they then either migrate out through the

efferent lymph or are returned to circulation through the thoracic duct (94). When a T or
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B cell recognizes its cognate antigen displayed on an APC, they are arrested in the LN
where they undergo clonal expansion and acquire effector functions including cytolytic
ability, antibody production and directional homing to the site of infection. Following
CPXYV infection, we found an increase in the total numbers of both T and B cells in the
draining LN suggesting that there was an increased recruitment or retention of these cells
to select CPXV-specific T and B cells (Figure 3A, 3B). When a marker of the cell cycle
was examined in the T and B cell populations, we found that the majority of these cells
were not replicating (Figure 3C, 3D). Therefore, as expected, T and B cells are recruited
to and retained in the draining LN following CPXYV infection.

Under homeostatic conditions in the mouse, NK cells are excluded from LNs as
they do not express CCR7, which binds to CCL19 and CCL21 produced by cells in high
endothelial venules (74). Following CPXV infection, we observed a statistically
significant increase in the percent and total number of NK cells in the draining lymph
node following infection beginning as early as 18 hours post infection (hpi) (Figure 4A,
4B). This expansion occurred quite rapidly and was maintained for up to 6 dpi before the
NK cell population began to contract. These data indicated that the NK cell population is
specifically expanded in the draining LN, suggesting a potential role following CPXV
infection. Aside from the migratory DC population, all lymphocyte populations examined

expanded following CPXV footpad inoculation in the C57BL/6 system.

CPXYV Replication and Spread
Zoonotic CPXV disease in immunocompetent humans is often limited to the site
of infection, with little to no spread of lesions from the site of inoculation (9). In order to

determine if and where CPXV was able to spread and replicate following footpad
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inoculation in mice, we measured viral titers in a variety of organs. First, traditional
plaque assays were performed to assess viral titers in the draining LN, spleen, and liver.
We found that CPXV was capable of infecting and replicating in the draining LN (Figure
5A) but that there was limited spread to the spleen where there appeared to be little to no
replication of the virus, indicated by consistently low titers over time (Figure 5B). In
contrast, in the liver no plaques were observed at any time, suggesting CPXV did not
spread to this organ following footpad infection (data not shown). These data
demonstrated that CPXV can spread from the site of inoculation and replicate to high
titers in the draining lymph node.

Since qPCR provides a more sensitive measurement of viral replication, we used
this method to further characterize viral spread by quantitating viral genome copy number
in the draining LN, lungs, spleen, liver, kidney, uterus and ovaries. Viral genome copies
again demonstrated that CPXV could infect and replicate in both the draining LN and to a
high degree (Figure 6B). Meanwhile, minimal copy numbers were found in the lung and
spleen (Figure 6C, 6D) while very few to no genome copies were found in the liver,
kidney, uterus and ovaries at 3 dpi (Figure 6E, 6F, and 6G), but viral genome copies were
elevated in all organs except the spleen at 6 dpi. The data obtained by qPCR from the LN
and spleen showed a similar trend to the data obtained by traditional plaque assay,
validating this technique. We were also able to detect some viral replication in the liver at
6 dpi, in contrast to traditional plaque assay, demonstrating the increased sensitivity of

this system.

NK Cells Prevent Viral Replication
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NK cells have been shown to be important for resistance to systemic infection
with VV and footpad infection with ECTV (80-82). As the NK cell population was
highly expanded in the draining lymph node following infection, we hypothesized that
they were playing a role limiting CPXV infection. To investigate this hypothesis, we
performed systemic antibody mediated depletion of NK cells prior to infection with
CPXV (100). We found that following NK cell depletion (Figure 6A), viral replication in
the draining LN was significantly increased in comparison to control antibody treated
mice (Figure 6B). Additionally, there was a subtle trend toward increased viral spread in
the spleen and more significantly in the lung when NK cells were not present at both 3
and 6 dpi (Figure 6C, 6D). The depletion of NK cells did not lead to an increased
complete systemic spread at early times following infection, as viral replication in the
liver, kidney, uterus and ovaries (Figure 6E, 6F and 6G) did not increase at 3 dpi. Lack of
NK cells also did not affect secondary viremia in these organs at 6 dpi, suggesting NK
independent that CPXV spread is. In addition to increased viral replication in the draining
LN at 3 and 6 dpi, there was also a subtle delay in the clearance of CPXV from the LN
and foot in NK cell depleted mice in comparison to control antibody treated mice at 12
dpi (Figure 7, 7B). Taken together, these data suggest that the expanded NK cell
population is playing a role in limiting viral replication which prevents systemic viral

spread.

Discussion:
Here we demonstrate that lymphocyte expansion in the draining LN in response to
CPXYV footpad infection does not appear to be impaired despite the expression of

numerous virally encoded inhibitory proteins. Almost all populations of lymphocytes
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examined were expanded in the draining LN except for migratory DCs. Additionally, we
found a substantial increase in the NK cell population whose role in CPXV infection has
not been previously studied. CPXV replication appears to be limited to the LN at early
time points following infection, but can later spread to other organs. Following systemic
depletion of NK cells, we found dramatic increases of viral burden in the draining LN.
Also, spread to some but not all organs was affected in mice lacking NK cells, implying
that NK cells prevent dissemination to distant sites.

Many in vivo studies of orthopoxvirus family members focus on routes of
infection that model either systemic or aerosolized infections (30, 39, 90). Few studies
exist that model a natural route of infection that mimics natural transmission both within
the host reservoir and to zoonotic hosts. Rare studies have employ a footpad model of
infection using CPXV, and these do not address the host response (10, 92, 93). Moreover,
zoonotic infections have only been studied after development of symptoms leaving the
immediate innate immune response to CPXV undocumented.

Zoonotic infections in immunocompetent humans are characterized by lesions
that are limited to the site of inoculation, where it is thought that CPXV infects through
abrasions in the skin. These lesions resolve in approximately two weeks. Other symptoms
also include fever, myalgia, headache, nausea and lymphadenopathy (6, 8, 9). In the
footpad model, mice also develop lymphadenopathy, do not develop lesions outside the
region of inoculation and become disease free after 2-3 weeks. It appears that the footpad
model in mice closely mimics the zoonotic infection of humans making it a relevant
model system to study CPXV.

A previous study using CPXV footpad inoculation was performed in outbred mice

and reported replication limited to the footpad and a lack viral spread and replication
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(93). Further viral or host responses were not examined. We used the C57BL/6 strain of
mice in these studies because many genetic knockouts have been developed this
background including many host response factors which may play a role in the response
to CPXYV infection. In contrast to the previous study, when we examined titers in
C57BL/6 after footpad inoculation, we found extensive replication in the draining LN
and evidence of spread to the spleen by plaque assay. This discrepancy between this and
previous studies is most likely due to the differences between strains of mice and the
infectious dose. We were also able to detect viral genome copies not only in the LN and
spleen but also in the lungs, kidney, liver, uterus and ovaries using a sensitive
quantitative PCR method.

We next assessed the contribution of the innate immune response to
lymphadenopathy by monitoring various lymphocyte populations in the draining LN over
the course of infection. A detailed examination of lymphocyte populations following
CPXYV infection has, to our knowledge, not previously been undertaken.
Lymphadenopathy resulted from an expansion of most lymphocyte populations
examined, including both innate and adaptive lymphocyte populations. Lymphocyte
populations appeared to expand normally following CPXV, with the potential exclusion
of migratory DCs. An expansion of this population was never observed following CPXV
infection in levels greater than the homeostatic migration in the non-draining LN.
Whether the lack of migratory DC expansion is due to apoptosis at the site of infection
following primary infection of the DCs or due to a specific inhibition of migratory DC
recruitment to the draining LN is unknown. Following examination of the expansion of
lymphocytes in the draining LN, we were most interested in the robust expansion of the

relatively rare LN NK cell population. NK cells are known to be important not only for
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lysis of infected cells, but also for priming a Ty1 adaptive immune response when
recruited to draining LNs. We thus postulated that NK cells might be important for
resistance to CPXV infection. In addition, a role for NK cells has also, to our knowledge,
never been studied following CPXV infection but has been demonstrated to be important
for resistance to other orthopoxviruses such as VV and ECTV.

CPXYV has the largest genome in the orthopoxvirus genus (20) and contains
several open reading frames not found in either VV or ECTV genomes. This includes two
ORFs, CPXV012 and CPXV203, that potently down-regulate the expression of MHC
class I (29-32).While this might render infected cells sensitive to NK cell-mediated lysis,
CPXYV also encodes another ORF, CPXV018, that binds in vitro with high affinity to the
NKG2D activation receptor, blocks its recognition of ligands on target cells and prevents
in vitro NKG2D mediated lysis (85). Additionally, all orthopoxviruses encode a number
of cytokine binding proteins which may also limit the activation of NK cells, such as one
specifically targeting IL-18 (34), a well known mediator of NK cell activation. It is
therefore possible that NK cell populations may be expanded but effectively blocked
from functioning by the immunomodulatory ORFs expressed by CPXV. In addition to
these known potential modulators for NK cell function, additional unknown modulators
may exist.

To investigate whether NK cells were playing a role in CPXV resistance, we
performed systemic depletion of NK cells prior to footpad infection. The most striking
increase in viral burden after depletion occurred in the draining LN, where we measured
a two-log increase in viral replication. We also observed a more subtle increase in viral
genome copy number in the lung and spleen at both 3 and 6 dpi, suggesting that NK cells

prevent spread to these organs at these time points. Another subtle increase in viral
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burden at later time points following infection was observed in the draining LN and in the
foot, indicating that NK cells also play a role in viral clearance. Whether this was due to
limiting initial viral burden shortly after infection or due to priming of the adaptive
immune response is still unknown. This pattern of increased viral burden suggested to us
that NK cells were playing an important role in the draining LN where viral replication
was limited thus preventing viral spread.

It is important to note that when C57BL/6 mice were inoculated in the footpad, no
mice succumbed to infection. This is in contrast to the increased mortality of mice
following systemic depletion or genetic absence of NK cells during infection with either
ECTV or VV (80-82). It is possible that NK cell depleted mice would succumb to
infection following a larger dose of CPXV, but increased mortality was observed even
with sub-lethal doses of ECTV and VV. Thus, while NK cells play an important role in
resistance to CPXV, similar to ECTV and V'V, they are not absolutely required for
survival.

Also, despite viral dissemination at later time points after CPXV footpad
infection, no lesions have been observed outside the site of inoculation. These data
suggest that the primary site of early CPXV infection and replication is the foot and
draining LN, from where it may rarely escape into the blood and be spread to the spleen
and/or lungs. If CPXV replicates to sufficient titers in the draining LN and footpad, a
secondary viremia may occur in other organs at later time points. In addition, this route of
infection seems to mimic zoonotic infection where there is primary replication at the site
of inoculation and systemic disease is not observed. This makes the footpad route of
infection a relevant model to study both spread within the host reservoir, but also

zoonotic spread in humans.
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Figure 1: Morbidity and mortality following CPXYV footpad infection.

Age and sex matched C57BL/6 mice were inoculated in the footpad with indicated doses
of CPXV in 25uL volume. Mice were weighed every day for the first 11 days, then every
other day for the next week and before sacrifice at the conclusion of the experiment. (A)
Weight change and (B) mortality over time following CPXV infection are depicted.
N=10 mice for 1.26x10° pfu/mouse and 6.3x10’ pfu/mouse, n=8 mice for 1.4x10’
pfu/mouse, n=7 mice for 4.7x10° pfu/mouse and n=6 mice for 1.567x10° pfu/mouse.
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Figure 2: Kinetics of innate lymphocyte expansion following CPXYV footpad
infection.

Age and sex matched C57BL/6 mice were inoculated in the footpad with1.5x10°
pfu/mouse and at indicated times, lymphocytes from the non-draining and draining LNs
were isolated, stained and analyzed by flow cytometry. Following exclusion of dead
cells, total (A) macrophages (F4/80'CD11b"), (B) neutrophils (Ly6G SSC"), (C)
migratory DCs (CD11¢"MHCII™") and (D) LN resident DCs (CD11¢"MHCII") were
identified. Cell numbers were ascertained using trypan blue exclusion, then multiplied by
the percentage of population found by FACS analysis. A graph depicting the average of
3 independent experiments is shown.
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therefore early resolution of V'V titers in the draining LN. In contrast, CPXV induced
expression of these inflammatory molecules is delayed. Instead CPXV infection
increased early expression of IL-10, which is known to be inhibitory towards maturation
of DCs and macrophages and inhibit function of T and NK cells (150, 154). These
cytokine expression profiles indicate a more inhibitory nature of CPXV infection in the
draining LN.

Following CPXV infection IFN-y protein expression was observed in the draining
LN. Since we know that recruited NK cells are not responsible for production of this
IFN-y, another cell must be the source of this cytokine. The early expression of IFN-y
protein suggests that another innate lymphocyte may be responsible for its production.
Several innate lymphocytes have been implicated in very early production of IFN-y
including NKT cells and an innate CD8" T cell population (131, 155). At this time, these
populations have not been examined in the context of our CPXV footpad infection. IFN-y
production continues to increase in the draining LN following CPXYV infection, peaking
at 6 dpi, when adaptive CD8" T cells could be responsible for its production. While
CPXYV, like all orthopoxviruses, encodes an IFN-y binding protein, this protein has been
shown to be unable to bind murine IFN-y (156). Thus it is likely that the induction of
IFN-y helps control CPXYV infection in the draining LN.

The co-infection experiments indicate that CPXV produces an inhibitory
molecule that dominates any potential VV derived activating molecule. Since co-
infection of single cells is likely to be rare following injection with both CPXV and V'V,
we speculated that the inhibitory molecule was either a surface expressed molecule or
secreted. If the inhibitory molecule was intracellular, then the cells infected with only VV

during co-infection would be expected to stimulate IFN-y production by recruited NK
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cells and intermediate production of IFN-y would be observed. However, the inhibition of
IFN-y was absolute at all time points observed following co-infection supporting our
hypothesis that the inhibitory molecule is surface expressed or secreted.

In attempts to address this hypothesis of extracellular inhibition, we varied the
ratio of CPXV and VV used during co-infection experiments. These experiments
indicated that the amount of CPXYV present was the limiting factor for inactivation of NK
cells, again confirmed the dominance of the inhibitory molecule(s). Inhibitory molecules
are often dominant to activating molecules, examples of which can be found within NK
cell receptor signaling. NK cell inhibitory receptors that sense MHC class I on potential
targets cells strongly inhibit activation of NK cells and viruses have evolved to exploit
this interaction. They do so employing mechanisms including MHC class I mimicry and
stabilization of Qa-I/HLA-E to signal inhibitory NKG2/CD94 receptors (157-160). Thus
the strong inhibition of NK cell IFN-y production by CPXV could be overpowering any
potential ORF encoded by VV and future studies must be performed to determine if such
an activating ORF exists.

Our attempt to identify the inhibitory ORF expressed by CPXV resulted in
discovery of several mutants with intermediate IFN-y production, including the the A518
mutant, CPXVA18-21 and CPXVA22-36. These findings lead to several potential
hypotheses. First, it could be that there are multiple ORFs responsible for inhibition of
IFN-y production, located in this region that could be NK specific. Another possibility is
that CPXYV lacking the inhibitory ORF is not capable of inducing IFN-y production to the
levels that VV does. Experiments designed to test both of these hypotheses will be
complicated by numerous non-NK specific inhibitory proteins encoded within the

terminal regions of the CPXV genome, including multiple cytokine-binding proteins.
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These data suggest that inhibition of IFN-y is multifactorial and will be difficult to dissect
using single deletion analysis.

Here we have examined the activation of NK cells following CPXV footpad
infection. Surprisingly, given increased viral burdens in systemically NK cell depleted
mice, NK cells recruited to the draining LN did not produce IFN-y or up-regulate
activation markers during CPXV infection. Control of viral replication may therefore
involve granzyme B mediated target cell lysis, as expression of granzyme B remained
unaffected following CPXYV infection. Attempts to identify the CPXV ORFs responsible
for NK cell inhibition have only underscored the complex, multifactorial nature of NK

cell function, especially in the context of viral infection.
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Figure 31: CPXYV infection inhibited production of IFN-y by NK cell recruited to the
draining LN.

Age and sex matched C57BL/6 mice were infected with 1.5x10° pfu/ms of CPXV or VV
or 8.5x10* pfu/ms MCMYV and at indicated times, cells from the draining and non-
draining LN were isolated and stained. Following extracellular staining, cells were fixed,
permeablized and intracellularly stained for IFN-y. Total IFN-y producing NK cells
(NK1.1"CD3CD19TFN-y") cells following (A) CPXV, VV or (B) MCMYV infection are
graphed. (A) The graph depict average of n=6 independent experiments (18 hpi), n=14
independent experiments (1 dpi), n=3 independent experiments (36hpi), n=8 independent
experiments (2 & 3 dpi), and n=2 independent experiments (6 & 9 dpi).
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Figure 32: VV infection but not CPXYV infection stimulated NK production of IFN-y
in a dose dependent manner.

Age and sex matched C57BL/6 mice were infected with 3.75 x 10° pfu/mouse to 3.75 x
10° pfu/mouse of (A, C) CPXV or (B, D) VV. At indicated time points, cells from the
draining and non-draining LN were isolated and stained. Following extracellular staining,
cells were fixed, permeablized and intracellularly stained for IFN-y. (A, B) Percent and
(C, D) total IFN-y producing NK Cells (NK1.1"CD3 CD19TFN-y") cells following (A,
C) CPXV and (B, D) VV infection are graphed.
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Figure 33: Kinetic analysis of cytokine expression in the draining LN following
CPXYV and VYV infection.

Age and sex matched C57BL/6 mice were infected as before with CPXV or VV and at
indicated times, LNs were isolated and homogenized by bead beating in RPMI. Cytokine
production was measured using the mouse inflammation cytometric bead array. (A) IFN-
v, (B) IL-6, (C) IL-10 and (D) CCL2 (MCP-1) expression are graphed over time. The
graph depicts the average of n=4 to 5 independently infected mice (1, 2, 3, 6, and 9 dpi)
and n=2 (CPXV) to 5 (VV) independently infected mice.
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Figure 34: Kinetic analysis of NK cell expression of surface activation molecules
following CPXV or VV infection.

Age and sex matched C57BL/6 mice were infected as before with CPXV or VV and at
indicate times, lymphocytes from the draining and non-draining LN were isolated and
stained. Following identification of NK cells (NK1.1"CD3'CD19), surface expression of
CD69 and CD25 was determined. A representative result of 3 independent experiments is
depicted.
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Figure 35: NK cells produce granzyme B following CPXYV and VYV infection.

Age and sex matched C57BL/6 mice were infected as before and at indicated times,
lymphocytes from the draining and non-draining LN were isolated and stained. Following
extracellular staining, cells were fixed, permeablized and intracellularly stained for IFN-y
and granzyme B. Following identification of NK cells (NK1.1°CD3°'CD19"), IFN-y and
granzyme production was assessed. A representative dot plot from 10 independent
experiments is shown.
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Figure 36: NK cells do not produce IFN-y following co-infection with CPXV and
VV.

Age and sex matched C57BL/6 mice were infected with 1.5x10° pfu/ms CPXV, VV or a
1:1 mixture of CPXV and VV. At indicated times, lymphocytes from the draining and
non-draining LN were isolated and stained. Following extracellular staining, cells were
fixed, permeablized and intracellularly stained for IFN-y. (A) Percent and (B) total IFN-y
producing NK cells (NK1.1"CD3 CD19TFN-y") for 4 independent experiments are
depicted. (C) C57BL/6 mice were injected with 1.5x10° pfu/ms CPXVA203-GFP, VV or
a 1:1 mixture of CPXVA203-GFP and draining LNs were titered on CV-1 monolayers.
GFP-expressing plaques were counted prior to crystal violet staining. Data represent the
average of 1 mouse from 2 independent experiments.

150



20+
-E} CPXV -NDP
% 15 - CPXV - DP
;) -© VV-NDP
+z 0 -®- V- DP
Z>I- CPXV + VV - NDP
o CPXV + VV-DP
S
—®
o lifFmerre=————rs L e A
1 2 3
days post infection
8000+
* - <> CPXV - NDP
8 5000- - CPXV - DP
% -© VV - NDP
- 4000 -®-\/V- DP
UZ-_ - CPXV + VV - NDP
= L CPXV + VV- DP
g 2000+ e
kS J\i‘
L a8
0-"5 — = -
1 2 3
days post infection
100+

~
(@) ]
1

(o)
o
|

N
(&)
1

o
|

% (CPXV-GFP+/Total) Plaques

1 2 3
days post infection



Figure 37: Inhibition of NK cell IFN-y production can be overcome.

Age and sex matched C57BL/6 mice were infected with CPXV, VV or with 0.1:1, 1:1 or
1:10 mixtures of CPXV and VV. Lymphocytes from the draining and non-draining LN
were isolated and stained 1 dpi. Following extracellular staining, cells were fixed,
permeablized and intracellularly stained for IFN-y. (A) Percent and (B) total IFN-y
producing NK cells (NK1.1"CD3 CD19TFN-y") are graphed. The graph depicts the
average of data from 2 to 4 independent experiments. (C) C57BL/6 mice were infected
with CPXV and lymphocytes were isolated at 1, 2 or 3 dpi and stimulated with

PMA /ionomycin for 8 hours. Following identification of NK cells (NK1.1'CD3°CD19"),
IFN-y expression was assessed. A representative result of 4 independent experiments is
depicted.
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Table 2: ORFs found in CPXYV but not ECTV or VV.

This table lists ORFs determined by comparing the genomes of CPXV-Brighton Red,
VV-Western Reserve, and ECTV-moscow strains using 80% identity threshold. The
screen identified 36 ORFs that were unique to CPXV-Brighton Red.
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Predicted Protein Information

[CPXV ORF

1 or 2 predicted membrane spanning sequences

1,3,7,47,58,63,119a, 130, 160, 170, 192,
214,224,229

[Ankryin domain 8,17, 19, 220, 223
Secretory signal peptide 18,170
Homologous to CMPX TLR inhibitor 0,222

MHC I downregulation 12, 203

Galactose oxidase / transcriptional repression |13

Viral sensitivity to a-amanitin 10

no information

2, 311, 51a, 78a, 96, 116, 152a, 216, 228
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Figure 38: The inhibition of IFN-y production by NK cells is unaffected in the
absence of CPXV012, CPXV018 and CPXV203.

Age and sex matched C57BL/6 mice were infected with 1.5x10° pfu/ms wild-type
CPXV, VV or (A) CPXVA012, (B) CPXVA018 or (C) CPXVA203. Lymphocytes from
the draining and non-draining LN were isolated and stained 1 dpi. Following extracellular
staining, cells were fixed, permeablized and intracellularly stained for IFN-y. NK cells
(NK1.1"CD3°CD19") were identified and IFN-y expression was assessed. Both percent
and total IFN-y producing cells are depicted.
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Figure 39: The AS587 mutant inhibits NK cell IFN-y production.

Age and sex matched C57BL/6 mice were infected with 1.5x10° pfu/ms wild-type
CPXV, VV or A587. Lymphocytes from the draining and non-draining LN were isolated
and stained 1 dpi. Following extracellular staining, cells were fixed, permeablized and
intracellularly stained for IFN-y. NK cells (NK1.1"'CD3'CD19") were identified and IFN-
v expression was assessed. (A) Percent and (B) total [FN-y producing NK cells
(NK1.1°"CD3'CD19TFN-y") are graphed.
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Figure 40: NK cells activation is partially restored following infection with the A518
mutant.

Age and sex matched C57BL/6 mice were infected with 1.5x10° pfu/ms wild-type
CPXV, VV or A518. Lymphocytes from the draining and non-draining LN were isolated
and stained 1 dpi. Following extracellular staining, cells were fixed, permeablized and
intracellularly stained for IFN-y. (A) Percent and (B) total IFN-y producing NK cells
(NK1.1°"CD3'CD19TFN-y") are graphed. Data from 5 independent experiments are
depicted. (C) Following identification of NK cells (NK1.1'CD3'CD19), CD69 and CD25
surface expression was assessed. A representative result of 2 independent experiments is
depicted.
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Figure 41: CPXYV inhibition of NK cell IFN-y production is control by multiple
ORFs.

Age and sex matched C57BL/6 mice were infected with 1.5x10° pfu/ms wild-type
CPXV, VV, A518, CPXVA018-021, or CPXVA022-036. Lymphocytes from the draining
and non-draining LN were isolated and stained 1 dpi. Following extracellular staining,
cells were fixed, permeablized and intracellularly stained for IFN-y. (A) Percent and (B)
total IFN-y producing NK cells (NK1.1'CD3"CD19TFN-y") are graphed. The graphs
depict the average of data from 3 to 5 independent experiments.
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CHAPTER 8:

Conclusions and Future Directions
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Cowpox Footpad Infection Provides a Relevant Model for Zoonotic Infection
Orthopoxviruses cause zoonotic infection and several have been well
characterized in existing laboratory models. Most investigation of orthopoxvirus
pathogenesis employ intravenous or intranasal infection (30, 39, 90). Intravenous
infection simulates systemic infection while intranasal infection simulates aerosolized
infection and models inoculation following natural smallpox infection or predicted
dissemination during a bioterrorist event. However the literature demonstrate that most
CPXYV infections occur through contact-mediated spread within the host reservoir and to
zoonotic hosts (6, 8, 91). Previous investigations of CPXV infection in a footpad mouse
model have been limited in scope and did not examine the host response (90, 93). We
have developed a footpad model of CPXYV infection in mice and have demonstrated
establishment of infection at the site of inoculation and in the draining LN, from where
secondary dissemination originates at later times. This footpad model more closely
parallels infection with orthopoxviruses such as zoonotic CPXV infection of humans,
where viral replication has been observed only at the site of infection (9). In zoonotic
CPXYV infections, lymphadenopathy results from recruitment of lymphocytes to draining
LNs. In mice, CPXV footpad inoculation stimulated recruitment of many lymphocytes to
the draining LN, including NK cells, which highlights the relevance of our footpad model
for the study of in vivo CPXV infection. We have shown that our model can provide a
unique opportunity to study immune responses following inoculation with CPXYV via its

natural route of infection.

NK Cells are Required for Resistance to but Not Survival of CPXV Footpad

Infection
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Immediately following infection, innate lymphocytes are recruited to the site of
infection and the draining LN. Here they stimulate an inflammatory response and
directly control infection while an adaptive immune response is primed. One innate
lymphocyte that is important at early times following infection is the NK cell, which
produces cytokines and lyses infected cells. Under homeostatic conditions, murine NK
cells are a rare LN population (74), so observation of rapid and robust expansion of NK
cell numbers in the draining LN following CPXYV infection suggested that they were
important for resistance to this pathogen.

Since CPXV encodes many unique inhibitory proteins, we hypothesized that NK
cell function might be inhibited following CPXV infection. However, following systemic
NK cell depletion, CPXV replication in the draining LN was significantly increased,
indicating NK cells were functional following CPXV infection. It has been demonstrated
that splenic titers of ECTV are increased following footpad inoculation in the absence of
NK cells (81). Following inoculation with CPXV in the footpad, we observed early
spread to the lungs and the spleen in the absence of NK cells. These data demonstrate that
NK cells are important for limiting viral replication and spread following both ECTV and
CPXYV infection. Therefore, we concluded that the unique inhibitory proteins of CPXV
do not completely neutralize NK cell control of replication and dissemination.

We examined the importance of NK cell control of viral replication and spread by
observing survival following CPXV infection in the NK cell depleted mice. In contrast to
previous studies using ECTV and VV which demonstrate a requirement of NK cells for
survival (80-82), depletion of NK cells prior to CPXV infection did not lead to increased
mortality. These novel findings indicate that there are differential requirements for NK

cells following orthopoxviral infections. Another possibility is that since intravenous
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inoculation was used to examine the requirement of NK cells for survival following VV
infection, it is possible that following footpad inoculation in the absence of NK cells,
lethality may not occur. It is also possible that we did not observe CPXV lethality
because the infectious dose of CPXV was too low. Dose-response experiments could be
performed examining the NK cell requirement for survival following larger infectious
doses of CPXV in the footpad model. However, high-dose inoculation following contact-
mediated spread within the host reservoir or to zoonotic hosts seems unlikely. We have
concluded that NK cells are important for limiting viral replication and dissemination

following CPXYV infection but are not essential for survival at the dose examined.

Mechanisms of NK Cell Recruitment

Expansion of the NK cell population in the draining LN following CPXV
infection resulted from chemokine-mediated recruitment rather than in sifu proliferation
of relatively rare resident cells. The role of chemokine receptor-mediated trafficking of
murine NK cells to the site of infection has been studied in the context of several
pathogens, but no commonly required chemokine receptor has been identified (64, 75, 76,
108, 140). NK cells are recruited to sites of inflammation despite expression of a variety
of inflammatory chemokines in the context of different pathogens. Therefore NK cells
must express an array of inflammatory chemokine receptors to mediate this response
(65). Additionally, expression of multiple chemokine receptors adds a protective level of
redundancy for host resistance to infection.

Previous studies have not identified specific chemokine receptors that mediate
NK cell recruitment following orthopoxvirus infection. Here we demonstrated an

intrinsic requirement for CXCR3 expression on the NK cell which mediates recruitment
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to the draining LN following CPXV infection. Meanwhile, CCR2 and CCRS, which have
been shown to be required following infection with MCMV, HSV-2, Aspergillus
fumigatus and Toxoplasma gondi (64, 75, 76, 108), were not found to be individually
necessary to mediate NK cell recruitment. While this work was in progress, it was
demonstrated that MV A, a highly attenuated orthopoxvirus, stimulates recruitment of NK
cells to draining LNs in a CXCR3-dependent and CCR5-independent manner (140),
confirming our results. Additionally, CXCR3 has been demonstrated to be responsible for
NK cell recruitment several inflammatory but non-infectious responses and for re-
localization of NK cells from the red pulp to the T cell zone in the spleen following
MCMYV infection (105-107, 109). CXCR3 receptor-mediated NK cell recruitment is
perhaps unsurprising, since inflammation often results in the production of IFN-y and
expression of the chemokine ligands for CXCR3 is induced by this cytokine (104). Since
a role for CXCR3 has not been examined in response to other pathogens, it may indeed
be a commonly required chemokine receptor for NK cell trafficking. Expression of
CXCR3 has been suggested as a marker of mature, cytotoxic NK cells (161), supporting
the hypothesis that CXCR3 is ubiquitously expressed on many NK cells. Therefore,
CXCR3 may be a commonly important receptor for recruitment of NK cells to sites of
inflammation and infection.

We also determined that there was a requirement for IFN-y following CPXV
infection. As discussed above, IFN-y is important for induction of inflammatory
chemokines including CXCR3. However, in the absence of CXCR3, NK cell recruitment
was decreased but not abolished. This indicated that IFN-y was also inducing other
inflammatory mediators, possibly other inflammatory chemokines. Since IFN-y is

upstream of multiple processes, only one of which is recruitment of NK cells, its role in
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mediating CXCR3-independent NK cell recruitment following CPXYV infection is likely

to be complex and difficult to dissect.

A Role for DC-Mediated NK Cell Recruitment is Difficult to Ascertain

It has previously been demonstrated that footpad injection of LPS-matured DCs
results in the trafficking of DCs from the periphery to the draining LN, where they
stimulate recruitment of NK cells that produce IFN-y to prime a Tyl response (107). This
interaction, in combination with many documented interplays between NK cells and DCs
(44, 45, 53, 117), raises the possibility that DCs mediate recruitment of NK cells in
response to CPXV infection. The migration of DCs from the periphery to the draining LN
is dependent on the up-regulation of CCR7 and does not occur in mice deficient for
CCR7 (162). We did not observe NK cell recruitment to the draining LN in CCR7-
deficient mice, supporting the hypothesis that DCs recruit NK cells to draining LNs.
However, the LN architecture is disorganized in CCR7-deficient mice which likely leads
to defective trafficking of many lymphocytes, complicating interpretation of this
experiment (99). To further investigate the hypothesis that DCs recruit NK cells, we
examined the recruitment of migratory DCs from the periphery to the draining LN
following CPXV infection. Surprisingly, given the commonly accepted paradigm of
pathogen recognition stimulating migration of DCs from the periphery to the draining
LN, we observed comparable populations of migratory DCs in non-draining and draining
LNs. These data suggested that following CPXV footpad inoculation, DCs were not
migrating from the periphery at a greater rate or in greater numbers than under
homeostatic conditions. Additionally, while CD11¢c-DTR diphtheria toxin-depleted mice

showed major defects in NK cell recruitment, macrophages and other cells ectopically
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express CD11c and are depleted, confounding interpretation of these results (133, 138).
Attempts to restore DC populations in deficient systems did not result in increased NK
cell trafficking following CPXYV infection. While data from several different experiments
suggest that DCs may play a role in recruitment of NK cells to the draining LN following
CPXYV infection, we have been unable to establish a system that can conclusively identify
a role in NK cell recruitment. These data raise the possibility that DCs may be important,

but not sufficient for NK cell recruitment in this system.

A Novel Macrophage and NK Cell Interaction

SCS macrophages can phagocytose and detect free viral particles arriving from
the periphery through the lymphatic system (94, 129, 130). Following diphtheria toxin-
mediated depletion of CD11¢c-DTR transgenic mice, SCS macrophages were depleted,
raising the possibility that they may be required for NK cell recruitment to the draining
LN following CPXYV infection (133). To test this hypothesis, we infected macrophage-
depleted mice with CPXV and examined NK cell recruitment to the draining LN. Mice
that lacked macrophages in the draining LN exhibited no NK cell recruitment indicating a
novel interaction between macrophages and NK cells. During our subsequent studies,
several reports were published that also observed NK cell interactions with CD169" SCS
macrophages and a requirement of macrophages for NK cell recruitment (131, 139, 140).
Our findings, in combination with these recently reported results, indicate a novel
interaction between macrophages and NK cells.

Macrophages can detect infection and induce inflammation, including through
production of IFN-y-induced CXCL9 and CXCL10 (134, 135). We therefore

hypothesized that macrophages mediated NK cell recruitment to the draining LN
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following CPXV infection in a CXCR3-dependent manner. However, depletion of
macrophages and subsequent CPXYV infection induced comparable levels of Cxc/9 and
Cxcl10 expression as in non-depleted mice. These data indicate that macrophages recruit
NK cells in a CXCR3-independent manner. However, the mechanism of macrophage-
mediated NK cell recruitment is currently unknown. One possibility to explain
macrophage-mediated recruitment is that SCS macrophages are the preferentially
infected cell in the draining LN following CPXV infection, and removal of macrophages
results in diminished host recognition and therefore decreased inflammation and
lymphocyte recruitment. Another possibility is that while Cxc/9 and Cxcl10 expression
was unaffected, many viruses stimulate type I IFN production, which can lead to
expression of different chemokines such as CCL3 (77). We observed increased
expression of Cc/3 transcripts following both CPXV and VV infection, so it is possible
that macrophages induce type I IFN and mediate recruitment of NK cells through
alternate inflammatory chemokines. These data indicate that there are two, non-
overlapping pathways to recruit NK cells to the draining LN following infection,
emphasizing the importance of the expansion of the NK cell population in the draining

LN in response to viral infection.

Inappropriate Association of NK Cell Resistance and NK Cell Recruitment

NK cell-mediated resistance to ECTV infection has been inferred by the
expansion of IFN-y and granzyme B producing NK cells in the draining LN (80, 81).
However, control of ECTV in the draining LN in the presence or absence of NK cells has
not been described in the literature. Here we have demonstrated that recruitment of NK

cells was unnecessary for control of viral replication in the draining LN or spread to the
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spleen and lungs. While NK cells were essential for control of viral burden in these
organs, their specific recruitment was not necessary and rare NK cells present in the
draining LN controlled viral replication in the absence of NK cell recruitment. While this
could be a function of CPXYV infection in comparison to ECTV infection, it does not

appear that expansion of the population and control of infection can be linked.

Incomplete NK Cell Maturation Despite Cytotoxic Function

When examining the maturation phenotype of NK cells isolated from the draining
LN following CPXYV infection, we observed that NK cells did not produce IFN-y or up-
regulate some surface activation markers. This inhibition was CPXYV specific and could
be overcome ex vivo by stimulating with PMA and ionomycin or in vivo by limiting the
infectious dose of CPXV during a co-infection with VV. Although CPXV inhibited NK
cell production of IFN-y, systemic depletion of NK cells resulted in increased local and
systemic viral burden. These data suggest that NK cells are partially activated following
infection and their function is likely due to production of granzyme B. Since it has been
demonstrated that stimulation of NK cells by cytokines and through activating receptors
results in different NK cell functions, CPXV may block one but not all activation signals,
resulting in this partially activated phenotype. Most infections lead to both NK cell
cytotoxicity and cytokine production, but it has been reported that following
Lymphocytic Choriomeningitis (LCMV) infection, NK cells have cytotoxic function but
do not produce IFN-y due to the lack of IL-12 induction (163). To our knowledge, no IL-
12 binding protein has been identified in CPXV, but it is likely that CPXV has other
mechanisms to subvert IL-12 production. It is then possible that a lack of IL-12

production may be a shared mechanism of NK cell inhibition following CPXV and
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LCMYV infection. It is also possible that these systems may share additional stimulatory
and/or inhibitory signals. Thus determining shared activation and inhibition signals
during viral infection may help further understanding of differential NK cell activation
signals.

CPXV-mediated inhibition of IFN-y was multifactorial, suggesting the
involvement of both NK cell specific and non-NK cell specific virally encoded inhibitory
proteins. Partial restoration of IFN-y production by recruited NK cells was observed
following infection with the A518 mutant, CPXVA018-021 and CPXVA022-36.
CPXVO018 inhibits NKG2D activation in vitro (85), but CPXVAO018 did not recruit [FN-y
producing NK cells to the draining LN, suggesting an additional mechanism of IFN-y
inhibition. Induction of IFN-y production in NK cells can be stimulated by IL12, IL-15
and IL-18 and inhibited by IL-10 in the absence of IL-12 (54, 154, 164-166). CPXV
encodes an IL-18 binding protein and induces sustained high levels of IL-10 which may
non-specifically contribute to NK cell inhibition (34, 39). VV hemagglutinin expression
is recognized by NKp30 and NKp46 in HeLa cells, resulting in NK cell inhibition (167-
169). The ability of CPXV hemagglutinin to bind these natural cytotoxicity receptors has
not been examined, but it is possible that CPXV also mediates NK cell inhibition through
this mechanism. The numerous CPXV inhibitory proteins and their individual and
synergistic effects on the host response clearly confer a strong advantage to CPXV during
infection of the host, but will also complicate any attempt to discern individual
contributions of each inhibitory protein to CPXV immune evasion.

Although NK cells did not produce IFN-y following CPXV infection, increased
viral burden following systemic NK cell depletion indicated that NK cells were an

important component of the host response. Additionally, given the number of viral

173



inhibitory proteins that directly or indirectly impact NK cell activation, it must be
advantageous for CPXV to even partially inhibit NK cell function. It is interesting to
speculate about the ability of CPXV to infect and disseminate within the host in the
context of uninhibited NK cell activation. Several experiments could be designed to
overcome the in vivo inhibition of NK cells. The importance of IL-12 and IL-18 for NK
cell activation has been demonstrated following ECTV and VV suggesting they might
also be important following CPXYV infection (41, 42). Since inhibition may occur through
or be modulated by virally encoded cytokine binding proteins, treatment with IL-12
and/or IL-18 or infection with CPXV which recombinantly expresses either cytokine
could result in saturation of virally encoded cytokine binding proteins, allowing NK cell
activation. Another way to restore NK cell functionality might be examine NK cell
activation following infection with the CPXVAO018 mutant. Although our studies have
demonstrated that lack of CPXV018 does not restore IFN-y production, it is possible that
CPXV018 may also inhibit cytotoxic NK cell function. Inhibition of NK cell function
may be essential for establishment CPXYV infection and dissemination within the host.
These proposed experiments may help dissect the reason CPXV encodes many inhibitory
proteins against NK cell function.

Aside from cytotoxicity and stimulation of inflammation, NK cell production of
IFN-y also shapes the Tyl response (107). It is possible that priming of the adaptive
immune response is delayed following CPXYV infection in comparison to VV or ECTV
infection in the absence of NK cell produced IFN-y. The scope of these studies did not
include an examination of this process, but systemic depletion of NK cells did result in
delayed viral clearance in the draining LN and the foot, suggesting a delay in the adaptive

immune response. Therefore, CPXV inhibition of IFN-y may be beneficial for both
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suppressing NK lysis of CPXV infected cells and delaying the priming of a Ty1 response,

resulting in prolonged CPXYV infection.

Clinical Relevance

Many studies use members of the orthopoxvirus genus to model smallpox virus
infection, but symptoms, viral spread and disease course vary greatly between these
orthopoxviruses. Despite the lack of lethality following CPXV infection in the mouse
model, footpad infection of mice closely mimics zoonotic infection making it a relevant
model to study vacciniation and zoonotic infection following a range of non-lethal
orthopoxvirus infections. Vaccination of patients that are immunocompromised or have
atopic dermatitis is not advised, but with increasing numbers of emerging and zoonotic
poxvirus infections, safer vaccine development is crucial. Many strategies have been
employed to generate new vaccines, including directed deletion of inhibitory proteins.
Since NK cells are important for limiting early viral replication, inducing inflammation
and priming the adaptive immune response, removal of virally encoded NK cell specific
and non-NK cell specific inhibitors from novel candidate vaccine strains is important.
Conversely, in inflammatory diseases where NK cells are inappropriately activated,
identification of virally encoded NK cell specific inhibitors may be a useful therapeutic

treatment.

Concluding Remarks
Studies examining the host response to viral infection and viral immune evasion
provide insight into the complexity of host-pathogen interaction. In these studies, we

have demonstrated the relevance of studying CPXV in a footpad model of infection to
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further characterize and understand zoonotic orthopoxvirus infections. We have
highlighted the importance of NK cells following CPXV infection, studied the
mechanism of NK cell recruitment in the context of natural infection and the complicated
and multifactorial nature of viral inhibition of NK cell function. Further investigation will

help illuminate and dissect these intricate host-pathogen interactions.
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