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ABSTRACT

EVALUATING AND MODIFYING ADENOVIRUS VECTOR INTERACTIONS
WITH MULTIPLE ARMS OF THE INNATE IMMUNE SYSTEM

By
Sergey Seregin

A single, universally adapfable gene transfer vector cannot be envisioned
for use in all human clinical gene transfer applications. However, Adenovirus (Ad)
based vectors offer several important benefits compelling their potential for use in
a wide range of gene transfer applications. Ad vectors can be readily produced to
c¢GMP guidelines, which allowed their safe usage in thousands of clinical trial
subjects. Unfortunately, upon contact with the circulatory system and/or cellular
membranes, Ads induce several, innate, complement dependent toxicities that
limit more widespread utilization of this promising platform. In addition, Ad
derived transgene expression is greatly diminished when pre-existing Ad
immunity is present in the host. These limitations have driven initiation of several
distinct approaches to improve the safety/efficacy profiles of Ad-based vectors,
including: the generation of chemically modified Ad capsids and/or chimeric Ads;
the complete replacement of common Ad-based serotypes with alternative
(human and non-human origin) Ad serotypes; genome modification of common
(Ad5) serotype in attempts to improve the efficacy of the platform as well
minimize acute innate responses to the vector itself.

In this dissertation, | describe the pivotal role that the complement system
plays in regulating Ad safety and efficacy. | unveil the mechanism underlying the

complement dependent induction of neutralizing antibodies to Ad capsids as a



C3 and CR1/2-dependent phenomenon that correlates with B-cell activation.
Moreover, | have constructed several novel Ad5-based vectors, “capsid-
displaying” complement regulatory peptide (COMPinh), as fiber or piX fusion
proteins. These novel Ads dramatically minimize Ad-dependent activation of the
human and non-human primate complement systems. We have also
demonstrated that a simple, pre-emptive and transient glucocorticoid pre-
treatment is a viable approach to reduce Ad associated acute toxicities, without
reducing efficacy of Ad mediated gene transfer, suggesting that glucocorticoid
therapy can be combined with the use of novel capsid-displaying Ads to further
improve the outcome.

Previous studies have demonstrated that several signaling pathways are
triggered by Ads, inclusive of TLR dependent pathways. Here, | have unveiled an
important role for the G-protein coupled receptor adaptors p-arrestin1 (B-Arr1)
and B-arrestin2 (B-Arr2) in Ad5 vector-induced inflammatory responses, thereby
identifying them as new potential targets in attempts to improve Ad vector
safety/efficacy profile.

Future studies will expand upon these findings. | leave readers with the
view that utilizing a combination of the approaches, summarized herein will likely
improve the capabilities of this important vector platform for expanded use in a

number of additional human and agricultural applications.
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1.1. Adenovirus (Ad) based vectors: the most pragmatic vectors for gene
transfer applications

Ads are non-enveloped icosahedral viruses of 60-100 nm in diameter, that
contain an ~36 kb double-stranded linear DNA genome. The human
Adenoviridae family is comprised of more than 50 Ad serotypes (based primarily
upon the lack of cross reacting antibody neutralization between serotypes), which
are categorized into six subgroups (A-F), primarily based upon different red blood
cell agglutinating capabilities of the various subgroups. Classification of Ad
serotypes have been historically based upon biological, biochemical as well as
structural properties, including the lack of cross-neutralization between serotypes
from different species. Subsequently, such parameters as oncogenicity, length of
fiber protein and genomic sequence similarity were taken into consideration to
further sub-classify Ads (1, 2). Ads have a worldwide distribution and account for
~5% of all respiratory infections in childhood (3). The viral capsid contains total of
eleven structural proteins, of which hexon (protein Il), penton base (protein Ill)
and fiber (protein IV) are termed major capsid proteins, and proteins llla, VI, Vili
and IX minor capsid proteins, four additional proteins are packaged with the DNA
inside the core (4-6). The capsid proteins hexon, and fiber are the major targets
of Ad specific antibodies, many of which become neutralizing (7-12).
Transcription and processing of Ad RNA occurs on both strands utilizing early (E)
and late (L) regions, resulting, mainly by mechanism of alternative splicing, in
production of over 30 non-structural proteins (13) (Figure 1). Early region (E1-
E4), is transcribed and translated first, and resultant proteins assist is

subsequent stages of Ad replication and packaging: E1a (immediate early gene),



encodes transcription factor necessary for activation of early genes; E1b -
encodes protein, blocking apoptosis, as well together with E1a, E3 and E4
products modulate cellular transcriptional machinery to transcribe predominantly
viral genes and evade host immune responses; E2a — encodes DNA binding
protein, E2b — encodes preterminal protein and viral polymerase. Late region
(L1-L5) predominantly encode Structural proteins, necessary for virion assembly,
for example, L2 region encodes core proteins V, VII and X as well as penton

base (plll), L5 encodes fiber protein (2, 14).

Several generations of recombinant Ad vector has been generated. First
generation Ad vectors lack E1 region ([E1-] Ad) or E1 and portion of E3 ([E1-,
E3-] Ad). These Ad vectors are specifically propagated on transcomplementing
cell lines such as HEK293 or PER.C6, which supply the essential E1a and E1b
proteins in trans (2, 14). Advanced generation vectors encompassing additional
deletions in the E2b or E4 regions (as well as fully deleted “gutless” Ads) have
also been developed. These vectors retain the capabilities of large-scale
production noted with E1 deleted vectors. However, transcomplementing cell
lines unique to each vector (or an additional helper virus) must also be provided

to support their growth (15, 16).

Recombinant, Ad-based gene transfer vector platforms are heavily utilized
in both gene therapy and vaccine applications. This utility is based on a number
of positive attributes inherent to the use of recombinant Ads. Recombinant Ads

are capable of transducing foreign genes into a wide range of cell types inclusive



Figure 1: Diagram of Adenovirus and its genome. (A) Adenoviruses
are icosahedral, non-enveloped viruses that contain multiple features
including a double stranded DNA genome, the fiber protein that terminates
in the knob region (required for binding to the coxsackie adenovirus
receptor (CAR)), and the penton base (required for facilitating viral entry).
(B) Adenoviruses contain a ~36 kb genome generally organized into
regions encoding. the Early (E) expressed genes and Late (L) genes.
Various regions of the Ad genome can be removed and replaced with an
expression cassette containing a “gene of choice” and its associated
promoter and enhancer elements. Important regions of the Ad genome
that have been removed to improve the persistence and/or safety of the
vector are indicated with dotted arrows. These viruses can be grown to
high viral titers using cell lines expressing the proteins encoded by these

regions in trans.
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of antigen presenting cells; allow for efficient transgene expression, have large
cloning capacities (8-36 Kb); and can be easily produced to extremely high titers
in a current good manufacturing practices (cGMP) compliant fashion (up to
1x10" vp/ml). The ability to easily “scale-up” traditional Ad vectors in a manner
that is cGMP compliant, has resulted in thousands of patients safely receiving
recombinant, Ad5-based gene transfer vectors. In fact, it is the author's opinion
that the proven ability to mass-produce Ad-based vectors makes them one of the
most pragmatic of all gene transfer vectors currently proposed for direct in vivo
human use. For example, the lack of simple, efficient, and large-scale cGMP
production capabilities has limited the clinical utilization of a number of other
proposed gene transfer platforms (i.e.: Adeno-associated virus (AAV) or lentivirus
based systems) to a handful of human clinical trials (see:

http:/www.wiley.co.uk/wileychi/genmed/clinical/).

There are, however, several limitations to the use of recombinant Ad
vectors as a gene transfer platform, primarily: the decreased efficacy of these
platforms in Ad-immune individuals, and vector-associated innate immunogenic
toxicities. Many in the lay press and, in fact, the scientific theater wrongly hold
the view that Ad-based clinical trials are no longer being conducted or pursued
due to these important issues. Thus, it is very important to note the fact that AdS-
based vectors are currently the most widely used gene transfer vector in human
clinical trials (http://www.wiley.co.uk/wileychi/genmed/clinical/). More recently, a
major advantage to the use of Ad-based vectors has also become apparent, with

the confirmation that integrating viral vectors (i.e.: retrovirus, lentivirus, possibly



AAVs) can cause insertional mutagenesis and cancer in animal models and in
human clinical trial subjects, therefore such vectors may subject human
recipients to similar and/or additional risks (17-21). The natural biology of the
recombinant Ad genome to not integrate into the host chromosome as a nuclear

episome largely mitigates insertional mutagenesis risks (22).
1.2. Primary problem: Ad-triggered innate immune responses

The main problem with using Ad vectors in current applications is the
frequent need for use of high doses of the vector to achieve successful evidence
of gene transfer in several specific tissues, a problem that increases unwanted
side effects, such as vector-associated innate immune responses (23-28).
Importantly, these Ad-triggered responses are clinically relevant, unfortunately as
primarily noted in the Ornithine transcarbamylase gene transfer tragedy (29). In
that trial, the tragic death of a patient, who received 6x10'' vp/kg of an Ad vector,
coincided with induction of a “cytokine storm” — a massive release of pro-
inflammatory cytokines (including IL-6), causing a systemic inflammatory
response syndrome. Although not replicated in other patients receiving similar
doses of the vector (both in this trial and in other subsequent studies (29-31), the
trial highlighted the need for greater study of Ad vector induced innate immune
responses. The lack of efficient vector platforms for systemic targeting of the liver
has primarily driven the need more detailed investigation of Ad vector
interactions with multiple arms of the innate immune system in attempts to find a
way of improving the safety profile of this promising vector in these sorts of

applications. It is now known that Ad vectors elicit multiple innate immune



responses after systemic administration due to several processes: complement
system activation, anaphylotoxins release, macrophage activation,
cytokine/chemokine release, induction of granulocyte and mast cells infiltration,
endothelial cell activation, generalized transcriptome dysregulation in multiple
tissues, and thrombocytopenia (23-28). Several of the innate immune systems,

known to interact with Ads are described in greater detail below.
1.2.1. Toll-like receptors and Adenovirus

In the late eighteen hundreds, the famous Russian microbiologist llya llyich
Mechnikov, Nobel prize laureate, described phagocytosis and suggested the
term “innate immunity” to define an initial, nonspecific defensive mechanism that
was present for defense against newly encountered pathogens. Almost a whole
century passed before the modern scientific community discovered that pathogen
recognition receptors (PRRs) function to recognize microbes and viruses at both
the intra- and extracellular levels, triggering the induction of multiple innate
immune responses. PRRs are able to recognize pathogen-associated molecular
patterns (PAMPs), which are expressed on foreign agents. Bacterial
lipopolysaccharides (LPS), viral/bacterial nucleic acids, lipoproteins are all
examples of PAMPs. Since these molecules are absent in host cells, they are
recognized as non-self motifs by PRRs. The most studied PRRs include B2
integrins  (CD11/CD18), Nucleotide Oligomerization Domains (NODs),
complement receptors (CR1/CD35, CR2/CD21), RIG-I-like receptors and Toll-
Like Receptors (TLRs). TLRs were discovered in late 1990s, giving rise to

tremendous amount of studies, which shed light on TLRs signaling mechanisms



associated with the innate (and downstream adaptive) immune responses (32,
33). TLRs are expressed in many cell types: non-hematopoietic epithelial and
endothelial cells, macrophages, neutrophils and dendritic cells; 13 mammalian
TLRs (10 in humans) have been identified to date. TLRs predominantly utilize
conserved leucine rich repeat (LRR) at the N-termini for pathogen recognition,
although amino acid insertions and non-consensus LRRs remarkably diversify

TLR's ability to recognize a wide range of PAMPs (34).

Ad vectors have been confirmed to activate multiple PRRs both in vitro and
in vivo, including RIG-I-like receptors, TLR2, TLR4 and TLR9 (for more detailed
review please see (25)). These activations ultimately results in Ad-triggered
innate toxicities. Specifically, we have shown that acute innate (and downstream
adaptive) immune responses developed following systemic injection of Ad
vectors, are significantly mediated by TLR adaptor proteins MyD88 and TRIF, as
shRNA-mediated stable knockdown of these molecules resulted in diminished
pro-inflammatory cytokine (IL-6) releases in vitro in response to Ad injection (35);
moreover, cytokine/chemokine activation (G-CSF, IL-5, IL-6, IL-12p40, MCP-1,
RANTES) and massive, pro-inflammatory genes induction was blunted in MyD88
knockout mice, as compared to identically Ad-treated WT mice (23). Ad-triggered
activation of MAPK and NFkB signaling pathways, systemic cytokine release and
generation of Ad-capsid specific neutralizing antibodies (NAb) are at least
partially TLR2/TLR9/MyD88 dependent (36). Therefore, it is confirmed that TLRs

play a pivotal role in mediating Ad-triggered innate immune responses both in



vitro (35, 37, 38) and in vivo (38, 39), however, continued investigations of Ad-

induced innate immune responses and specific signaling pathways are required.

B-Arrestins 1 and 2 (B-Arr-1 and -2) are ubiquitously expressed G-protein
coupled receptor adaptors, known to have pivotal roles in regulating TLR
signaling pathways (40). B-Arr-1 and -2 were originally discovered to play a major
role in G protein coupled receptor desensitization, due to their ability to bind to
phosphorylated G protein coupled receptors and sterically block their ability to
signal downstream (40). Subsequent studies revealed more versatile roles of B-
Arr1 (arrestin-2) and B-Arr2 (arrestin-3), including broader regulation of cell
signaling in general, serving as scaffolds, as well as having roles in
transcriptional regulation (40). Recent studies demonstrate p-arrestins as
negative regulators of TLR-stimulated NFkB and ERK signaling pathways in
macrophages and fibroblasts (41, 42). Consistent with this role of p-arrestins,
Wang et. al. showed that deficiency of B-Arr2 significantly enhances endotoxic
mortality in mice (41). In contrast to these studies, Fan et. al. (43) demonstrated
differential effects of p-Arr1 and -2 in lipopolysaccharide signaling in mouse
embryo fibroblasts, suggesting that p-arrestin’s effect on TLR signaling might
depend on the cellular context. Although a role for B-arrestins has been
established using selective TLR ligands, their role in microbial infections (which

activate multiple TLRs) is not known.

Innate immune responses associated with systemic injection of
Adenovirus (Ad) based vectors remain to be one of the most important obstacles

limiting the usage of these vectors in numerous clinically important applications,
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requiring high level vector administrations, for example for liver targeted therapy.
Systemic (intravenous) administration of Ads results in acute thrombocytopenia
(26, 44), activation of the complement, TLR and IFN systems, a robust cytokine
release into the circulation sometimes referred to as a “cytokine storm” (24, 26,
27, 36), activation of endothelial cells (45) as well as massive inductions of pro-
inflammatory gene expression in multiple tissues, including the liver, spleen and
lung (23, 26, 46-50). Therefore, understanding the mechanisms mediating Ad
induction of these processes may allow for focused efforts to interfere with these
mechanisms to foster improved safety and/or efficacy of Ad mediated gene
transfer applications. Because TLRs significantly modulate Ad vector responses,
and since B-arrestins play a crucial role in TLR signaling, we analyzed the role of
p-arr-1 and -2 in Ad5-induced innate immune responses both in vitro and in vivo.
Our results confirm that multiple Ad5 induced innate immune responses are
mediated by B-arrestin functionality. Moreover B-Arr1 and B-Arr2 differentially
mediate Ad5 induced innate responses, having somewhat opposite functions: -
Arr2 clearly down-regulates Ad5 induced gene induction and cytokine responses,
whereas B-Arr1 enhances portions of these responses, as detailed in chapter Il

of the dissertation.
1.2.2. The complement system: first line of defense against pathogens

The complement system, which is composed of over 30 membrane-bound
as well as fluid phase proteins, represents the main non-cellular part of the innate
immune system (Figure 2). Most complement components are synthesized by

hepatic parenchymal cells in the liver, however, some may also be synthesized
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by macrophages (51). Complement proteins can bind and facilitate opsonization
of different types of pathogens including those not previously encountered by the

host. There are three major complement pathways:

1) Classical Complement Pathway is activated as a result of specific
antibody interactions with a previously encountered pathogen. Pre-existing
antibodies (IgG or IgM) bind to the microbe, which allows C1q complement
protein to bind to the antibody/pathogen complex. This in turn triggers C1r and
C1s binding, creating an active C1qrs serine protease (Ca®* dependent), which
cleaves proteins C4 (releasing C4a and C4b) and C2 (releasing C2a and C2b).
Reactive C2a and C4b associate with each other into a complex on the
pathogen, giving rise to the classical pathway C3 convertase: C4b2a (Mg
dependent). C3 convertase cleaves large amounts of C3, generating C3a
anaphylotoxin and C3b. C3b protein can activate endothelial cells (ECs) by
binding to specific receptors on EC surfaces (49). C3b can also directly bind to
pathogens, facilitating targeting of pathogens to complement receptors on
phagocytic cells (macrophages, granulocytes) (49, 52). The C4b2a3b complex is
a C5 convertase cleaving C5 into C5a (a potent anaphylotoxin) and C5b. C5b
protein binds to the surface of a pathogen (or infected cell), which triggers
membrane attack complex (MAC) formation by recruitment of complement
proteins C6-C9. The MAC can form a pore in bacterial or enveloped viral
pathogens, thereby initiating their ]ysis. The potent anaphylotoxins C3a and C5a

efficiently bind to their receptors (C5aR, C3aR) on mast cells, granulocytes and
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macrophages facilitating their activation (49), (Figure 2), thereby activating the

cellular part of the innate immune system.

2) The lectin pathway for complement activation is homologous to the
classical pathway but is initiated by the binding of the mannan-binding lectin to
mannose residues on the pathogen surface. This causes activation of the MBL-
associated serine proteases, MASP-1, MASP-2, MASP-3, which cleave proteins

C4 and C2, generating the C3 convertase C4b2a.

3) The alternative complement pathway has a role in combating
pathogens not previously encountered by the host inmune system (i.e. there are
no pre-existing antibodies to the pathogen). Protein C3 possesses an internal
thioester bond between a cysteine and the y-carboxyl group of a glutamine
residue allowing low levels of reactive fluid phase C3b-like molecules to be
spontaneously produced and rapidly inactivated in the blood via a “tick-over”
mechanism. However, upon pathogen encounter, pre-existing C3-OH can bind
stably to the surface of the pathogen, facilitating binding of factor B (Fb) to the
C3b/pathogen complex. The complex is recognized by factor D, and Fb is
cleaved to generate the alternative pathway-derived C3 convertase C3bBb (Mg?*
dependent). Numerous C3 molecules are cleaved by this alternative pathway-
derived C3 convertase. The alternative pathway can also serve as an
amplification loop for classical pathway-initiated complement system activation

(52-54).

Excessive complement activation can cause a number of disorders

including adult respiratory distress syndrome (ARDS), hypotensive shock,
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anaphylactoid reactions, systemic inflammatory response syndrome, and
thrombocytopenia. Many of these toxicities have been observed after high dose
Ad administration into rodents, non-human primates, and humans (48-50). Our
published data confims that the intact Ad capsid interacts with human and

murine complement immediately after delivery in vitro and in vivo thereby

consuming complement components and inducing several toxicities, toxicities
that can be avoided by complement inhibition (24, 26, 46, 55), as fully detailed in

several chapters of this dissertation.
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Figure 2: The complement system. Three major complement pathways
are shown. Activation of either of the pathway leads to formation of C3-
convertase, which cleaves main complement protein C3 and allows to
generate C5-convertase, capable of cleaving C5 into C5a and C5b. Potent
anaphylotoxins, released during complement activation, activate cellular
arm of the innate immune system. C5b facilitates formation of membrane

attack complex (MAC), capable of lysing infected cells and pathogens.
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1.2.3. Complement and Adenovirus

Ad-based vectors are capable of activating human complement via both
classical and alternative complement pathways (24, 26, 46, 47, 55). While it was
well established that Ad5 can activate the classical complement pathway in the
presence of Ad-specific antibodies, our group first confirmed that immobilized
AdS5 capsids can mediate the activation of the alternative complement pathway in
Ad-naive serum (47, 55). Ad5 is also capable of activating murine complement,
justifying the use of a mouse model to investigate the role of complement in Ad-
triggered responses (26). In this regard, intravenous administration of high doses
of Ad5-based vectors in mice deficient in various complement factors including
C1q and C4 (classical pathway), FB (alternative pathway), or C3 (shared
pathway) has revealed that Ad-triggered induction of thrombocytopenia is
dependent upon a functional complement system and is alternative pathway
dependent (24, 26, 46). It was also confirmed that the induction of several
important pro-inflammatory cytokines/chemokines by Ads is also complement
dependent. The induction by Ads of some cytokines is dependent upon
alternative pathway proteins, while the induction of other cytokines by Ads is
depended upon classical pathway activation. However, the induction of most
cytokines and chemokines by Ads was found to be primarily dependent upon the
presence C3 - the complement pathway component that is a key converging

point of both the classical and altemative complement pathways (24, 26, 46, 56).

It is also known that complement system activation acts to optimize

induction of pathogen specific antibody responses (57-59). Subsequent to
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opsonization by activated C3, pathogens are bound to B cells and dendritic cells
via binding of the pathogen bound C3 to the complement receptors (CRs). The
human CR1 and CR2 receptors have well known roles in modulating both innate
and adaptive immune responses. Human CR1 (hCR1) is a potent inhibitor of
complement activation, having both decay-accelerating and cofactor activities.
Furthermore, hCR1 has a critical role in the clearance of immune complexes, and
B cell maturation, as thoroughly reviewed elsewhere (60, 61). Human CR2
(hCR2) expression is restricted to the surface of B cells, follicular dendritic cells
and thymocytes. When hCR2 binds C3d opsonised pathogens and becomes
associated with CD19, it lowers the threshold for B cell activation by up to 1000
fold (62). HCR1 and hCR2 also play a role in T cell biology, for example,

crosslinking of hCR1 inhibits T cell proliferation and IL-12 production (63).

In contrast to their human counterparts, the murine complement receptors
(mCRs) 1 and 2 (CD35/CD21) are products of alternative splicing from the same
gene. mCR1 contains 21 complement control protein repeats (CCPRs), whereas
the smaller mCR2 contains only 15 C-terminal CCPRs of mCR1 (64). mCR1/2 is
known to be expressed on B cells and dendritic cells (64). Therefore, the
expression pattern of mMCR1/2 resembles that of hCR2, but not hCR1. Similar to
their human homologues, the functions of mCR1/2 related to generation of
maximal humoral responses have also been well described (65-69). Interestingly,
mCR1/2 functionality prevents excessive myocardial tissue damage subsequent

to coxsackievirus B3 infection (70), as well prevents lethal Streptococcus
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pneumoniae infection, a role potentially indirectly reflective of the complement

inhibitory activities of the CRs (71).

While the role of murine CR1/2 protein has been extensively studied in
regards to adaptive immune responses, its function in inhibiting/regulating murine
complement dependent responses has not been intensely investigated, possibly
since in most mouse models, the Crry protein was suggested to play the
predominant role in controlling complement activation. Our studies, however,
now confirm that the role of murine CR1/2 protein in innate immune responses
(including the ones which are known to be complement dependent) may be more
important than previously considered, as suggested by our present studies of
Adenovirus mediated gene transfer into mCR1/2-KO mice. Our results in murine
models revealed dual roles for mCR1/2; roles that include down-regulation of
multiple aspects of the Ad induced innate immune responses, while also playing
the major role in the complement dependent induction of neutralizing antibody

responses to Ads.

1.3. Approaches directed to minimize Ad-triggered immune responses

Innate toxicities, rapidly developed in response to systemic Ad injections,
significantly limit more widespread utilization of this gene transfer platform.
Additionally, Ad-based gene transfer approaches can be limited due to adaptive
immune responses to the virus or the transgene it encodes. These adaptive
immune responses can limit the duration of transgene expression and/or limit the
ability to re-administer the vector, although this highly depends on the

immunogenicity of the transgene delivered (14). Though it is often noted that Ad
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mediated gene delivery is transient due to these responses, there are multiple
examples that even first generation Ads, and certainly advanced generation Ads,
can allow for long-term gene expression in vivo (14). For example, first
generation Ad mediated delivery of non-immunogenic transgenes can persist for
long periods of time in both murine and non-human primate models. Similar
levels of improved efficacy are more likely to occur with the use of the advanced

generation Ad-based vectors (16, 72, 73).

An important problem in regards to potential use of Ads in human clinical
applications is that the majority of the human population has been infected by
wild type Ads in childhood, and often these .individuals develop pre-existing
immunity to a number of common Ad serotypes (i.e.: serotypes 2, 4, 5, and 7).
The percentage of the human population with medium to high Ad specific
antibody titers largely depends upon geographic location, with 30-50% of the
United States population, and up to 90% of the sub-Saharan African populations
having significant Ad5 antibodies with an overall trend to having higher titers in
developing countries (74-76). Pre-existing immunity to Ad can include both
neutralizing antibodies (NAb), as well as Ad protein specific T cell responses.
Additionally, recent studies highlight a critical role for CD8* T cells in pre-existing
Ad immunity (9, 77). This latter point is very important, as these pre-existing
responses can in fact still be hamessed when a host is exposed to a novel

(previously unencountered) Ad serotype (78-81).

Therefore, several strategies have been proposed to improve the efficacy

or utility of Ad-based gene transfer vectors (78, 82, 83). Below we discuss three
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approaches, developed to minimize Ad vector induced innate toxicities.
Importantly, these approaches have shown improved efficacy in Ad-immune
hosts and/or allowed for efficient re-administration of Ad vector, generating

significantly blunted Ad-specific adaptive immune responses, including NAb.
1.31. Ad capsid modifications
1.3.1.1. Chemical modifications of the Ad capsid

Several groups have chemically modified the Ad5 capsid (i.e.: in a non-
covalent fashion) in an attempt to shield or hide highly antigenic epitopes on the
viral capsid (mainly hexon protein) from the immune system of the Ad-immune
host. This strategy primarily involves the addition of synthetic polymers onto the
Ad capsid. These polymers can include polyethylene glycol (PEG) (84), polyactic
glycolic acid (PLGA) (85) or other lipids (86).

PEGylation appears to be the most promising approach for non-covalent
modification of Ad capsids. Ad5 PEGylation may not only reduce Ad-triggered
toxicities, but also allow for re-administration of such modified Ads in mice. For
example, animals were intravenously injected with an Ad5 vector expressing an
irrelevant antigen, and then re-injected with conventional or PEGylated Ad5
vectors each expressing the bacterial B-galactosidase gene (B-Gal) (87). This
simple study revealed high levels of B-Gal expression only in Ad5-immune mice
re-injected with the PEGylated Ad5 vector (87). Moreover, it was shown that
PEGylated Ad5 vectors also reduce the induction of Ad5-triggered innate

toxicities, such as thrombocytopenia, plasma ALT elevations, and release of pro-
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inflammatory cytokines such as IL-6 (87, 88). PEGylation with a small PEG (5
kDa) moiety increases transduction efficiency of the Ad5 capsid in Ad-immune
mice (89). Use of a 5§ kDa PEGylation of Ad5 can also reduce Ad5 specific
neutralizing antibody (NAb) titers generated after intranasal injection into Ad-
naive BALB/c mice (90). How PEGylation may affect the efficiency or tropism of
Ad5 mediated gene transduction in vivo has not been fully delineated. For
example, a dramatic reduction of liver transduction was reported after Ad
PEGylation (91), while other studies reported equal and/or increased liver
transduction by PEGylated Ads (87, 88).

In summary, characterization of how PEGylation affects the ability of so
modified Ad vectors relative to tropism changes, ability to reduce Ad-triggered
innate and adaptive immune responses, is still required to determine if these

strategies afford improved utility of PEGylated Ad-based platforms.
13.1.2. Insertion of novel peptides into Ad capsid proteins

Several Ad capsid proteins, including the fiber, penton, protein IX and
hexon proteins have been exploited for genetic insertion of foreign peptides into
these specific capsid proteins, either as “in-frame” insertions within the proteins,
or as “in-frame” C-terminal fusions. If the insertion does not cause a deleterious
change in the biology of the so-modified protein, (i.e.: causes misfolding, lack of
stability, lack of trimerization or lack of incorporation into the tertiary structure of
the Ad capsid) novel, recombinant Ad vectors “capsid-displaying” the respective
foreign peptide can be isolated. The penton and hexon proteins tolerate relatively

small peptide insertions: up to 18 amino acids (aa) for penton base (92, 93), and
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up to 36 aa within the hypervariable region 5 (HVR5) of hexon (94, 95), whereas
the HI loop of the fiber knob and C-terminus of protein IX allow for incorporation
of peptides of substantial size: up to 83 aa for fiber (96) and up to 1018 aa for pIX
(97). Issues regarding capability to generate these recombinant viruses
consistently, to very high titers, or in a cGMP compliant fashion have many times
not been addressed in studies published to date, but will need to be if clinical

deployment of these vectors is to be achieved.

The insertion of foreign peptides into capsid proteins in attempts to
change the natural tropism of the Ad vector have been well-described (98, 99).
AdS5-based vectors depend on coxsackievirus—adenovirus receptor (CAR)
receptor for cell transduction: fiber protein, consisting of three domains (tail,
shaft, and trimeric knob), is responsible for initial cell attachment. Fiber knob /
CAR interaction is followed by the binding of the penton proteins to avB3 or avB5
integrins through a conserved Arg—Gly-Asp (RGD) consensus motif. In addition,
factor X Gla domain interactions with hypervariable region of Ad hexon were
recently identified as critical factor mediating Iivef Ad transduction via Heparan-

sulfate proteo-glycans (100).

Based on this simple Ad biology, fiber domains (and knob in particular) as
well as RGD motif from penton and hypervariable region of hexon protein are the
best targets in attempts to modify Ad5 vector tropism. Therefore, several studies
described the incorporation of polylysine or RGD motifs into different locations of
Ad5 capsid, resulting in modified tropism. Specifically, incorporation of a

polylysine motif into the pIX was shown to augment Ad fiber knob independent
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infection of CAR-deficient cell types in vitro (101). RGD and polylysine motifs
have been incorporated into the fiber knob, providing an ability to infect CAR-
deficient cells in vitro (102-105). Additional studies, utilizing in vitro comparative
analysis of Ads, capsid-displaying RGD peptide at Hl loop of fiber knob, C-
terminus of fiber knob, C-terminus of pIX or HVR5 of hexon, revealed that the
most efficient transduction was achieved when HI loop of fiber was used for RGD
incorporation (99). It has been subsequently confiimed that RGD motifs
incorporated into C-terminus of protein IX allowed for transduction of CAR-
deficient cell types in vitro (106). The use of 30-75 Angstrom a-helical spacers for
incorporation of foreign peptides in pIX was suggested (106), but it is still unclear,
however, if these spacers provide any detectable benefit, since numerous
studies showed promising results incorporating peptides in pIX without spacers
(99, 101). More detailed direct comparison between several alternative plX-

displaying Ads (with and without linkers) is required to answer this question.

A major limitation of these targeting approaches is that numerous
promising in vitro results fail to provide any significant benefit in vivo, primarily
due to inability to overcome natural liver tropism of Ad-based vectors. However,
several studies provide optimism by showing reduced metastasis formation and
increase survival in mice with usage of E1a CRAD (107) or 2-fold increased
tumor uptake of targeting Ad-displaying avp6 integrin-selective peptide as
compared to intact capsid-Ad, which was in parallel with reduced liver
transduction by targeting Ad (108). Future development of advanced targeting

Ads, possibly by combining approaches undertaken up to date, should be
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continued in order to more fully determine the applicability of targeting Ad for

clinical applications (109).

Note that in this dissertation we describe a novel class of Ad5-based
vectors, capsid-displaying specific complement inhibitory peptide (COMPinh).
These novel Ads minimize complement activation (with a potential to minimize
Ad-induced complement dependent toxicities) and represent a promising tool for

numerous future gene transfer applications.
1.3.2. Immunosuppressive glucocorticoid dexamethasone

The synthetic anti-inflammatory glucocorticoid dexamethasone (DEX) is
an FDA approved drug widely used to treat a number of transient and/or chronic
inflammatory conditions (110-115). Importantly, mechanisms of action of DEX
include preventing the activation of NFkB and AP1 transcription factors, as well
as MAP kinases, all of which have been shown by us and others to also be
important mediators of the Ad induced inflammatory response complex (116-
118). IL-8 and IFNB production have also been shown to be inhibited by DEX
(117, 119). As a result, the maturation of mast cell progenitors, as well GM-CSF

and TNFa secretion by mast cells are also altered by DEX treatment (120).

Very limited data is available regarding the effect of DEX treatment on
animals treated with gene transfer agents. Use of glucocorticoids has been
shown to increase the efficacy of gene transfer in vitro, while in vivo studies
showed that dexamethasone could improve non-viral gene and virus derived

gene expression in experimental animal models (121-125). Relative to Ad
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mediated gene transfer, DEX can improve Ad vector derived gene expression
when these vectors are directly administered into the spinal cord, nasal mucosa,
inner ear or lungs (124-128). Puimonary delivery of Ad vectors into mice pre-
treated with Dexamethasone/spemmine resulted in a reduced activation of limited
portions of the lung specific innate and adaptive immune response to the Ad
vector utilized (128). These results prompted us to evaluate the efficacy of DEX
to prevent the numerous innate toxicities induced by systemic administration of

Ad vectors, as detailed in chapter V.

In summary, all of the approaches, summarized on figure 3 have shown
promising results in terms of improving some aspects of Ad vector safety and/or
efficacy. Further development of genome modified Ad vectors, “capsid-
displaying” Ads, chemically modified Ads, chimeric Ads, as well as Ad vectors,
derived from alternative Ad serotypes is now justified. Possibly, a combination of
some (or all) of these approaches may result in construction of safer and a more
efficacious Ad vector platform. In this dissertation we describe a novel class of
Ad vectors, “capsid-displaying” specific peptides, inhibiting complement
activation, and outline critical role of complement in mediating Ad-triggered
innate and adaptive immune responses. We also propose to use an FDA
approved potent immunosuppressive glucocorticoid Dexamethasone to block Ad-
induced immune responses, potentially in combination with other approaches to

further improve the outcome of gene transfer applications.
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Figure 3: Current approaches to design improved Adenovirus based
gene transfer vectors. Group 1. Starting with a wild-type Ad5 virus the
E1 region is deleted to generate [E1-] Ad5 vectors; Group 2. Adenovirus
vectors of any group can be PEGylated; Group 3. Capsid “display” of
antigens at various locations on the Ad capsid where indicated; Group 4.
Chimeric Adenovirus vectors, that contain capsid proteins derived from 2
different Ad serotypes; Group 5. Adenovirus vectors derived completely
from alternative serotypes; Group 6. Genome Modified Adenovirus
vectors, that retain the parental serotype capsid, but are deleted for
portions of the parental genome. All of Group 1-6 vectors can be utilized in
combination with transient pre-treatment with synthetic
immunosuppressive glucocorticoid Dexamethasone to further improve the
outcome of an Ad-based gene transfer. Note, that we describe Group 3

approach in this dissertation.
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Chapter li

Ad5-triggered signaling pathways: critical roles of BArr-1
and BArr-2 adaptor proteins

This chapter is the edited version of a research article that was published in the

Journal of Virus Research, Volume 147, Issue 1 (123-134), November 10, 2009.

Authors: Seregin, S. S., Appledomn, D. M., Patial, S., Bujold, M., Nance, W.,

Godbehere, S., Parameswaran, N., and A. Amalfitano.
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2.1. Introduction

B-Arrestin-1 and -2 (B-Arr1 and 2) were originally discovered to play a
major role in G protein coupled receptor desensitization, due to their ability to
bind to phosphorylated G protein coupled receptors and sterically block their
ability to signal downstream (40). Subsequent studies revealed more versatile
roles of B-Arr1 (arrestin-2) and B-Arr2 (arrestin-3), including broader regulation of
cell signaling in general, serving as scaffolds, as well as having roles in
transcriptional regulation (40). Recent studies demonstrate p-arrestins as
negative regulators of TLR-stimulated NFxB and ERK signaling pathways in
macrophages and fibroblasts (41, 42). Consistent with this role of p-arrestins,
Wang et. al. showed that deficiency of p-Arr2 significantly enhanced endotoxic
mortality in mice (41). In contrast to these studies, Fan et. al. (43) demonstrated
differential effects of p-Arr1 and -2 in lipopolysaccharide signaling in mouse
embryo fibroblasts, suggesting that B-arrestin’s effect on TLR signaling might
depend on the cellular context. Although a role for p-arrestins has been
established using selective TLR ligands, their role in microbial infections (which

activate multiple TLRs) is not known.

Innate immune responses associated with systemic injection of
Adenovirus (Ad) based vectors remain to be one of the most important obstacles
limiting the usage of these vectors in numerous clinically important applications.
For example, systemic administration of Ads results in acute thrombocytopenia

(26, 44), activation of the complement, TLR and IFN systems, a robust cytokine
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release into the circulation sometimes referred to as a “cytokine storm” (24, 26,
27, 36), activation of endothelial cells (45) as well as massive inductions of pro-
inflammatory gene expression in multiple tissues, including the liver, spleen and
lung (23, 26, 46-50). Therefore, understanding the mechanisms mediating Ad
induction of these processes may allow for focused efforts to interfere with these
mechanisms to foster improved safety and/or efficacy of Ad mediated gene
transfer applications. Because TLRs significantly modulate Ad vector responses,
and since B-arrestins play a crucial role in TLR signaling, in this study we
analyzed the role of p-arr-1 and -2 in Ad5-induced innate immune responses
both in vitro and in vivo. Our results confirm that multiple Ad5 induced innate
immune responses are mediated by B-arrestin functionality. Moreover B-Arr1 and
B-Arr2 differentially mediate Ad5 induced innate responses, having somewhat
opposite functions: B-Arr2 clearly down-regulates Ad5 induced gene induction

and cytokine responses, whereas B-Arr1 enhances portions of these responses.
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2.2. Results

B-Arrestins differentially mediate Ad5 induced cytokine and
chemokine release from peritoneal macrophages in vitro. Macrophages
participate in the first line of defense against invading pathogens by functioning
as phagocytes, antigen presenting cells, and activators of both innate and
adaptive immune responses via secretion of cytokines and chemokines that
serve as co-activating factors. Numerous studies have indicated that the
induction of cytokines and chemokines by Ad5 injection is dependent upon the
presence of macrophages, specifically liver resident macrophages known as
Kupffer cells. We have shown that the inductions of KC, MCP-1, IL-12(p40) and
RANTES are Kupffer cell dependent in vivo (36). To determine if B-Arrestins also
play a role in the secretion of cytokines and chemokines from macrophages, we
isolated peritoneal macrophages from wild type, B-Arr1, and B-Arr2 knockout
mice, exposed them to Ad5-LacZ, and measured the concentration of pro-
inflammatory cytokines in the growth media at various time points post Ad
exposure (Figures 4-5). Interestingly we observed that levels of MIP-18, MCP-1
and RANTES were significantly lower (p<0.05) in the p-Arr-1-KO macrophages
compared to the wild types. We also observed that the decrease was time-
dependent, i.e. MIP1B was lower at 6 h.p.i., whereas MCP-1 and RANTES were
decreased at 24 h.p.i., suggesting that these are potentially regulated by distinct
mechanisms (Figure 4). In contrast to these results, levels of IL-12(p40) and

MCP-1 (at 24 and 48 h.p.i.) were significantly enhanced (p<0.05) in
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Figure 4: Functional B-arrestin-1 acts as positive regulator for
several chemokines released in response to Ad infection in vitro.
Peritoneal macrophages derived from WT or B-Arr1-KO C57BL/6 mice
were isolated, plated and infected with Ad5-LacZ as described in Materials
and Methods. Media samples were collected at 6, 24 and 48 hours post
virus infection (hpi) and assayed using a multiplexed bead array based
system. The bars represent Mean i SD. Statistical analysis was
completed using Two Way ANOVA with a Bonferroni post-hoc test. The
N=4 for all groups of peritoneal macrophages, including mock-infected
groups. *, ** - indicate media cytokine values that are statistically different
from those in Mock-infected groups of the same genotype at the same
time point, p<0.05, p<0.001 respectively. #, ## - indicate statistically
different values in the same treatment group at the same time point,

p<0.05, p<0.001 respectively.
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Figure 5: Functional B-arrestin-2 acts as negative regulator for
several chemokines released in response to Ad infection in vitro.
Peritoneal macrophages derived from WT or B-Arr2-KO C57BL/6 mice
were isolated, plated and infected with Ad5-LacZ as described in Materials
and Methods. Media samples were collected at 6, 24 and 48 hours post
virus infection (hpi) and assayed using a multiplexed bead array based
system. The bars represent Mean + SD. Statistical analysis was
completed using Two Way ANOVA with a Bonferroni post-hoc test. The
N=4 for WT_Mock and WT_Ad5-LacZ groups, N=6 for B-Arr2-KO_Mock
and B-Am2-KO_Ad5-LacZ groups. *, ** - indicate media cytokine values
that are statistically different from those in Mock-infected groups of the
same genotype at the same time point, p<0.05, p<0.001 respectively. #,
## - indicate statistically different values in the same treatment group at

the same time point, p<0.05, p<0.001 respectively.
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macrophages, derived from B-Arr-2-KO mice compared to WT macrophages
(Figure 5). These results, taken together, suggest that B-Arr1 may act as a
positive regulator, and B-Arr2 as a negative regulator of AdS5-induced

inflammatory responses.

Positive and negative roles for B-Arrestins in Ad5 induced cytokine
and chemokine release. Our results using primary macrophages from B-Arr-1
and -2 KO mice clearly demonstrate important but differentiél roles for B-arrestins
in Ad-induced inflammatory responses. Therefore, we evaluated the potential
that B-arrestin-1 and -2 also play a pivotal role in the release of inflammatory
cytokines and chemokines following systemic AdS administrations in vivo. To
accomplish this, the plasma levels of seven cytokines/chemokines, commonly
induced following Ad5 injection were evaluated, following systemic delivery of
7.5x10" vps Ad5-LacZ. As expected, all seven cytokines/chemokines tested
were significantly induced within 1 h.p.i. (IL-6, MCP-1, MIP-1B, and KC, p<0.001,
p<0.05), and/or 6 h.p.i (IL-12(p40), G-CSF, MCP-1, MIP-1B8, and RANTES;
p<0.001, p<0.05) in wild-type C57BL/6 mice (Figures 6-7). Identically injected B-
Arr-1-KO mice also exhibited significant inductions of MCP-1 and MIP-1B at 1
h.p.i. (p<0.05 and p<0.001, respectively). However, at this time point, levels of IL-
6 and KC were significantly lower than levels found in the wild types (p<0.05) and
were not statistically induced over mock levels. Furthermore, the induction of IL-
12(p40) was significantly lower at 6 h.p.i. in Ad5-injected B-Arr-1-KO as

compared to wild-type animals. Although levels of G-CSF and MCP-1 in B-Arr1-
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Figure 6: Functional B-arrestin-1 acts as positive regulator of Ad
mediated systemic cytokine and chemokine release in C57BL/6 mice.
WT or B-Arr1-KO C57BL/6 mice were intravenously injected with
0.75x10"" vp/mouse of Ad5-LacZ vector. Plasma samples were collected
at 1 and 6 hours post virus injection (hpi). Plasma samples were analyzed
using a multiplexed bead array based system. The bars represent Mean +
SD. Statistical analysis was completed using Two Way ANOVA with a
Bonferroni post-hoc test. The N=3 for Mock (PBS) injected animals, N=4
for virus injected mice. *, ** - indicate plasma cytokine values that are
statistically different from those in Mock-injected animals of the same
genotype at the same time point, p<0.05, p<0.001 respectively. #, ## -
indicate statistically different values in the same treatment group at the

same time point, p<0.05, p<0.001 respectively.
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Figure 7: Functional B-arrestin-2 acts as potent suppressor of Ad
mediated systemic cytokine and chemokine release in C57BL/6 mice.
WT or B-Ar2-KO C57BL/6 mice were intravenously injected with
0.75x10"! vp/mouse of Ad5-LacZ vector. Plasma samples were collected
at 1 and 6 hours post virus injection (hpi). Plasma samples were analyzed
using a multiplexed bead array based system. The bars represent Mean +
SD. Statistical analysis was completed using Two Way ANOVA with a
Bonferroni post-hoc test. The N=3 for Mock (PBS) injected animals, N=4
for virus injected mice. *, ** - indicate plasma cytokine values that are
statistically different from those in Mock-injected animals of the same
genotype at the same time point, p<0.05, p<0.001 respectively. #, ## -
indicate statistically different values in the same treatment group at the

same time point, p<0.05, p<0.001 respectively.
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KO did not reach statistically significant differences as compared to identically
injected C57BL/6 mice, the levels of these factors were not statistically ihduced
over background levels in B-Arr1-KO mice in contrast to WT mice. No significant
differences in either MIP-18 or RANTES were observed (Figure 6). Overall, the
results demonstrate that B-Arr1 regulates induction of an important subset of
Ad5-induced cytokines and chemokines following systemic injection of Ad5

vectors in vivo.

In contrast to observations in B-Arr1-KO mice, levels of all cytokines and
chemokines tested in the plasma of Ad5-injected B-Arr2-KO mice were
significantly enhanced when compared to identically injected wild type mice.
Specifically, at the peak of the KC response, significantly higher levels of this
chemokine were detected in Ad-injected B-Arr2-KO animals as compared to wild-
type mice. Additionally, significantly higher levels of IL-6 (2-fold), IL-12(p40) (2-
fold), G-CSF (1.4-fold), and MCP-1 (6-fold) were detected in the plasma of B-
Arr2-KO compared to wild type mice at 6 h.p.i. (Figure 7). Importantly, the
absolute numbers of Ad5 genomes present in the liver in either B-Arr1-KO or B-
Arr2-KO mice were not different from WT mice as measured by Ad5-genome
levels (Figure 8A-B). While there were differences in Ad genome content of the
spleens, these differences did not result in differential transduction of these
tissues as measured by LacZ protein expression, as determined using a

qualitative analysis of X-gal staining and quantitative B-Gal activity
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Figure 8: Functional B-arrestin-1 and B-arrestin-2 have modest
impact upon liver and spleen transduction efficiency by Ad5 in
C57BLJ/6 mice. gPCR based quantification of Ad5 genomes in liver and
spleen tissues harvested from (A) WT and B-Arr1-KO C57BL/6 mice or (B)
WT and B-Arr2-KO C57BL/6 mice at 6 hpi was performed. The bars
represent Mean + SD. Statistical analysis was completed using two-tailed
Student t-test to compare each B-Arr-KO with WT group of virus injected
animals. # - indicate statistically different values in B-Arr1-KO_Ad5-LacZ
group or B-Armr2-KO_Ad5-LacZ group as compared to WT_AdS5-LacZ
group, p<0.05. Experiments were performed in duplicate; representative
experiment is shown. N=4 for all groups of mice, including Mock-injected

animals.
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Figure 9: Functional B-arrestin-1 and B-arrestin-2 have modest
impact upon Ad derived transgene expression in both liver and
spleen tissues in C57BL/6 mice. Bacterial B-galactosidase activity levels
were analyzed in liver and spleen protein homogenates prepared at 6 hpi
from (A) WT and B-Arr1-KO C57BL/6 mice or (B) WT and B-Arr2-KO
C57BL/6 mice. Activity levels were presented as Units per mg of total
protein (see Materials and Methods). The bars represent Mean + SD.
Statistical analysis was completed using two-tailed Student t-test to
compare each B-Arr-KO with WT group of virus injected animals. No

significant differences were detected.
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measurements in both liver and spleen tissues (Figure 9A-B). Therefore the
results presented here were most likely not attributable to differential transduction
of murine tissues per se. Together these data indicate that B-Arr1 positively
regulates the induction of a subset of Ad5-induced cytokines and chemokines,
while B-Arr2 functions more globally as a negative regulator of the induction of

these innate immune factors.

B-Arrestins differentially mediate the induction of pro-inflammatory
genes in livers and spleens following systemic Ad5 injection. We have
previously characterized tissue specific transcriptome changes rapidly induced
after transduction by Ad5 vectors both in vitro and in vivo (23, 26, 28, 35).
Therefore we have selected a panel of genes and analyzed their expression in
the liver and spleen of Ad5-injected WT, B-Arr1-KO and B-Arr2-KO mice at 6
h.p.i. (Tables 1-4). Selected genes include those involved in innate immune
responses, such as pattern recognition receptors (TLRs, NODs), TLR signaling
pathways (MyD88, TRIF, TRAF6, TRAF2bp, TBK1), markers of endothelial cells
activation (e-Selectin, ICAM-1, VCAM-1), interferon responsive genes (OAS1a,
IRF7, IRF8), negative regulators of cytokine signaling (SOCS-1, SOCS-3), and
dsRNA editing enzymes (ADAR) (23, 28, 35). Our results demonstrate that Ad5-
induced activation of a number of genes in the liver of Ad5-injected B-Arr1-KO
mice were significantly reduced compared to corresponding Ad treated WT mice
(Table 1). Specifically, B-Arr1-KO mice completely lacked Ad5-induced ADAR,
CD14, TLR6 and VCAM-1 transcripts. However, baseline levels of TLR6 were

significantly lower in the tissues of B-Arr1-KO mock-injected animals, which may
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have partially obscured these results. In contrast to Ad5-injected WT mice, NOD-
2 and TRIM-30 were not induced in Ad5 treated B-Arr1-KO mice. We also
observed a significant reduction in TLR3 transcripts in the liver of Ad5-injected B-
Arr1-KO mice as compared to identically injected WT mice. A transcriptome
profile observed in spleens isolated from these same animals, revealed

significantly reduced levels of TLR3 transcript in B-Arr1-KO mice (Table 2).

Opposite results were obtained in Ad5-injected B-Arr2-KO mice, results
that positively correlated with the increased cytokines and chemokines levels
observed in these same mice. Over half of the genes tested were induced to
significantly higher levels in livers of Ad-injected B-Arr2-KO as compared to
identically injected WT mice (Table 3). Specifically, we detected significantly
higher amounts of CXCL-9, ICAM-1, IRF-7, MyD88, SOCS-1, SOCS-3, TBK-1,
TLR-2, and TRAF-2bp transcripts in livers of Ad5-injected B-Arr2-KO mice, as
compared to wild type mice. Moreover, several genes, including ADAR, IRF8,
Oas1a, which were not induced in Ad5-injected WT mice, were significantly
induced in Ad5-injected B-Arr2-KO mice. The levels of these same transcripts in
the spleen followed a similar trend, as IRF-7, IRF-8 and MyD88 were present in
significantly higher levels in spleens of Ad5-injected B-Arr2-KO compared to wild
type mice. In addition, CXCL9, IFNa, SOCS-1 and TLR9, which were not induced
in spleens of wild type C57BL/6 mice, were significantly induced in B-Arr2-KO
mice following systemic Ad5 injection (Table 4). These results further support the

notion that B-Arr2 functions as a negative regulator of Ad5-induced innate
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Table 1: B-Arr1-KO mice had significantly reduced Ad5-triggered
activation of a number of genes in livers, as compared to WT mice.
Values represent Mean + SD. Statistical analysis was completed using
One Way ANOVA with a Student-Newman-Keuls post-hoc test, p<0.05
was deemed statistically significant. N=3 for Mock-injected groups, N=4
for Adb5-LacZ injected groups. Significant differences compared to
WT_Mock are highlighted in light grey color. Significant differences in
transcriptional activation in B-Arr1-KO (Ad5-LacZ) group compared to WT
(Ad5-LacZ) group are indicated in table by black frame and boldface font.
* Indicate significant differences between mock-injected animals. For full

gene names please refer to abbreviation list.

49



Ad5-LacZ induced gene expression in the liver (fold over C57BL/6 Mock, 6 h.p.i.)

C57BL/6 B-Arr1-KO C57BL/6 (AdS- | B-Arr1-KO (AdS-
(Mock) (Mock) LacZ) LacZ)
ADAR 10+0.2 0.7+0.1 22405 1.6+0.2
CD14 1.0£02 07+0.1 2305 1.3+0.7
CXCL-9 1.0£0.1 1.0+0.1 103424 99+47
DAF 10£0.2 09+0.1 1.240.1 14+02
e-Selectin 1.0+0.1 0.6+0.2 21%03 2007
ICAM 1.0+0.2 0.7+0.1 2202 22+04
IFNa 1.0£0.2 0.6+0.1 12403 0.7+0.2
IFNB 10404 0.8+0.2 16+0.4 1.0£0.1
IRF-3 10402 09+0.1 12+02 1.0+0.1
IRF-7 1.0£0.1 09+0.2 153+15 18.0+15
IRF-8 10£0.1 0.8+0.1* 2103 23304
Jak-1 1.0£0.2 0.8+0.1 14£02 11£0.1
Jak-3 1.0+0.1 07+0.2 13401 13401
MyD88 1.0£0.1 08402 41405 46409
NFKB- 10£0.1 10£01 17402 16402
RelA
NOD-1 1.0£0.1 0.7+0.1* 17+02 14+04
NOD-2 1.0£0.1 0.6+02* 13+03 1.0+02
0AS-1a 1.0+£0.3 0.7+0.1 31103 26+05
S0CS-1 1.0£0.2 0.70.1 46406 46+14
S0CS-3 1.0+0.2 03+0.1 23+0.2 25414
TBK-1 1.0£0.1 09+0.1 39102 38+£1.0
TLR-2 1.0£0.1 0.7+0.1 21.7+7.0 25.910.9
TLR-3 10402 0.7+0.1 116+ 14 7.9+3.9
TLR-6 10401 0.6+0.1* 2005 1.5+0.2
TLR-9 1.0+0.2 0.6+0.1 2003 18402
TRAF2bp 1.0£02 0.6+0.2 6111 59433
TRAF6 10402 12401 1.3+0.1 1.340.1
TRIF 1.0£0.1 1201 14103 17+01
TRIM30 1.0£02 0.6+0.1 114%15 7.045.1
VCAM 1.0+0.2 0.7+0.1 15302 1.0+ 0.1
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Table 2: B-Arr1-KO mice had similar levels of Ad5-triggered
activation of genes in spleens, as compared to WT mice. Values
represent Mean + SD. Statistical analysis was completed using One Way
ANOVA with a Student-Newman-Keuls post-hoc test, p<0.05 was deemed
statistically significant. N=3 for Mock-injected groups, N=4 for Ad5-LacZ
injected groups. Significant differences compared to WT_Mock are
highlighted in light grey color. Significant differences in transcriptional
activation in B-Arr1-KO (Ad5-LacZ) group compared to WT (Ad5-LacZ)
group are indicated in table by black frame and boldface font. * Indicate
significant differences between mock-injected animals. For full gene

names please refer to abbreviation list.
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Ad5-LacZ induced gene expression in the spleen (fold over C57BL/6 Mock, 6 h.p.i.)

C57BL/6 B-Arr1-KO C57BL/6 (Ad5- B-Arr1-KO (AdS-
(Mock) (Mock) LacZ) LacZ)

ADAR 1.0£0.6 15404 2702 30+0.2
CD14 1.0:05 19+0.7 2.0+0.1 15405
CXCL-9 11+1.0 33%1.0 12429 89x35
e-Selectin | 1.0£0.2 15+0.4 12401 15403
ICAM 1.0+0.4 1301 4102 43+0.6
IFNa 1.0£0.6 20£0.8 18106 1.7+0.3
IRF-7 1.0£0.3 14:03 343447 384+14
IRF-8 1.0£03 1202 2604 24403
Jak-1 1.0£05 1903 0.7+0.1 0.7+0.1
MyD88 1.0:0.1 15+0.4 33103 34404
NFKB-RelA | 1.0+0.4 0.8+0.1 0.9+0.1 1.0+0.4
0AS-1a 1.0+05 2.6+0.4* 134+26 114+03
50CS-1 11408 13£0.2 39102 34+1.0

S0CS-3 11+09 22+0.1 304136 333+103
TBK-1 1.0£0.1 1.0£0.1 16401 2103
TLR-2 1.0+0.4 160.1 3801 43+1.0
TLR-3 1.0£0.3 1.9+0.2* 100106 7.6+ 0.9
TLR-6 1.0£05 16+0.5 0.9+0.1 1.0£0.1
TLR-9 1108 1101 43£0.7 52%11
TRAF2bp | 1.0+0.1 13+0.1 13+0.1 1.7 +0.5
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Table 3: B-Arr2-KO mice had significantly higher levels of AdS5-
triggered activation of a number of genes in livers, as compared to
WT mice. Values represent Mean i+ SD. Statistical analysis was
completed using One Way ANOVA with a Student-Newman-Keuls post-
hoc test, p<0.05 was deemed statistically significant. N=3 for Mock-
injected groups, N=4 for Ad5-LacZ injected groups. Significant differences
compared to WT_Mock are highlighted in light grey color. Significant
differences in transcriptional activation in B-Arr2-KO (Ad5-LacZ) group
compared to WT (Ad5-LacZ) group are indicated in table by black frame
and boldface font. * Indicate significant differences between mock-injected

animals. For full gene names please refer to abbreviation list.
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Ad5-LacZ induced gene expression in the liver (fold over C57BL/6 Mock, 6 h.p.i.)

C57BL/6 B-Arr2-KO C57BL/6 (AdS- B-Arr2-KO (Ad5-
(Mock) (Mock) LacZ) LacZ)
ADAR 1.0+0.1 0.740.1 13+03 16£0.1
cD14 1.0£02 09+0.1 21412 1912
CXCL-9 1.0:03 0.6+0.1 52%07 9.9%2.7
DAF 1.0£0.1 0.7+0.1 1102 0.9+0.1
e-Selectin 1.0£02 0.7£0.2 20408 30411
ICAM 1.0£0.2 0702 19202 3206
IFNa 1.0£0.2 0701 0.6+0.2 0.6+0.1
IFNB 10+0.2 0.6+0.1 0.6+0.2 0.6+0.1
IRF-3 1.0+0.1 0.6+0.1* 0.7+0.1 0.6+0.1
IRF-7 1.0£0.1 0.70.1 91124 +1.3
IRF-8 1.0+0.1 0.7+0.1* 1604 28106
Jak-1 1.0:0.1 0.7+0.1* 0.7+0.2 0.7+0.1
Jak-3 1.0£0.1 0701 1003 11+0.1
MyD88 10+0.1 0.6+0.1* 27£10 4110
NFKB-RelA 1.0£0.1 07401 1003 14+02
NOD-1 1.0£03 0.8+0.1 1.1£0.1 14£0.1
NOD-2 10402 0701 0.7+0.1 0.9+0.1
0AS-1a 10:0.2 0.6+0.1 15404 22%03
S0CS-1 1.0+0.1 08+0.1 39+14 75%14
S0Cs-3 1004 0.9+0.6 22%0.7 45%05
TBK-1 1.0£0.1 0.8+0.1 27404 3.4£05
TLR-2 1.0+0.1 0903 186+85 75.8 +28.1
TLR-3 1001 0.6+0.1* 59413 9030
TLR-6 1.0+0.1 0.9+0.1 12:02 16404
TLR-9 1.0£0.1 0.6+0.1* 12+03 12+0.1
TRAF2bp 1003 0.6+0.1 37415 11.5+2.7
TRAF6 1.0+0.1 0.8+0.1* 09+0.1 0.8+0.1
TRIF 1.0:0.1 0.9+0.1* 0.9+0.2 11402
TRIM30 1.0£0.1 0.6+0.1* 67223 87%10
VCAM 1.0+0.1 0.8+0.1 0.7 +0.2 0.9+0.1
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Table 4: B-Arr2-KO mice had significantly higher levels of AdS5-
triggered activation of a number of genes in spleens, as compared to
WT mice. Values represent Mean t+ SD. Statistical analysis was
completed using One Way ANOVA with a Student-Newman-Keuls post-
hoc test, p<0.05 was deemed statistically significant. N=3 for Mock-
injected groups, N=4 for Ad5-LacZ injected groups. Significant differences
compared to WT_Mock are highlighted in light grey color. Significant
differences in transcriptional activation in B-Arr2-KO (Ad5-LacZ) group
compared to WT (Ad5-LacZ) group are indicated in table by black frame
and boldface font. * Indicate significant differences between mock-injected

animals. For full gene names please refer to abbreviation list.
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Ad5-LacZ induced gene expression in the spleen (fold over C57BL/6 Mock, 6 h.p.i.)

C57BL/6 B-Arr2-KO | C57BL/6 (AdS- | B-Arr2-KO (AdS-
(Mock) (Mock) LacZ) LacZ)
ADAR 11:08 0903 13105 16401
CXCL-9 11409 12409 36433 46+19
e-Selectin | 1002 1.0£0.3 07401 1.0£0.2
ICAM 10405 05402 13404 23%07
IFNa 1.0£0.1 16+1.1 15+1.0 23+0.1
IRF-7 1.0£0.1 0702 214153 30.9 £ 3.0
IRF-8 10401 07+0.4 09402 173041
MyD88 10404 10401 2601 32$0.1
NFKB-RelA | 1.0+0.3 0.7£06 07+0.4 1.040.2
0AS-1a 1001 3431 129433 159+21
S0CS-1 1.0£0.4 0.11+0.04* 1.9+1.0 Raatoyy
S0Cs-3 10404 29+0.4* 125+44 12,6+ 4.0
TBK-1 1.0£0.2 0.7£04 0905 13402
TLR-2 10403 09+03 41216
TLR-3 1.0+03 22+14 54£03
TLR-6 1.0£0.3 2014 1.040.2
TLR-9 1.0£0.2 06403 18102
TRAF2bp | 1.0£0.7 11405 11£0.1
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immune responses, whereas similar responses are positively mediated by B-

Arr1.
2.3. Discussion

Ad-based vectors possess an enormous potential for numerous gene
transfer applications based upon their broad tropism, highly efficient
transductional capability, and their ease for scalable production. Based upon
these facts, Ad vectors have been the most utilized gene transfer vector in
humans to date (http:/www.wiley.co.uk/wileychi/genmed/clinical/). However, the
robust innate immune response elicited shortly after intravascular Ad delivery
poses a significant limitation to the use of this vector for numerous applications
that could benefit from such administrations, such as gene transduction into the
liver. Intravascular delivery of Ads into animal models facilitates detection of Ad
induced innate immune responses, which may not be detectable when other
routes of administration (such as intramuscular) are utilized. These innate
responses include acute thrombocytopenia (26, 44), robust cytokine and
chemokine releases (24, 26, 28, 36), activation of endothelial cells (45. 129) and
inductions of inflammatory gene networks in multiple tissues, including both the

liver and the spleen (23, 26, 46).

It is well established that Ad5-induced innate immune responses are
mediated by the TLR adaptor proteins MyD88 and TRIF. As a receptor that
utilizes both MyD88 and TRIF, TLR4 is activated by LPS (41-43). Because both
B-Arr1 and B-Arr2 proteins have been shown to modulate LPS induced TLR4
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mediated signaling, we sought to determine if these proteins also played a role in
Ad5-induced innate immune responses. Utilizing B-Arr1-KO and B-Arr2-KO
mouse models, we show that whereas B-Arr1 served as positive regulator of a
portion of Ad5 induced innate immune responses, B-Arr2 appears to function as

a negative regulator of Ad5 induced innate immune responses.

For example, following intravenous Ad5 injection into B-Arr1-KO mice, we
observed significantly reduced levels of pro-inflammatory mediators including IL-
6, IL-12(p40) and KC, relative to levels measured in Ad5-injected WT mice.
Furthermore, we observed significantly reduced transcription of innate immune
response genes in transdcued tissues of Ad5-injected B-Arr1-KO mice. We
additionally detected reduced expression levels of MCP-1, MIP-18, and RANTES
in peritoneal macrophages from B-Arr1-KO mice following exposure to AdS
vectors in vitro. The results suggest that B-Arr1 may serve as a mediator of Ad-
induced immune responses downstream of TLR signaling, specifically those that
require MyD88 as an adaptor. Consistent with this notion, we have found
significantly reduced activation of IRF7, TLR3 and TLR6 genes in livers of B-Arr1-
KO mice, which further suggest the role of B-Arr1 in mediating TLR/MyD88/IRF7
pathways. The findings also highlight a relatively underappreciated role for B-Arr1
as a positive regulator of pro-inflammatory responses, a role that contrasts the
previously reported role for B-Arr1 as playing a negative role in the induction of
cytokine responses following LPS challenge (41). Our present results however,

are consistent with our recent study where we found that p-Arr1 is necessary for
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the sustained production of some cytokines/chemokines after LPS challenge in

vivo (Porter et al, 2009. Manuscript submitted for publication).

The role of B-Arr2 in the induction of innate immune responses by Ad
vectors was diametrically opposite to that of B-Arr1. This was evidenced by
significantly higher inductions by Ads of multiple cytokines and chemokines, and
inflammatory gene expression responses after injection into B-Arr2-KO mice.
These responses were corroborated in vitro as detected in Ad5 infected
peritoneal macrophages, suggesting that this cell type may play an important role
in mediating this response in vivo. Interestingly, the profile of innate immune
responses observed in B-Arr2-KO mice paralleled the role that TLR4 plays in
innate immune responses noted after systemic Ad5 injection(130). Our previous
work indicated that TLR4 plays a negative role in the induction of IL-12(p40) and
G-CSF following intravenous Ad5 injection. It is possible that the negative role
that TLR4 plays in Ad5 induced innate immune responses is mediated by B-Arr2,
such that loss of either protein results in a more pronounced innate immune
response triggered by Ad5. Our results also suggest that B-Arr2 may act as a
negative regulator of TLR2/MyD88/IRF7 pathways. However, it is also clear that
other factors must also play a role in these responses, since the phenotype in
Ad5-injected B-Arr2-KO animals did not completely mimic that found in Ad5-
injected TLR4-KO mice (130). Interestingly, in a recent study, we found that p-
Arr-2 also mediates LPS/TLR4-induced cytokine responses in vivo (Porter et al,

2009, Manuscript submitted for publication).
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In summary, our data demonstrate important roles for both g-Arr1 and B-
Arr2 as positive and negative regulators in modulating Ad5 induced innate
immune responses. B-Arr-1 and -2 interaction partners that mediate p-arrestin’s
actions in response to Ad5 administration may include proteins of the TLR

pathways or other unique proteins of the Ad5 responsive signaling pathways.
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3.1. Introduction

Adenovirus (Ad) based vectors offer tremendous capabilities as gene
transfer platforms. However, Ad-triggered innate immune responses and Ad-
specific neutralizing antibodies hinder the ability to repeatedly administer the
vector and preserve transgene expression for long periods of time, prompting
multiple efforts to develop alternative Ad vectors to overcome this problem. It is
with these realities in mind that studies investigating the mechanisms underlying
the induction of neutralizing antibodies to the well-characterized Ad5 vector
platform are required. Importantly, the Ad5 serotype is the only Ad serotype
utilized in all human gene transfer clinical trials (>367 as per September 2008,
comprising 24.9% of all gene therapy trials to date), please see

http:/imwww.wiley.co.uk/wileychi/genmed/clinical/).

Our previous studies have confirmed that the induction of neutralizing
antibodies to Ads is dependent upon the presence of a functional complement
system in the host (24). Although we have discovered that the protein C3 is
essential in this response, the mechanisms underlying C3-dependent induction of
neutralizing antibody by Ad vectors is currently unknown. Our previous results
confirm that lack of Ad interactions with the C3 protein results in a diminished
induction of pro-inflammatory cytokines and acute phase responses early after
Ad administration, suggesting that a lack of this initial response may contribute to
diminished induction of neutralizing antibody responses. This hypothesis is

supported by recent studies in IFN receptor KO mice that also showed
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diminished induction of neutralizing antibody titers after Ad treatments (131). We

have utilized Ad treated CR1/2-KO mice in this study to test this hypothesis.

It is known that complement system activation acts to optimize induction of
pathogen specific antibody responses (57-569). Subsequent to opsonization by
activated C3, pathogens are bound to B cells and dendritic cells via binding of
pathogen bound C3 to the complement receptors (CRs). The human CR1 and
CR2 receptors have well known roles in modulating both innate and adaptive
immune responses. Human CR1 (hCR1) is a potent inhibitor of complement
activation, having both decay-accelerating and cofactor activities. Furthermore,
hCR1 has a critical role in the clearance of immune complexes and B cell
maturation, as thoroughly reviewed elsewhere (60, 61). Human CR2 (hCR2)
expression is restricted to the surface of B cells, follicular dendritic cells and
thymocytes. When hCR2 binds C3d opsonised pathogens and becomes
associated with CD19, it lowers the threshold for B cell activation by up to 1000
fold (62). HCR1 and hCR2 also play a role in T cell biology, for example,
crosslinking of hCR1 inhibits T cell proliferation and IL-12 production (63).

Murine complement receptors (MCRs) 1 and 2 (CD35/CD21) are products
of alternative splicing from the same gene. mCR1 contains 21 complement
control protein repeats (CCPRs), whereas the smaller mCR2 contains only 15 C-
terminal CCPRs’of mCR1 (64). mCR1/2 is known to be expressed on B cells and
dendritic cells (64). Therefore, the expression pattern of mMCR1/2 resembles that
of hCR2, but not hCR1. Similar to their human homologues, the functions of

mCR1/2 related to generation of maximal humoral responses have been well
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described (65-69). Interestingly, mCR1/2 functionality prevents excessive
myocardial tissue damage subsequent to coxsackievirus B3 infection (70), as
well prevents lethal Streptococcus pneumoniae infection, a role potentially

indirectly reflective of the complement inhibitory activities of the CRs (71).

While the role of murine CR1/2 protein has been extensively studied in
regards to adaptive immune responses, its function in inhibiting/regulating murine
complement has not been demonstrated, possibly since in most mouse models,
the Crry protein was suggested to play the predominant role in controlling
complement activation. We think that the role of murine CR1/2 protein in innate
immune responses (including the ones which are known to be complement
dependent) may be more important than previously considered, as suggested by
our present studies of Adenovirus mediated gene transfer into mCR1/2-KO mice.
Our results in murine models revealed dual roles for mCR1/2; roles that include
down-regulation of multiple aspects of the Ad induced innate immune responses,
while also playing the major role in the complement dependent induction of

neutralizing antibody responses to Ads.



3.2. Resuilts

Murine Complement Receptor 1/2 regulates Ad mediated cytokine and
chemokine release in C57BL/6 mice. To study the role of MCR1/2 protein in Ad
induced innate and adaptive immune responses, we utilized mCR1/2-KO mice.
These mice have been previously demonstrated to completely lack expression of
CR1/2 on B cells (71). It is also known that CR1/2 activities also impact upon
levels of activated C3, by virtue of CR1/2's decay accelerating properties.
Utilizing western blotting with C3-specific antibodies, we confirmed that mock-
injected CR1/2-KO mice have normal overall levels of C3 no different than wild-
type mice, and equivalent amounts of C3 cleavage products were present in the
plasma of virus injected WT and CR1/2-KO mice, as investigated both at 10
minutes post injection and 6 hours post injection (Figure 10). These results
suggest that CR1/2-KO mice do not have significant alterations in the ability of
C3 to initially interact with Ads, an interaction that we have previously confirmed

mediates many Ad induced innate and adaptive immune responses (23-26, 46).

Inflammatory cytokines and chemokines are rapidly released after
systemic Ad injection. We have identified 7 cytokines and chemokines (KC or
CXCL1, MCP-1, MIP-1B, G-CSF, RANTES, IL-6, IL-12p40) that become
significantly elevated within hours of systemic administration of Ad vectors, some
of which are elevated in a C3-dependent fashion (24, 26). We investigated the
role that mCR1/2 has in the induction of these cytokines by administering Ads

into wild type and mCR1/2 knockout mice. Plasma samples, collected at 1 and 6
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Figure 10: Plasma basal levels and Ad dependent activation of
complement protein C3 were identical between C57Bl/6 WT and
CR1/2-KO mice. Plasma samples from WT C57BL/6 and CR1/2-KO mice
were collected and Western blotting was performed as described in
Materials and Methods utilizing quantitative Licor's Odyssey system. Intact
and activated a-chains of C3 protein are shown. There were no significant

differences in levels of basal C3 protein or C3 protein cleavage detected.

66



CR1/2-KO_Ad5-LacZ

Marker

3
g
S

Intact a

= chain

98

Launad 4

-

50

67



hours post intravenous Ad administration confimed that KC and MCP-1
chemokines are rapidly released in response to Ad injections and reach
maximum levels by 1 hpi. Ad-injected mCR1/2-KO mice had identical levels of
activation of these 2 chemokines at 1 hpi (Figure 11), suggesting that Ad
induction of these very early mediators of the inflammatory responses is not
dependent upon mCR1/2 functionality. Interestingly, Ad-injected mCR1/2-KO
mice exhibited significantly higher plasma levels of G-CSF, MCP-1 and RANTES
at 6 hours after systemic Ad injection, as compared to identically treated WT
mice (Figure 11). This result identifies the role of functional mMCR1/2 protein as a
complement regulator that suppresses complement activation, resulting in
diminished production of several cytokines released subsequent to Ad
administration in mice. This result may reflect a complement decay accelerating
property of mCR1/2 thought to be present in the extracellular portion of the

protein, based upon analogy to the human CR1/2 homologs.

Portions of the acute and chronic cellular responses to Ad vectors
are Complement Receptor 1/2 dependent. Activation of vascular endothelium
is a critical step during initiation of inflammatory immune responses, since many
infammatory cells (i.e. platelets, neutrophils, macrophages, mast cells) utilize
activated endothelial cells (EC) as a means to localize to damaged sites. This
response is mediated by activated EC over-expression of E-selectin, ICAM-1
and/or VCAM-1 adhesion molecules on their surface, molecules that facilitate the

migration of inflammatory cell types into damaged organs (45, 132, 133). Soluble
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Figure 11: Murine Complement Receptor 1/2 mitigates Ad mediated
cytokine and chemokine release in C57BL/6 mice. C57BL/6 WT and
CR1/2-KO mice were intravenously injected with 0.75x10'" vp/mouse of
Ad5-LacZ vector. Plasma samples were collected at 1 and 6 hours post
virus injection (hpi). Plasma samples were analyzed using a muiltiplexed
bead array based system. Statistical analysis was completed using Two
Way ANOVA with a Bonferroni post-hoc test. The N=4 for Mock (PBS)
injected animals, N=6 for virus injected mice) and 6 hpi (N=4 for Mock,
N=12 for virus treated mice. The bars represent Mean ¢ SD. *, ** - indicate
plasma cytokine values that are statistically different from those in Mock-
injected animals of the same treatment at the same time point (i.e. CR1/2-
KO_Ad-LacZ group from CR1/2-KO_Mock group), p<0.05, p<0.001
respectively. #, ## - indicate statistically different values in CR1/2-
KO_Ad5-LacZ group compared to WT_Ad5-LacZ group at the same time

point, p<0.05, p<0.001 respectively.
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forms of these cell adhesion molecules are also produced by activated ECs
(134). Interestingly, while the levels of sE-selectin in Ad treated WT mice were
increased 3-fold, sE-selectin levels in Ad treated mCR1/2-KO mice were at least
7-fold higher, as compared to mock-injected mCR1/2-KO mice, these levels were
also significantly higher than levels noted in Ad treated WT mice (Figure 12).
Induction of both sVCAM-1 and sICAM-1 was also slightly more robust in Ad
treated mCR1/2-KO mice as compared to Ad-injected WT mice, although these
levels did not reach a significant difference (data not shown). We have also
tested the level of ICAM-1, VCAM-1 and E-selectin mRNA transcripts in murine
liver at 6 hpi after systemic Ad injection and found significantly increased levels
of all 3 transcripts in mMCR1/2-KO mice (Table 5). These results confirm that lack
of mCR1/2 functionality results in a more robust induction of cellular adhesion
molecules in Ad treated mice, suggesting that another role of mMCR1/2 is to
modulate (suppress) the extent of complement dependent induction of EC

activation.

We next wished to correlate EC activation with cellular elements known to
be mobilized subsequent to Ad infections or Ad vector administrations. Acute
thrombocytopenia and/or lymphopenia can occur within hours of natural Ad
infections, and Ad induction of thrombocytopenia is a complement (C3)
dependent event (24, 26, 29). However, at 24 hours after systemic Ad injection,
mCR1/2-KO mice exhibited levels of thrombocytopenia no different than that

noted in Ad-injected WT mice (data not shown). Ad-injected mCR1/2-KO mice
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Figure 12: Murine Complement Receptor 1/2 reduces Ad dependent
activation of endothelial cells in C57BL/6 mice. C57BL/6 WT and
CR1/2-KO mice were intravenously injected with 0.75x10'! vp/mouse of
Ad5-LacZ vector. Plasma samples, collected at 6 hpi (N=6 for virus treated
groups, N=4 for Mock-injected groups) were analyzed using a multiplexed
bead array based quantitative system. The bars represent Mean + SD.
Statistical analysis was completed using One Way ANOVA with a Student-
Newman-Keuls post-hoc test. Fold difference over WT_Mock group is
shown. *, ** - indicate values, statistically different from those in Mock-
injected animals of the same genotype, p<0.05, p<0.001 respectively. #,
## - indicate statistically different values in CR1/2-KO_Ad5-LacZ group
compared to WT_AdS5-LacZ group, p<0.05, p<0.001 respectively.
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Table 5: mCR1/2 is an important suppressor of Ad5-LacZ induced
gene expression in livers of C57BL/6 mice. The numbers represent
Mean = SD. Statistical analysis was completed using One Way ANOVA
with a Student-Newman-Keuls post-hoc test, p<0.05 was deemed a
statistically significant difference. Note, when significant p<0.001 was
observed in majority of cases. N=4 for Mock-injected groups, N=6 for virus
injected groups was used. Significant differences compared to
C57BL/6_WT_Mock are highlighted in grey color. Significant inductions of
transcriptional activation in CR1/2-KO_Ad5-LacZ group compared to
WT_Ad5-LacZ group are indicated in table with black frame and boldface
font. Note that there were no significant differences detected between
Mock-injected WT and CR1/2-KO mice. For full gene names please refer

to abbreviation list.
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AdS-LacZ induced gene expression in a liver (fold over C57BL/6_WT_Mock)

(C57BL/6 WT 6 hpi Mock

ADAR
CXCL-9

GATA-3

1002
10£01
10+04
10%02
1.0:05
11+05
1.0£03
11+07
11:07
10£03
1.0£03
10:04
10103
10%03
1105
1004
10+04
11%05
1.0£0.2
1001
10£02
10+04
11:06
11£06
10+04
10401

1.0%0.1
18106
19+01
14:02
1604
09+0.2
1.0:01
12:04
20:05
1.0+02
12+03
1.05+0.03
11401
12+03
0.2%0.1
12$05
11£05
06102
12101
2703
0810.2
12104
1.3+05
1903
14102
1.0+£0.1
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trended towards elevated levels of neutrophils and reduced levels of lymphocytes
at 24 hpi, though the changes did not reach statistical significance when
compared to identically treated WT mice. There was also no difference in levels
of Kupffer cell necrosis in virus treated WT and mCR1/2-KO mice, suggesting
that mCR1/2 is not involved in Kupffer cell necrosis, an event that occurs within

hours of Ad injection (data not shown) (135).

Systemically administered Ad vectors induce significant leukocyte
infiltration into the liver (136, 137). The infiltration becomes apparent at 3 dpi,
continuously increases with the generation of an adaptive immune response to
the virus and/or antigen it expresses, and reaches maximal levels by 21-56 dpi
(137, 138). We have quantified monocellular (leukocyte) infiltration into the livers
of Ad treated WT and mCR1/2-KO mice at 28 dpi. Both WT and mCR1/2-KO Ad-
injected mice exhibited significant infiltration of inflammatory cells into their livers,
as compared to mock-injected animals. Despite the previously noted enhanced
pro-inflammatory cytokine responses, as well as enhanced activation of ECs in
Ad-injected mCR1/2-KO mice, Ad-injected mCR1/2-KO mice had significantly
reduced periportal inflammation as well as total levels of hepatic inflammation
relative to Ad-injected WT mice (Figure 13A-B). Portal and lobular inflammation
were somewhat reduced in virus treated mCR1/2-KO mice as compared to
identically treated WT mice, although these differences did not reach statistical
significance. These results suggest that maximal induction of cellular

inflammation after Ad vector administration is directly dependent upon mCR1/2,

76



Figure 13: mCR1/2-KO mice exhibit significantly reduced leukocyte
infiltration into the liver of Ad treated mice at 28 dpi. Mice injections
and morphometric evaluation of liver sections was performed as described
in Materials and Methods. (A) Representative H&E stained liver sections
obtained at 28 dpi from three groups of mice: WT_Mock (N=4), WT_Ad5-
LacZ (N=5), CR1/2-KO_Ad5-LacZ (N=5) are shown. Note the lack of any
inflammation in WT_Mock, the large number of inflammatory cells in
WT_Ad5-LacZ and moderate infiltration in CR1/2-KO_Ad5-LacZ. (B)
Representative sections from each treated animal were analyzed, scored
and averaged for the levels of portal, periportal and lobular inflammation,
as described in Materials and Methods. The sum of averages for each
category was computed to obtain a total inflammation index score. The
error bars represent + SD. Statistical analysis was completed using two-
tailed Student t-test to compare 2 groups of virus injected animals. #, ## -
indicate statistically different values in CR1/2-KO_Ad5-LacZ group

compared to WT_Ad5-LacZ group, p<0.05, p<0.001 respectively.
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despite enhanced activation of the innate immune system in the same animals

earlier.

Murine Complement Receptor 1/2 downregulates Ad induction of pro-
inflammatory genes in livers of Ad treated C57BL/6 mice. We have
previously confirmed that systemic administrations of Ad vectors results in a
rapid and profound transcriptome response in the murine liver, responses that
are mediated by Ad interactions with the murine complement system (23, 26, 35).
Based in part upon those studies, we analyzed expression levels of several liver
gene transcripts, including those participating in innate immune responses, i.e.:
pattern recognition receptors (TLRs, NODs), TLR signaling pathways (MyD88,
TRIF, TRAF6, TRAF2bp, TBK1), markers of EC activation (ICAM1, VCAM1, E-
selectin), interferon responsive genes (ADAR, OAS1a, IRF7, IRF8), all listed in
Table 5. Note, that none of the genes tested showed any differences in basal
transcription levels between mock-injected WT and mCR1/2-KO mice liver
derived transcripts. However, the levels of 13 liver transcripts, although
significantly induced in Ad-injected WT mice at 6 hpi, were induced to
significantly greater levels in Ad treated mMCR1/2-KO mice. These Ad induced,
but mCR1/2 suppressed genes included ADAR, ICAM1, VCAM1, E-selectin,
MyD88, TBK1, TLR2, TLR3, JAK3, SOCS1. Importantly, 5 gene transcripts, that
were not induced in Ad-injected WT mice (as compared to Mock-injected
animals) also revealed significant inductions in mCR1/2-KO Ad treated mice
(Table 5). These observations allowed us to conclude that mCR1/2 plays a

significant role in down-regulating Ad induction of pro-inflammatory gene
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expression. Importantly, the Ad induction of most of these genes has also been
previously shown by us to be a complement protein C3-dependent event,
suggesting that mCR1/2 downregulates Ad activation of pro-inflammatory genes
by suppressing and/or regulating the overall levels of Ad induced, C3-dependent

activation of the complement system (24, 26).

Ad mediated transduction in vivo is not dependent upon murine
Complement Receptor 1/2, but the levels of Ad derived transgene
expression are complement and mCR1/2-dependent. We next confirmed that
Ad mediated liver transduction of Ad genomes was not diminished at any time
point tested during our studies (Figure 14A), in part confirming our previously
published results that complement does not significantly mediate Ad transduction

efficacy in vivo (24).

Ad derived transgene expression in livers of treated mice was then tested
by two independent techniques: qualitatively by staining liver sections with X-Gal
(Figure 14B) and by quantitative measurement of B-galactosidase activity at 6
hpi, 24 hpi and 28 dpi (Figure 14C). We found a significant reduction of B-Gal
activity in mCR1/2-KO mice as compared to WT mice both at 24 hpi and 28 dpi,
but not at 6 hpi (Figure 14B-C). Ad-injected C3—KO mice also exhibited
significantly reduced B-Gal activity both at 6 hpi and 24 hpi, a trend that we and
others have noted previously (24, 26, 139). Our observations confirm that lack of
mCR1/2 functionality does not dramatically alter the ability of Ads to transduce

their genomes into the murine liver per se, but rather results in a more rapid
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Figure 14: The efficacy of Ad transduction of the liver of C57BL/6
mice is not dependent upon murine Complement Receptor 1/2, but
the levels of Ad derived transgene expression are complement and
mCR1/2-dependent. (A) qPCR based quantification of AdS5-LacZ
genomes in livers harvested from C57BL/6 WT and CR1/2-KO mice at 6
hpi, 24 hpi, 28 dpi. The bars represent Mean + SD. Statistical analysis was
completed using two-tailed Student t-test to compare 2 groups of virus
injected animals. #, ## - indicate statistically different values in CR1/2-
KO_Ad5-LacZ group compared to WT_Ad5-LacZ group, p<0.05, p<0.001
respectively. Note the difference in scale for different time points. (B) /n
situ visualization of bacterial B-galactosidase in liver of Ad5-LacZ treated
C57BL/6 WT and mCR1/2-KO mice. Representative sections for each of
the groups are shown. Total magnification of 200X was used to obtain
images. N=6 for all virus injected groups at 6 hpi, N=4 for all virus injected
groups at 24 hpi, N=5 for all virus injected groups at 28 dpi, N=4 for all
Mock-injected groups at all time points. (C) Bacterial B-galactosidase
activity levels were analyzed at 6 hpi, 24 hpi and 28 dpi from four groups
of mice. Activity levels were presented as Units per mg of total protein.
The bars represent Mean + SD. Statistical analysis was completed using
two-tailed Student t-test to compare 2 groups of virus injected animals. #,
## - indicate statistically different values in CR1/2-KO_Ad5-LacZ group

compared to WT_Ad5-LacZ group, p<0.05, p<0.001 respectively.
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shutdown of CMV enhancer dependent transgene expression from Ad vectors, a

complex finding elaborated upon further in the discussion section of this chapter.

Murine Complement Receptor 1/2 is required for generation of Ad vector
specific, but not transgene specific adaptive immune responses. Ad specific
adaptive immune responses can be primed by the robustness of innate immune
responses (63, 131, 140). Our results confirm that mCR1/2 protein suppresses or
down-regulates many Ad induced innate immune responses, therefore we
wished to determine whether enhanced induction of Ad induced innate immune
responses (due to lack of mMCR1/2 function) altered subsequent adaptive immune
responses to the vector capsid, and/or the transgene product the Ad vector
expresses. Importantly, we first confirmed that baseline IgG levels in mock-
injected WT and mCR1/2-KO mice were identical (data not shown), confirming
previously published observations (63, 65, 66, 140). However, our results
demonstrated that Ad-injected mCR1/2-KO mice had diminished Ad-capsid
specific primary humoral responses (as compared to identically treated WT mice)
both at 14 and 28 dpi (Figure 15). IgA, total IgG, IgG1, IgG2a, IQGS subtypes of
Ad capsid specific antibodies tested in Ad treated mCR1/2-KO mice were
significantly reduced at least at one of the two time points tested as compared to
Ad-injected WT mice, moreover all were diminished both at 14 and 28 dpi in
mCR1/2-KO mice (Figure 15). Additionally, Ad-injected mCR1/2-KO mice did not
generate significant titers of Ad-capsid neutralizing antibodies, as determined

both at 14 and 28 dpi (Figure 16). These observations strongly parallel our
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Figure 15: mCR1/2-KO mice exhibit significantly reduced Ad vector
capsid specific humoral immune responses. Three groups of mice
were treated as described in Materials and Methods: WT_Mock (N=4),
WT_AdS5-LacZ (N=5), CR1/2-KO_AdS5-LacZ (N=5). Plasma samples,
collected at 14 dpi and 28 dpi, were analyzed for anti Ad capsid specific
total igM, IgA and IgG antibodies and various IgG subclasses. The error
bars represent + SD. Statistical analysis was completed using two-tailed
Student t-test to compare 2 groups of virus injected animals. #, ## -
indicate statistically different values in CR1/2-KO_Ad5-LacZ group
compared to WT_Ad5-LacZ group, p<0.05, p<0.001 respectively. *, ** -
indicate values, statistically different from animals of the same group at

different time point, p<0.05, p<0.001 respectively.
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previously published data noting that Ad-injected C3-KO mice also exhibit a
diminished capacity to generate anti-Ad capsid specific humoral responses, as

well as neutralizing antibody responses (24).

Since B cells are known to express high levels of mMCR1/2, and depend
upon mCR1/2 for induction of antigen specific B cell activation, we quantified B
cell activation 48 hours after systemic Ad injection into WT, C3-KO and mCR1/2-
KO mice. We confirmed that the number of activated B cells (i.e.. CD19'/CD69"*
splenocytes) was significantly increased in WT mice injected with Ad vectors as
compared to uninfected WT mice (Figure 17). Interestingly, the levels of B cell
activation were significantly and identically reduced in both Ad treated C3 and
mCR1/2-KO mice, again as compared to identically injected WT mice,
suggesting that the C3-dependent portion of induction of neutralizing antibody
responses to Ad capsids may be entirely mediated by interactions mediated by
the CR1/2 protein (Figure 17). This result positively correlates with our findings
that functional mMCR1/2 protein is required to generate Ad capsid specific humoral
immune responses (Figures 15-16), a response that is at least in part a
complement dependent event (24). The overall results suggest that induction of
neutralizing antibodies to Ads is dependent upon C3 opsonized Ads interacting

with mCR1/2 present on B cells, resulting in their activation.

Finally, we have previously published that the lack of complement protein
C3 did not reduce the induction of transgene specific humoral responses in Ad-

injected mice (24). Interestingly, mCR1/2-KO mice injected with Ad5-LacZ
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Figure 16: mCR1/2-KO mice exhibit significantly reduced Ad capsid
specific neutralizing antibodies titer. Three groups of mice were treated
as described in Materials and Methods: WT_Mock (N=4), WT_Adb5-LacZ
(N=5), CR1/2-KO_Ad5-LacZ (N=5). Plasma samples were collected at 28
dpi and assayed for neutralizing antibodies using successive dilutions (see
Materials and Methods). The error bars represent + SD. Statistical
analysis was completed using One Way ANOVA with a Student-Newman-
Keuls post-hoc test, p<0.05 was deemed a statistically significant
difference. *, ** - indicate values, statistically different from those in
WT_Mock-injected animals, p<0.05, p<0.001 respectively. #, ## - indicate
statistically different values in CR1/2-KO_Ad5-LacZ group compared to
WT_Ad5-LacZ group, p<0.05, p<0.001 respectively. The bottom bar graph
shows endpoint neutralizing antibody titer. Note significant difference in
endpoint NAb titer detected between WT and CR1/2-KO virus injected

groups by two-tailed Student t-test.
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Figure 17: mCR1/2 and C3-KO mice have impaired B cell activation in
response to systemic Ad injection. C57BL/6_WT, C3-KO and CR1/2-
KO mice were intravenously injected with 0.75x10'" vp/mouse of Ad5-
LacZ vector. Splenocytes were isolated at 48 hpi and processed as
described in Materials and Methods. Percentage of activated B cells
(CD19'/CD69" splenocytes) was determined by flow Cytometry based
methods. Statistical analysis was completed using One Way ANOVA with
a Student-Newman-Keuls post-hoc test, p<0.05 was deemed a statistically
significant difference. The bars represent Mean + SD. *, ** - indicate
values statistically different from those in Mock-injected animals of the
same treatment (i.e. CR1/2-KO_Ad-LacZ group from CR1/2-KO_Mock
group), p<0.05, p<0.001 respectively. #, ## - indicate statistically different
values in virus injected complement deficient mice groups compared to

WT_Ad5-LacZ group, p<0.05, p<0.001 respectively.

89



C3-KO CR1/2-KO

C57BL/6_WT

ZoeT-SpY HOoN

21.0%

18.3%
zj

*%

2 § 8 8 ¢ °
$1998 POEARY J0 %

45.7%

D &

CD69 positive splenocytes

sa)foouaids aayisod 61D

00L 08 08 Oy 02 O

90



generated levels of transgene specific (8-Gal) antibodies that paralleled those
noted in identically treated WT mice (Figure 18). Only B -Gal specific IgA, total
IgG and IgG2a reached significant differences, and this occurred at only one of
the two time points tested. These results suggest that Ad expressed, transgene

specific adaptive immune responses are not dependent upon mCR1/2.
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Figure 18: mCR1/2-KO mice have minimally reduced Ad vector
derived transgene specific humoral immune responses as compared
to WT mice. A) Three groups of mice were treated as described in
Materials and Methods: WT_Mock (N=4), WT_Ad5-LacZ (N=5), CR1/2-
KO_Ad5-LacZ (N=5). Plasma samples, collected at 14 dpi and 28 dpi,
were analyzed for anti B-Gal (Ad derived transgene) specific total IgM, IgA
and IgG antibodies and various IgG subclasses. The error bars represent
t SD. Statistical analysis was completed using two-tailed Student t-test to
compare 2 groups of virus injected animals. #, ## - indicate statistically
different values in CR1/2-KO_Ad5-LacZ group compared to WT_AdS-
LacZ group, p<0.05, p<0.001 respectively. *, ** - indicate values,
statistically different from animals of the same group at different time point,

p<0.05, p<0.001 respectively.
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3.3. Discussion

Despite the fact that the role of murine Complement Receptor 1/2
(mCR1/2) in modulating adaptive immune responses has been extensively
studied (65, 66, 141, 142), very little information is available regarding the role of
mCR1/2 in regulating aspects of the innate immune system, including
complement mediated responses. In this study we have investigated the role of
mCR1/2 protein in regulating Ad vector induced innate immune responses and
also assess what impact these roles have upon downstream adaptive immune

responses to the Ad vector, and/or the transgene the vector expresses.

We have previously described the pivotal role the complement system has
in generating robust innate immune responses subsequent to Ad treatment,
including systemic pro-inflammatory cytokines/chemokine release, EC activation,
acute thrombocytopenia, and liver transcriptome dysregulation (24, 26). In this
study we have shown that many of these complement dependent responses are

modulated (suppressed) by mCR1/2.

To highlight how mCR1/2 specifically down-regulates Ad dependent
induction of pro-inflammatory cytokines and chemokine responses we have
combined data obtained in this study with our previously published data in Ad
treated C3-KO mice (24), (Figure 19). Note, that MCP-1, IL-12p40, G-CSF and
RANTES are all induced in a complement dependent manner (evident by the
lack of induction of these cytokines/chemokines in C3-KO mice). Moreover,

mCR1/2 protein down-regulates the induction of these very chemokines (MCP-1,
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Figure 19: mCR1/2 protein plays a significant role in down-regulation
of Ad mediated complement dependent pro-inflammatory cytokines
production. This graph summarizes data obtained in this study (Figure
11) and our previously published data on Ad mediated cytokine release in
C3-KO mice (24). Plasma levels (at 6 hpi) of pro-inflammatory cytokines
and chemokines in Ad-injected CR1/2-KO and C3-KO mice are
normalized to the levels of WT_AdS5-LacZ. Levels higher than the ones
observed in WT mice have positive fold induction (CR1/2-KO mice),
whereas reduced levels oompared to the levels of WT mice (C3-KO) have
negative fold induction. Shaded area represents the levels of cytokines
release in Ad-injected WT mice. *, ** - represent a statistically significant
differences between Ad-injected WT and complement (CR1/2 or C3)
knockout mice, p<0.05, p<0.001 respectively. Note, that MCP-1, IL-12p40,
G-CSF and RANTES are all induced in a complement dependent manner
(evident by the lack of induction of these cytokines/chemokines in C3-KO
mice). Moreover, mMCR1/2 protein down-regulates the induction of these

very molecules (MCP-1, G-CSF and RANTES).
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G-CSF and RANTES) as compared to Ad treated wild-type mice. These overall
results reveal that mCR1/2 plays a very important role in suppressing overall
innate immune responses induced by complement system activation by Ad

vectors.

This suppressive activity of mCR1/2 is not without precedent, as it has
been shown that mCR1/2 is required to prevent excessive tissue damage
subsequent to coxsackievirus B3 infection (70). In addition, lack of mCR1/2
functionality results in an enhanced susceptibility (i.e.: lethality) subsequent to
Streptococcus pneumoniae (71). Note, that none of these studies focused on the
role of mMCR1/2 in innate immunity, as most studies regarding modulation of the
murine complement system and the innate immune responses have focused
upon the complement receptor-1 related protein (Crry) (143, 144). Those studies
indirectly suggest that murine Crry has taken over some hCR1 functions, i.e.:
those roles relative to mCR1/2 acting as a murine complement inhibitor (64, 145).
We think that our studies confirm a significant role for mMCR1/2 in suppressing the
activation of the murine complement system, and innate immune responses
derived from that activation. Why the mouse has what appears to be a redundant
complement inhibiting activities (present in Crry and mCR1/2) will require future
experimentation, but this redundancy may have contributed as to why humans
lack Crry.

Pre-existing immunity to Adenoviruses remains a main hindrance for
numerous applications utilizing Ad-based vectors as a gene transfer platform. In

light of this fact, it is of critical importance to study the mechanisms underlying
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generation of Ad capsid specific antibody responses. Increased innate immune
responses are generally thought to positively correlate with enhanced inductions
of humoral, and/or cellular adaptive immune responses (63, 131, 140). The
complement system is well known to impact significantly upon the generation of
humoral responses to pathogens by facilitating interactions between the innate

and adaptive response systems (60-62).

Our previous results demonstrated that Ad vector administrations into C3-
KO mice resulted in diminished cytokine and chemokine responses, and a
diminished induction of neutralizing antibodies to Ad (24, 26). However, despite
enhanced induction of pro-inflammatory cytokines and chemokines rapidly after
Ad vector administrations into CR1/2-KO mice, we still found a dramatically
reduced induction of neutralizing antibodies to the Ad vector capsid. These
results positively correlated with a lack of activation of B cells in Ad-injected C3-
KO and mCR1/2-KO mice. The combined observations suggest that lack of
induction of pro-inflammatory cytokine responses early after Ad administrations
into C3 -KO mice is not the reason for lack of neutralizing antibody induction in
the Ad treated C3-KO mice (24). Rather, C3 opsonized Ad interactions with
mCR1/2 on murine B cells is primarily responsible for induction of neutralizing
antibodies to the Ad vector capsid. This insight suggests that further investigation
of this interaction may promote strategies to proactively modulate the induction of

neutralizing antibodies to Ad vectors.

Zaiss et al. detected evidence of Ad induction of neutralizing antibodies in

an alternative CR1/2-KO mouse model (56). That strain of CR1/2-KO mouse has
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a different portion of the murine Cr2 gene disrupted, relative to the CR1/2-KO
mouse strain utilized in our studies, which may be relevant to the different
results. Additional technical caveats including the use of a significantly different
assay system may also explain the differing results. Our multiple findings
demonstrating a lack of significant induction of Ad capsid neutralizing antibodies
in both Ad treated C3-KO and CR1/2-KO mice, as well as our finding that Ad
induction of B cell activation is also significantly decreased in these same strains
of mice strongly support our conclusion that CR1/2 does play an important role in
the induction of neutralizing antibodies to Ad vectors. While Zaiss etal. did not
report whether or not induction of neutralizing antibodies to Ads occurred in Ad
treated C3-KO mice, they did find that mCR1/2 functions were also necessary for
induction of neutralizing antibodies to AAV baséd vectors. The latter results,
combined with ours, suggest that mCR1/2 may be playing a role in the induction
of neutralizing antibodies to several commonly utilized gene transfer vectors.
Interestingly, activation of type | interferons (IFNa/B), have also been shown to
play a role in the induction of Ad specific humoral adaptive immune responses.
Whether these responses are due to or a result of Ad interactions with the
complement system, and CR1/2 specifically, will require future investigations

(131).

In a similar vein, we found that an increased induction of Ad induced innate
immune responses in MCR1/2-KO mice did not correlate with increased
induction of adaptive immune responses to a foreign antigen expressed by an Ad

vector. The reasons for this observation are not due to a diminished ability of the
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Ad vector to transduce cells in mCR1/2-KO mice, but rather appear to correlate
with reduced transgene expression levels in Ad vector treated mCR1/2-KO mice
both at 24 hpi and 28 dpi. Possibly, the globally altered cytokine and chemokine
responses noted after Ad administration into CR1/2-KO mice indirectly decreases
activity of the CMV derived enhancer/promoter element utilized to drive
expression of the expression foreign transgene encoded by the vector, a

possibility that will require experiments beyond the scope of this study.

We previously reported that transgene specific adaptive immune
responses were higher in Ad treated C3-KO mice as compared to identically Ad
treated WT mice (24). At the least, those results suggested that lack of
complement activation does not significantly interfere with generation of
transgene specific antibody responses by Ad vectors. Thus, targeted blockade of
complement system activation that prevents C3 opsonized Ads from interacting
with the CR1/2 receptor may minimize induction of antibody responses to the Ad
capsid while simultaneously preserving or enhancing the ability of the Ad to

induce beneficial immune responses to Ad expressed foreign antigens.

Our results may also suggest a possible mechanism as to how non-
covalent modifications of Ad vectors, (such as Ad PEGylation) may allow for
avoidance of induction of neutralizing antibodies by indirectly minimizing their
induction of the complement system (146-148). We also suggest that these
findings may allow for improved use of Ad vectors as a gene transfer platform,
though such studies are beyond the scope of this dissertation. However, several

previous studies indirectly confirmed roles for the complement system in
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generation of robust Ad induced adaptive immune responses, in particular in Ad

vaccine settings utilizing C4-binding protein or C3d as novel adjuvants (149-153).

In conclusion, we have confirmed the role of mMCR1/2 in regulating and/or
suppressing several Ad induced innate immune responses, as well confirmed
that mCR1/2 modulates the induction of adaptive immune responses to the Ad
vector. While the former observation now confirms that in mice, mMCR1/2 can play
an important role in down-regulating complement dependent innate immune
responses in a manner that is independent of Crry, the latter observations
suggests that Ad vector interactions with mCR1/2 also figure prominently in

induction of neutralizing antibodies to Ads.
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Chapter IV

Ad5-based vectors “capsid-displaying” specific
complement inhibitor: a novel approach to improve Ad
vector safety profile
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4.1. Introduction

The complement system is one of the first lines of innate defense against
invading pathogens. Pathogen interactions with pre-existing antibodies and/or
circulating complement proteins results in activation of one or more of the three
major complement pathways: the Classical (antibody dependent), Alternative
(antibody independent), and the Lectin (antibody independent) complement
pathways. Activation of each of the pathways results in the rapid production of
C3-convertases. This activation eventuates in the direct production of potent
anaphylotoxins (i.e.. C3a, C5a), indirectly promotes the high level production of
several cytokines and chemokines, and thereby initiates the recruitment of
cellular elements of the innate and adaptive immune systems to the site of

infection (49, 52-54).

Inappropriate or excessive complement activation can, however, also
cause thrombocytopenia, anaphylactoid reactions, systemic inflammatory
responses, adult respiratory distress syndrome (ARDS), and/or death. Many of
these same toxicities have been observed after high dose administrations of Ads
into rodents and non-human primates, as well in human trial subjects (24, 26, 28,
46-50, 55). Ad capsids are now known to interact with and activate complement
proteins in_vitro and in_vivo, interactions that induce several complement
dependent toxicities in several species. Importantly, Ad capsids are non-
enveloped and therefore are not thought to be directly lysed by terminal
complement C6-C9, Membrane Attack Complexes, however, it has been

confirmed that Ads become opsonized by complement components, mainly C3b
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and C4b, both in vitro (65, 146) and in vivo (154). Complement opsonization
facilitates phagocytosis of Ad virions by cells of macrophage origin, if the latter
contain proper complement receptors (CR1 (60)) on their membranes. These
important interactions with the complement system lead to Ad vector triggered,
complement dependent release of pro-inflammatory cytokines and chemokines.
These responses also augment activation of the cellular part of the innate
immune system, resulting in the recruitment of macrophages and granulocytes,
and activation of endothelial cells. Importantly, many of these toxicities are
avoided when Ad vectors are administered into complement deficient (C3-KO)
mice (24, 26, 27, 46, 55). Based upon these observations, we have attempted to
provide the Ad capsid with an inherent complement inhibitory activity, in an effort
to mitigate Ad capsid activation of human complement, and/or complement

dependent toxicities.

A 13 amino acid synthetic peptide with complement inhibitory activity
(COMPinh), was initially identified by others in a high-throughput, phage-based
screening effort (155-157). Importantly, COMPinh, amino acid sequence:
ICVWQDWGAHRCT, is an optimized version of the originally described peptide
(156). COMPinh is able to bind and inhibit complement component C3 of human
and non-human primate origin, but not C3 from other species (155-157). In this
report, we confirm that we can successfully construct and isolate high titers of
these novel Ad vectors “displaying” COMPinh directly on the Ad capsid surface

as a fusion protein with several Ad capsid proteins. Based upon this observation,
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we have performed relevant testing of the novel Ads utilizing several human

model assays of Ad dependent complement activation.
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4.2. Results and Discussion

We constructed two Ad5-based vectors capsid-displaying a 13 amino acid
sequence with known complement inhibitory properties (COMPinh). The
COMPinh DNA sequence was inserted in-frame into two sites of the Ad genome,
forcing expression of the COMPinh peptides as (1) a carboxy-terminal fusion
displayed from the cement capsid protein IX (Ad5-LacZ-IX-dCOMPinh), and (2)
embedded within the HI loop of the Ad fiber protein (Ad5-LacZ-Fiber-dCOMPinh)
as diagrammed in Figure 20. The viability and infectivity of all Ad vectors utilized
in our studies was confirmed by electron microscopy of purified Ads (Figure 21),
infectious unit titering assay (TCID50) and transducing unit titering assays. Viral
particle titers were determined by spectrophotometry and validated by SDS-
PAGE electrophoresis of purified Ads followed by silver staining and/or western
blotting. COMPinh displaying Ads preserve VP/TCID ratios typically observed for
conventional Ad vectors (Table 6). Direct sequencing of DNA derived from all
CsCl purified Ad vectors and capsid thermostability assays further confirmed the

integrity of the constructs (data not shown).

To investigate the potential of COMPinh displaying Ads to diminish
complement activation, we utilized two different Normal Human Serum (NHS)
based assays: the AP50 and C3a-desArg ELISA. For example, identical amounts
of control or COMPinh displaying Ads were incubated with NHS (+EGTA) and the
residual complement activity remaining in the human serum was then measured

in the AP50 assay. NHS pre-incubated with WT_Ad5, Ad5-LacZ and
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Figure 20: Schematic diagram of all Ad vectors constructed and
utilized in our study. Genome maps of all Ads constructed are shown.
Ad vectors were designed as described in Materials and Methods. Capsid
protein IX and fiber are outlined as Ad capsid proteins utilized for fusion
with COMPinh. Genome sizes are shown relative to WT Ad5 genome
(top). Letter “d” prior to COMPinh or GFP defines that this peptide is

“capsid-displayed”. Note: genomes are not drawn to scale.
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Figure 21: Electron microscopy of purified Ad5 vectors. Cesium
chloride purified Ad vectors were stained with 1% PTA and electron
micrographs were taken, exactly as described in Materials and Methods.
Icosahedral virion structures approximately 100 nm in diameter are clearly
visible for all Ads. There is no significant amount of damaged capsids
and/or free capsid proteins detected. Photographs were taken from

representative areas from each sample.
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AdS-LacZ LacZ-IX-dCOMPinh Ad5-LacZ-Fiber-dCOMPinh
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Table 6: Novel “capsid-displaying” Ads can be propagated to high
titers, similar to conventional Ad vectors. Capsid modifications do

not impair infectivity and transduction efficiency of novel Ads.

VP - viral particles

TU - transducing units

BFU - blue-forming units (for Ads expressing -Gal)

TCID - tissue culture infections dose (measure of Ad infectivity)

TEM - transmission electron microscopy
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VP/TU/

. VP titer TU titer TCID titer Silver

Virus (wpiml) | BFU/mN) | (TCIDm) | TS0 | stain [ TEM
AdS-CMV- | 2 86x10™2 | 1.8x10" | 1.6x10"° | 1791V | \niact | Intact

LacZ 1
Ad5-IX-dGFP | 3.54x10" NA 6.3x10° | 56/NA/ | Intact | Intact
Ad-LacZ-IX- " 0
Sz | 4.75x10 ND 6.3x10° | 75/ND/1 | Intact | Intact
Ad-LacZ- -

Fiber- 2.06x102 | 7.0x10" 1.0x10" 206/7/1 | Intact | Intact
dCOMPinh
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Ad5-IX-dGFP control viruses revealed significant complement consumption
(~80%) as compared to NHS samples pre-incubated with PBS, confirming that
conventional Ad vectors significantly activate the alternative complement
pathway. Note that the AdS5-IX-dGFP virus displays a non-specific peptide
sequence (GFP) from pIX, confirming that random display of foreign peptides on
the Ad capsid does not result in complement inhibitory activity in this assay.
Complement consumption was dramatically reduced in NHS incubated with
similar particle numbers of the COMPinh displaying Ads (Figure 22A) relative to
conventional Ad vectors. Specifically, when NHS was incubated with Ad5-LacZ-
IX-dCOMPinh particles, only 20% of the available complement activity in the
NHS was consumed. Notably, the display of COMPinh from the pIX protein
facilitated a significantly improved ability to prevent complement activation,
relative to the fiber protein display of COMPinh. This may be due to several
reasons, inclusive of the simple fact that the pIX protein is present in 240 copies

on each Ad capsid, vs. 36 copies for the fiber protein.

To further investigate the properties of COMPinh displaying Ads, we
incubated NHS with the novel Ad vectors and measured C3a-desArg protein
levels generated after the incubations. Control Ad vectors including WT_AdS,
Ad5-LacZ and Ad5-IX-dGFP significantly activated complement, as the levels of
C3a-desArg detected after these incubations were 8-10 times higher than those

observed in NHS pre-incubated with PBS (Figure 22B). Novel Ad vectors
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Figure 22: Novel COMPinh displaying Ads minimize Ad mediated
complement activation in several serum-based assays. (A) AP50 was
performed and residual complement activity was normalized to human
serum (HS), incubated with media (no_virus control). The error bars
represent + SD. Statistical analysis was completed using One Way
ANOVA with a Student-Newman-Keuls post-hoc test. * - indicate values,
statistically different from WT_Ad5 and Ad5-LacZ, p<0.05; ## - indicate
statistically different values from WT_Ad5 and Ad5-IX-dGFP, and Ad5-
LacZ, p<0.001. (B) Overall complement activation mediated by Ads in HS
was determined by C3a-desArg specific ELISA. Negative control was HS
incubated with PBS prior to ELISA. *, ** - indicate values, statistically
different from no_virus controls, p<0.05, p<0.001 respectively. #, ## -
indicate statistically different values from Ad5_WT, Ad5-IX-dGFP and Ad5-
LacZ, p<0.05, p<0.001 respectively. (C) Overall complement activation
mediated by Ads in NHPS was determined by C3a-desArg specific ELISA.
** - indicate values, statistically different from PBS control, p<0.01; # -
indicate statistically different values from Ad5-LacZ, p<0.05. (D) Activation
of classical complement pathway mediated by Ads was performed. After
NHPS/Ad incubations, residual CH50 activity was measured and graphed
in CH50 units equivalent per ml. *, ** - indicate values, statistically different
from PBS control, p<0.05, p<0.01 respectively. # - indicate statistically

different values from Ad5-LacZ and Ad5-IX-dGFP, p<0.05.
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displaying COMPinh in either protein IX or fiber were able to significantly reduce
the production of C3a-desArg in this assay (Figure 22B).

Subtle differences in the levels of C3a-desArg produced after incubation
with WT_Adb as compared to the Ad5-LacZ first generation Ad vector may be
possibly explained by a slightly increased number of viral particles in the
WT_AdS virus preparations as compared to Ad5-LacZ, as was validated by silver
staining (Figure 23). We did not detect any significant differences in CH50
activity, when control or COMPinh-displaying Ads were incubated with NHS (data
not shown). This result may have been due to the presence of pre-existing
neutralizing antibodies to Ad being present in the NHS, (as the latter was derived
from numerous individuals) complicating the efficacy of capsid displayed
COMPinh to inhibit complement activation in this assay, in contrast to COMPinh
mediated inhibition of complement activation in the C3a-desArg assay or NHP

based assays.

Since COMPinh has been proven to be effective in inhibiting complement
activation not only in human serum, but also in non-human primate serum
(NHPS) (155-157), we evaluated the properties of COMPinh displaying Ads upon
incubation with Rhesus monkey serum. High homology between human and
Rhesus monkey complement proteins allowed using human specific antibodies to
detect the level of complement activation in NHPS (158). We found that overall
complement activation was significantly reduced when Ad5-LacZ-IX-dCOMPinh

was incubated with NHPS as compared to Ad5-LacZ
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Figure 23: Silver staining of purified Ad vectors revealed marginal
differences in spectrophotometry determined vp titer. Total of 10'° vp
of purified virions of each Ad vector were separated by 10% SDS-PAGE
and subsequently stained with silver nitrate as described in Materials and
Methods. Amount of hexon protein (above 98 kDa) was quantified for each
vector by scanning densitometry, as shown in table. Note, that VP titers
determined by spectrophotometry fall within ~1.13 fold window confirming
that capsid-displaying Ad5 vectors did not contain less virions as

compared to conventional first generation Ad5 vectors.
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Ad5-LacZ-Fiber-dCOMPInh
AdS-LacZ-IX-dCOMPinh
Ad5-GF-IX-dGFP

Ad5-Lacz

AdS_WT

Marker

el -

Hexon integrated

Adenovirus vector density Fold over Ad5_WT
Ad5_WT 14847 1.00
AdS-LacZ 13968 0.93
AdS-LacZ-IX-dCOMPInh 14908 1.00
AdS5-LacZ-Fiber-dCOMPInh 16739 113

AdS-IX-dGFP 11108 0.75
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first generation vector, as measured by C3a-desArg levels in NHPS exposed to
the respective vectors (Figure 22C). Moreover, both pIX-dCOMPinh and Fiber-
dCOMPinh capsid-displaying Ads caused a reduced activation of classical
complement pathway as compared to conventional Ad vectors, as evident by
significantly higher CH50 unit equivalents being measured in NHPS exposed to
COMPinh capsid-displaying Ads as compared to NHPS exposed to control Ads
(Figure 22D). Finally, to determine if COMPinh displaying Ads can minimize Ad-
triggered cytokine releases from human cells, we have infected human peripheral
blood mononuclear cells (PBMCs) with control or experimental Ad5 vectors, and
quantified the cytokine/chemokine released from those cells into the media at 6,
24 and 48 hours post infection (hpi). Our results demonstrated that human
PBMCs exposed to pIX-dCOMPinh and Fiber-dCOMPinh displaying Ads
triggered significantly reduced IL-6 (at all time points tested), IL-8 and RANTES
(at 24 and 48 hpi) levels as compared to similar exposures of the PBMCs to the
control Ad vector (Figure 24). These studies highlight previously published
studies demonstrating that membrane-localized complement components can
mediate Ad-triggered innate inflammatory responses. This previously described
mechanism may be responsible for our results utilizing COMPinh displaying Ads

in vitro (146).

Overall, our results confirm that the functional activity of a peptide to
specifically inhibit portions of an important innate immune response can be

retained when displayed from the Ad5 capsid. Specifically, the COMPinh peptide
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Figure 24: Novel COMPinh displaying Ads reduce Ad-triggered
activation of pro-inflammatory cytokines and chemokines in PBMCs.
Peripheral blood mononuclear cells were cultured and stimulated by
adding PBS (Mock), Ad5-LacZ control first generation Ad, Ad5-LacZ-IX-
dCOMPinh or Ad5-LacZ-Fiber-dCOMPinh at MOI=5000 vp/cell, N=4 for all
groups. At indicated time points media was collected and cytokine
concentrations were analyzed using a multiplexed bead array based
quantitative system. Statistical analysis was completed using Two Way
ANOVA with a Bonferroni post-hoc test. The bars represent Mean £ SD. *,
** - indicate cytokine values that are statistically different from those in
Mock samples at the same time point, p<0.05, p<0.001 respectively. #, ##
- indicate statistically different values from Ad5-LacZ group at the same

time point, p<0.05, p<0.001 respectively.
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can retain its anti-complement activity when displayed as a genetic fusion
peptide in several locations on the Ad capsid. As these vectors can be
propagated to high titer without need for post-purification chemical modifications
(such as PEGylation, or other potentially non-scalable manipulations) they may
allow for more widespread, and safer use of so-modified Ad vectors in gene

transfer applications.

Acknowledgements:

We wish to thank Michigan State University Electron Microscopy support
facility for their assistance in performing electron microscopy of purified Ad
vectors. S.S.S. was supported by American Heart Association Midwest Affiliate
Fellowship 0815660G. A.A. was supported by the National Institutes of Health
grants RO1DK-069884, P01 CA078673, the MSU Foundation and the

Osteopathic Heritage Foundation.

122



Chapter V

Simple, pre-emptive and transient glucocorticoid pre-
treatment reduces Ad5-associated acute toxicities

This chapter is the edited version of a research article that was published in the

Molecular Therapy Journal, Volume 17, Issue 4 (685-696), January 29, 2009.

Authors: Seregin, S. S., D. M. Appledorn, A. J. McBride, N. J. Schuldt, Y. A. Aldhamen,

T. Voss, J. Wei, M. Bujold, W. Nance, S. Godbehere, and A. Amalfitano.
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5.1. Introduction

Adenovirus (Ad) based vectors continue to be the most commonly utilized
gene transfer vector for a variety of potential applications. Ad vectors can be
easily produced to high titers (scalability is a critical point when considering
potential human applications), possess the ability to transduce dividing and non-
dividing cells without the need for chromosomal integration, and have an
extremely broad tropism. These advantages have resulted in the initiation of 342
human clinical trials utilizing Ad vectors since the first Ad clinical trial in 1993
(http://www.wiley.co.uk/wileychi/genmed/clinical/). Furthermore, first generation
Ad vectors have been repeatedly demonstrated to persist for long periods of time
when transducing non-immunogenic transgenes (159, 160). Limitations to long
term persistence of first generation Ads transducing immunogenic transgenes
has been largely overcome with the development of multiply deleted, helper
independent, or fully deleted helper virus dependent advanced generation Ad-
based vectoring systems (14). Despite these encouraging facts, safety concerns
regarding Ad vector associated innate toxicities, responses that often prime
subsequent adaptive immune responses, has severely limited progress as to the
use of this important vector class for systemic applications, such as géne transfer

to the liver.

Several approaches have been studied to minimize the inflammatory
responses acutely induced by systemic exposure to Ad vectors. These
approaches include genetic modification of the Ad capsid to alter the tropism of

the vector for liver cells; pre-emptive depletion (or blockade) of Ad sequestration
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by liver macrophages to minimize induction of macrophage dependent
inflammatory responses, use of immunosuppressive drugs (such as anti-TNF
blockers, TLR-9 inhibitors, ERK inhibitors and others) to transiently block acute
inflammatory responses, as well surgical isolation procedures to minimize
systemic distribution of recombinant Ads (36, 38, 46, 161-170). All of these
approaches have an ability to reduce portions of the multi-faceted Ad induced
innate immune response, but their ability to impact upon the full inflammatory
response induced by recombinant Ads is either limited, or has not been fully
determined. Furthermore, many of these approaches have inherent problems of
their own, such as known toxicities prohibiting their use in human applications
(i.e.: clodronated liposomes for liver macrophage depletions, Ad capsid changes
that may result in enhanced innate toxicity, and/or technical difficulties associated
with moderate to significantly invasive surgical procedures (46, 163, 171, 172).
What is needed is a safe, simple, transient, inexpensive, and widely accepted
method for the reduction and/or elimination of the myriad Ad vector induced

inflammatory responses induced after systemic administration.

We have, therefore, tested if pre-treatment with anti-inflammatory
glucocorticoid Dexamethasone can be utilized to address these issues. In our
study we intravenously injected high doses of a first generation (E1-deleted) AdS
vector encoding a highly immunogenic transgene (Bacterial B-galactosidase
(LacZ)) into either control or DEX pre-treated C57BL/6 mice, and investigated the
subsequent innate and adaptive immune responses to the Ad and the transgene

product expressed by the vector. Our results demonstrate that multiple aspects
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of the systemic inflammatory response induced rapidly after systemic delivery of
Ads can be obliterated by simple, transient pre-treatment with a potent

glucocorticoid.
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5.2. Results

Dexamethasone blocks Ad mediated cytokine and chemokine release
in C57BL/6 mice in a dose dependent manner. We quantified the release of
inflammatory cytokines and chemokines in murine plasma at 1 and 6 hours after
systemic Ad delivery utilizing a multi-plexed, bead array based detection system.
Based on our previous publications, as well those of others, we focused upon
seven cytokines and chemokines that are known to be rapidly (within 1-6 hours)
induced following systemic injection of Ad vectors (26, 46). KC (CXCL1) and
MCP-1 are the first inflammatory chemokines to be induced (within 1 hour of Ad
injection). These murine chemokines are known to recruit neutrophils and
monocytes to the sites of tissue damage, comprising one of the first defensive
barriers to Ad vectors (26, 46). At 6 hpi, plasma levels of IL-6, IL-12p40, G-CSF,
MIP-1B and RANTES also reach a peak, further activating the cellular arm of the
innate immune system (26, 46). As expected, these 7 cytokines and chemokines
were induced after Ad injection into WT mice (Figure 25). To investigate the
impact of DEX pre-treatment (15 hours and 2 hours prior to intravenous AdS-
LacZ injection) in the induction of these pro-inflammatory factors, we completed a
dose response study where mice were pre-treated with 10 mg/kg, 1 mg/kg, or 0.1
mg/kg of DEX. At 1 hour post injection of Ad5-LacZ, the level of KC in the serum
of DEX pretreated mice (all dosages) was significantly lower compared to mice
identically injected with Ad. RANTES levels at 6 hpi were also equivalently

reduced by DEX. Interestingly, we did not observe a dose dependent reduction of

127



Figure 25: Dexamethasone (DEX) blocks Ad-mediated systemic
cytokine and chemokine release in C57BL/6 mice in a dose
dependent manner. C57BL/6 mice were intravenously injected with
0.75x10"! vp/mouse of Ad5-LacZ vector. Dexamethasone (DEX) pre-
treatment was performed via intraperitoneal injection at 15 and 2 hours
before virus injection. Plasma samples were collected at 1 and 6 hours
post virus injection (hpi). Plasma samples were analyzed using a
multiplexed bead array based system. The bars represent Mean ¢ SD. *,
** - indicate plasma cytokine values that are statistically different from
those in Mock-injected animals of the same treatment at the same time
point (i.e. WT_DEX_Ad5-LacZ group from WT-DEX-Mock group), p<0.05,
p<0.001 respectively. #, ## - indicate statistically different values in
WT_DEX_Ad5-LacZ group compared to WT_Ad5-LacZ group at the same
time point, p<0.05, p<0.001 respectively. Statistical analysis was
completed using Two Way ANOVA with a Bonferroni post-hoc test. The
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