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COMPOSITIONS AND METHODS FOR PREDICTION AND TREATMENT OF
HUMAN CYTOMEGALOVIRUS INFECTIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application No. 61/970,216,
filed March 25, 2014, and U.S. Provisional Application No. 61/885,057, filed October 1,
2013, each of which are incorporated herein by reference in their entireties.

FIELD OF THE INVENTION

The present invention relates to the field of virology. More specifically, the present
invention provides compositions and methods useful for predicting and treating human
cytomegalovirus.

INCORPORATION-BY-REFERENCE OF MATERIAL SUBMITTED
ELECTRONICALLY

This application contains a sequence listing. It has been submitted electronically via
EFS-Web as an ASCII text file entitled “P12380-03 ST25.txt.” The sequence listing is 4,096
bytes in size, and was created on September 29, 2014. It is hereby incorporated by reference
in its entirety.

BACKGROUND OF THE INVENTION

Infection with human CMV (HCMV), a member of the herpesvirus family, is
common in humans. Seroprevalence rates increase with age, reaching 80-90% in individuals
older than 80 years [1]. While infection in the normal host is usually asymptomatic, HCMV
is a major pathogen in immunocompromised patients and the congenitally-infected newborns
[2-4]. Inthese cohorts infection can be severe, persistent, recurrent, or resistant to anti-viral
therapy.

Despite being a very common pathogen, around 10-15% of individuals remain
HCMYV negative for life. HCMV seronegativity may reflect lack of exposure to the virus;
alternatively, host genetics may contribute to susceptibility to HCMV infection. Indeed, host
genetics can influence susceptibility to human infection and cytokine production by the
innate immune system [5-8].

Mutations in signaling proteins of the innate immune system have been implicated in
the severity of herpesvirus infections [9]. The most studied group of pattern recognition
receptors (PRRs) in the setting of HCMV infection has been the Toll-like receptors (TLRs).
TLR2 was reported to recognize HCMV and trigger an inflammatory cytokine production
[10,11]. CMV-encoded glycoprotein B (gB) and gH were shown to interact with TLR2 and
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TLRI1 [11]. A single nucleotide polymorphism (SNP) in TLR2 (Arg753Gln) was associated
with HCMYV disease in a cohort of liver transplant recipients [12].

The role of cytosolic proteins in sensing herpes viruses is gaining significant research
interest [13]. The cytoplasmic dsDNA sensor ZBP1 was found important in HCMV-
mediated activation of IRF3 and its constitutive overexpression inhibited HCMYV replication
[14]. Interferon (IFN)-inducible protein, IFI16, inhibited HCMYV replication by directly
blocking Sp1-mediated transcription of HCMV genes UL54 and UL44, involved in viral
DNA synthesis [15]. Amongst the nucleotide-binding oligomerization domain and leucine
rich repeat containing receptors (NLRs), NLRCS was involved in interferon (IFN)-dependent
anti-HCMV immune responses. Infection of human fibroblasts with HCMV, but not heat-
inactivated virus, induced NLRCS mRNA within 24 h following infection and knockdown of
NLRCS impaired the upregulation of interferon alpha (IFN-a) in response to HCMV [16].
Involvement of other NLRs in innate immune response to HCMV and the interaction
between these receptors in different cell compartments has not been well-studied.

NODI1 and NOD2 are the most widely studied members of the NLR family. These
cytoplasmic receptors are highly expressed in monocytes, macrophages, and dendritic cells
[17,18]. NODI is also expressed in epithelial cells, and NOD?2 expression can be induced in
these cells by inflammatory signals [19]. Mutations in NOD2 are strongly associated with
Crohn's disease, whereas mutations in NOD1 have been associated with asthma and atopic
eczema [20-22]. NODI recognizes a fragment of peptidoglycan (PGN) containing the
dipeptide y-d-glutamyl-meso-diaminopimelic acid (iE-DAP) produced by Gram-negative and
some Gram-positive bacteria. NOD2 recognizes muramyl dipeptide (MDP), present on most
types of PGN. Although NOD1 and NOD?2 are well-established as intracellular sensors of
bacteria [17,21,23-28], recent studies showed that RNA viruses can also activate NOD2
[29,30]. NOD?2 activation by Respiratory Syncytial Virus (RSV) resulted in its relocalization
to the mitochondria and binding to the mitochondrial antiviral-signaling protein (MAVS), a
process that was independent of the NOD2 downstream kinase, RIPK?2, and resulted in
activation of IRF3 and MAVS [29]. The contribution of NOD1 and NOD2 to herpesvirus
infections has not been studied.

SUMMARY OF THE INVENTION

The present invention is based, at least in part, on the discovery that NOD1 and
NOD?2 can serve as diagnostic markers and therapeutic targets for human cytomegalovirus
(HCMV). As described herein, HCMYV is recognized by NOD1 and NOD?2, a process leading

to initiation of anti-viral immune responses. These results open very important opportunities
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for diagnostic tests in at-risk populations for HCMV disease and for the development of
strategic methods for HCMYV inhibition.

Human Cytomegalovirus (HCMYV) is a major pathogen in immunocompromised hosts
and is the most common congenital infection worldwide. Understanding how HCMYV is
recognized by the innate immune system can assist in developing prophylactic and treatment
strategies against it. We report that infection with HCMV significantly induces NOD2
expression. While glycoprotein B is not required for NOD2 induction, a replication
competent virion is necessary. Knockdown of NOD?2 leads to enhanced HCMYV replication
along with decreased levels of anti-viral and anti-inflammatory cytokines. Overexpression of
NOD?2 or its downstream RIPK?2 kinase results in decreased HCMYV replication and enhanced
cytokine responses. However, overexpression of a mutant NOD?2, 3020insC, associated with
severe Crohn’s disease, results in enhanced HCMV replication and decreased intracellular
cytokines. These results show for the first time that NOD?2 plays a critical role in replication
of a persistent DNA virus and may provide a model for studies of HCMV recognition by the
host cell. Our findings also provide an initial insight for the potential influence of HCMV in
episodes of colitis in patients with Crohn’s disease.

Accordingly, in one aspect, the present invention provides methods and compositions
useful for treating human cytomegalovirus. In a specific embodiment, a method for treating
human cytomegalovirus (HCMV) in a patient in need thereof comprises administering an
effective amount of a NOD1 pathway agonist and/or a NOD2 pathway agonist. In certain
embodiments, the agonist is selected from the group consisting of a protein, a small molecule,
an antibody, and an aptamer. In a specific embodiment, the agonist is a small molecule. In
another specific embodiment, the NOD2 pathway agonist is muramyl dipeptide (MDP). Ina
further embodiment, the NOD1 pathway agonist is L-Ala-y-D-Glu-mDAP (Tri-DAP).

In yet another embodiment, the present invention provides a method for treating
human cytomegalovirus (HCMV) in a patient in need thereof comprising administering an
agent that increases the expression or activity of NOD1 and/or NOD2. In further
embodiments, variations in NOD2 predict likelihood of CMV disease and therefore serve as
important diagnostic and prognostic markers.

In another aspect, the present invention provides compositions and methods useful for
identifying a subject as susceptible or likely to develop a human cytomegalovirus infection.
In one embodiment, a method for identifying a subject as susceptible to or likely to develop a
human cytomegalovirus infection comprises the steps of (a) obtaining a biological sample

from the subject; (b) performing an assay on the sample obtained from the subject to identify
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a mutation in NOD2; and (c) identifying the subject as susceptible to likely to develop human
cytomegalovirus infection if the NOD2 mutation is identified. In a specific embodiment, the
assay of step (b) comprises sequencing of a region of the NOD2 gene comprising the
mutation. In another specific embodiment, the assay of step (b) comprises the steps of (i)
extracting DNA from the biological sample; (ii) contacting the DNA with a primer that
specifically hybridizes to the NOD2 gene; (iii) amplifying by polymerase chain reaction
(PCR) a region of the NOD2 gene that comprises the mutation; and (iv) sequencing the
amplification product to identify the presence of the NOD2 mutation. In other embodiments,
the NOD2 mutation comprises one or more of R702W, G908R, L1007fs, and R334W. In
particular embodiments, the method further comprises performing an assay on the sample
obtained from the subject to identify a mutation in one or more of vimentin, NOD1, OAS2,
RIG-I, RIPK2, XTAP, Nemo (IKK gamma), IKK epsilon, IRF3, IRF5, and IRF7. In certain
embodiments, the XIAP mutations comprise one or more of E99X, C203Y, G39C, K297T,
and W323X. In another specific embodiment, the NOD1 mutation is E266K. In yet another
embodiment, the RIPK2 mutation comprises K47A.

In a specific embodiment, the method further comprises the step of administering a
treatment modality appropriate for a subject susceptible to or likely to develop human
cytomegalovirus infection. In certain embodiments, the treatment modality for human
cytomegalovirus infection comprises ganciclovir, valganciclovir, foscarnet, cidofovir, and/or
cytomegalovirus immune globulin. In a specific embodiment, the treatment modality
comprises administering to the subject a NOD1 pathway agonist and/or a NOD2 pathway
agonist.

In another embodiment, a method for treating a subject having a human
cytomegalovirus infection comprises the steps of (a) obtaining a biological sample from the
subject; (b) performing an assay on the sample obtained from the subject to identify a
mutation in NODI1 or NOD?2; (c) identifying the subject as susceptible to likely to develop
human cytomegalovirus infection if the NOD1 and/or NOD2 mutation is identified; and (d)
treating the subject with one or more treatment modalities appropriate for a subject having or
likely to develop human cytomegalovirus infection. In a specific embodiment, the assay of
step (b) comprises sequencing of a region of the NOD1 or NOD2 gene comprising the
mutation. In another embodiment, the assay of step (b) comprises the steps of (i) extracting
DNA from the biological sample; (ii) contacting the DNA with primers that specifically
hybridize to the NOD1 and NOD?2 gene; (iii) amplifying by polymerase chain reaction (PCR)
aregion of the NOD1 and NOD2 gene that comprises the mutation; and (iv) sequencing the
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amplification product to identify the presence of the NOD1 and/or NOD2 mutation. In
certain embodiments, the NOD2 mutation is 3020insC. In other embodiments, the NOD2
mutation comprises one or more of R702W, G908R, L1007fs, and R334W. In particular
embodiments, the method further comprises performing an assay on the sample obtained
from the subject to identify a mutation in one or more of vimentin, NOD1, OAS2, RIG-I,
RIPK?2, XTAP, Nemo (IKK gamma), IKK epsilon, IRF3, IRF5, and IRF7. In certain
embodiments, the XIAP mutations comprise one or more of E99X, C203Y, G39C, K297T,
and W323X. In another specific embodiment, the NOD1 mutation is E266K. In yet another
embodiment, the RIPK2 mutation comprises K47A. In certain embodiments, the treatment
modality for human cytomegalovirus infection comprises ganciclovir, valganciclovir,
foscarnet, cidofovir, and/or cytomegalovirus immune globulin. In another embodiment, the
treatment modality comprises administering to the subject a NOD1 pathway agonist and/or a
NOD?2 pathway agonist.
BRIEF DESCRIPTION OF THE FIGURES

FIG. 1: HCMYV infection induces NOD2 mRNA and protein in HFFs and U373 cells.
A. HFFs were infected with HCMV Towne strain and levels of NOD1, NOD2 and
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNAs were measured by qRT-PCR
at indicated time points. B. HFFs were infected with HCMV-TB40 and levels of NODI,
NOD2 and GAPDH mRNAs were measured by qRT-PCR at indicated time points. C. HFFs
were infected with a clinical isolate of HCMV and levels of NOD1, NOD2 and GAPDH
mRNASs were measured by qRT-PCR at indicated time points. D. HFFs were treated with
MDP (10 pg/ml) and levels of NOD1 and NOD2 mRNA were measured as in A, B and C, E.
U373 glioma cells were infected with HCMV Towne strain and levels of NOD1, NOD2 and
GAPDH mRNAs were measured by qRT-PCR at indicated time points. F. HFFs were
infected with HCMV (Towne) at MOI of 1 PFU/cell and levels of NOD2 protein and B-actin
were determined 48 and 72 hpi. G. HFFs were infected with HCMV (Towne) strain at MOI
of 0.03 or 3 PFU/cell and levels of NOD2 protein and B-actin were determined at 48 hpi.
Quantitative data represent mean values (£SD) of triplicate determinations from three
independent experiments (¥*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA test).

FIG. 2: Kinetics of NOD1 and NOD2 transcripts in HCMV-infected cells. A. B.
HFFs were infected with HCMV Towne strain or treated with MDP (10 pug/ml) and levels of
NOD1, NOD2 and GAPDH mRNAs were measured by RT-PCR (A) and qRT-PCR (B) at
indicated time points.. The data shown are the average of three experiments = SD (*p<0.05,

**p<0.01, ***p<0.001, one-way ANOVA test).
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FIG. 3: HCMV-encoded glycoprotein B (HCMV-gB) and UV-inactivated virus
cannot induce NOD2. A. Left- HFFs were treated with recombinant HCMV-gB (5 ug/ml)
for 24 h and 72 h and levels of NOD1 and NOD2 mRNA were measured by qRT-PCR.
Right- HFFs were treated with recombinant HCMV-gB (5 pg/ml or 20 ug/ml) for 24 h and
levels of NOD2, ISG15 and viperin mRNA were measured by qRT-PCR. B. HFFs were
infected with HCMV Towne or a UV-inactivated HCMV Towne for 2, 4, and 24 h and levels
of NOD1 and NOD2 mRNA were measured by qRT-PCR. IL8 levels were measured as
control at 4 hpi. Quantitative data represent mean values (£SD) of triplicate determinations
from three independent experiments (*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA
test).

FIG. 4: Overexpression of NOD2 restricts HCMV replication and induces antiviral
and pro-inflammatory cytokines. A. U373 cells were transiently transfected with
pcDNA4/HisMax, pcDNA4/EGFP, pcDNA4/HisMax-hNOD2 or pcDNA4/HisMax-hRIPK?2
plasmid. 24 h after transfection cells were infected with pp28-luciferase HCMV. Luciferase
activity was measured in cell lysates at 72 hpi. B. Cell lysates from 4A were used to
determine protein expression of HCMV-immediate early (IE1/IE2), early (UL44), and late
(pp65) genes. Levels of NOD2 and RIPK?2 proteins were measured to confirm NOD2
overexpression; B-actin served as loading control. Western blot data are representative of
three independent experiments. Asterisks (*) denote endogenous NOD2 and RIPK?2 proteins.
C-D. U373 cells were transiently transfected with pcDNA4/HisMax, hNOD2 or hRIPK?2
plasmid. 24 h after transfection cells were infected with HCMV Towne and total RNA was
isolated at 72 hpi. Levels of IFN-f and IL8 mRNAs were measured by qRT-PCR in non-
infected (mock) and HCMV-infected (HCMV) cells. E. HFFs stably expressing empty vector
(HFF-control) or HA-tagged NOD2 (HFF-NOD2) were either untreated or treated with 2
ug/ml doxycycline and expression of NOD2 was determined at 48 h using anti-HA antibody.
F. HFFs stably expressing empty vector (control) or NOD2 (HFF-NOD2) were induced with
doxycycline for 24 h followed by infection with HCMV Towne. Cells were incubated in
doxycycline containing media and cell-free supernatants were collected at 96 hpi. Virus
progeny released into the supernatants were quantified after infection of fresh HFFs (second
cycle) with equal amount of supernatants from control or NOD2-overexpressing HFFs using
luciferase assay at 3 dpi (Y-axis on left, in blue) and by real-time PCR (Y-axis on right, in
red) in the supernatants of newly-infected HFFs (FIG. 4F). Viral protein expression was
determined in newly-infected HFFs at 3 dpi (FIG. 4 G). H, J. Levels of IFN-f and IL8
mRNAs were determined in HFFs-control or HFF-NOD?2 cells using qRT-PCR at 96 hpi. L.
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Levels of IFN-f secreted into the media from HFF-control and HFF-NOD?2 cells (first cycle
of infection) were measured at 24 hpi using IFN- ELISA kit. The data shown are the
average of three experiments £ SD (¥p<0.05, **p<0.01, ***p<0.001, one-way ANOVA test).

FIG. 5: Knockdown of NOD2 results in enhanced HCMYV replication in HFFs. A.
HFF stably expressing control lentiviral vector (HFF-GIPZ) or a lentiviral vector expressing
short-hairpin RNA (shRNA) against NOD2 (HFF-shNOD2) were infected with HCMV at
MOI=1, and levels of NOD2 mRNA were measured using qRT-PCR at 72 hpi. B. Cell-free
supernatants were collected at 96 hpi from HCMV-infected HFF-GIPZ or HFF-shNOD2 cells
and used to infect fresh HFFs (second cycle). Luciferase activity was measured at 72 hpi. C.
Cell-free supernatants were collected at 3 dpi from HCMV-infected HFF-GIPZ (control) and
HFF-shNOD?2 cells and used to perform a yield reduction assay in fresh HFFs. D, E. Levels
of IFN-B and IL8 mRNA were measured in cell lysates collected at 72 h from non-infected
and HCMV-infected HFF-GIPZ and HFF-shNOD?2 cells using qRT-PCR. The data shown
are the average of three experiments £+ SD (¥p<0.05, **p<0.01, ***p<0.001, one-way
ANOVA test).

FIG. 6: Rescue of NOD2 expression in KD cells restores the restriction of HCMV
replication. A, B, C. U373 cells were transfected with pcDNA4/HisMax, pcDNA4/HisMax-
hNOD?2 or pcDNA4/HisMax-hNOD2 3020insC and infected with HCMV after 24 h. Virus
replication (by luciferase activity), NOD2 expression (by western blot) and expression of
cytokines (by qRT-PCR) were measured. D. U373-GIPZ or U373-shNOD?2 cells were
transfected with control plasmid pcDNA4/HisMax (pcDNA4), pcDNA4/HisMax-NOD2
(pcDNA4-NOD?2), or pcDNA/HisMax-NOD2 3020insC (NOD2 3020insC) followed by
HCMYV infection 24 h later. HCMYV replication was determined using luciferase assay.
Quantitative data represent mean values (£SD) of triplicate determinations from two
independent experiments (*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA test).

FIG. 7: NOD2 KD results in decreased activation of the NF-xB and IFN pathways.
NOD2 KD HFFs (HFF-shNOD2) and control HFFs (HFF-GIPZ) were infected with HCMV
Towne and expression of NF-kB (p65) and IRF3 was measured in cytoplasmic and nuclear
extracts at 24 hpi. Representative data from three independent experiments are shown.

FIG. 8: HSV1 and HSV2 do not induce NOD2 mRNA expression. A, B. HFFs were
infected with HSV1 KOS/Dlux/oriS (MOI=1) or a clinical isolate of HSV2 (MOI=0.1) and
levels of NODI1 were determined by qRT-PCR at indicated time points. NOD?2 levels were
undetected in HSV1- and HSV2-infected cells. Quantitative data represent mean values

(£SD) of triplicate determinations from two independent experiments.
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FIG. 9: Knockdown of NOD?2 results in enhanced HCMYV replication in U373 cells.
A. U373 cells stably expressing control lentiviral vector (U373-GIPZ) or a lentiviral vector
expressing short-hairpin RNA (shRNA) against NOD2 (U373-shNOD?2) were infected with
HCMYV at MOI=1, and levels of NOD2 mRNA were measured using qRT-PCR at 72hpi. B.
Luciferase activity in cell lysates (measured at 96 hpi), virus DNA replication in supernatants
(quantified at 96 hpi) and viral DNA replication (quantified at 48 hpi) were determined in
cells from SA. C, D. IFN-f and IL8 transcripts were measured in non-infected and HCMV-
infected U373-GIPZ and U373-shNOD?2 cells using qRT-PCR at 72 hpi. The data shown are
the average of three experiments + SD (¥p<0.05, **p<0.01, ***p<0.001, one-way ANOVA
test).

FIG. 10. Effect of NOD1 knockdown (A) and NODI overexpression (B) on CMV
replication. CMV replication was quantified in human foreskin fibroblasts (HFFs) and U373
(glioma) cells using the pp28-luciferase recombinant Towne strain.

FIG. 11. Effect of triDAP on human CMV (HCMV) replication.

FIG. 12. Pretreatment with triDAP followed by CMV infection results in increased
mRNA and protein expression of IFN-f (qPCR results are shown in A and B and ELISA of
IFN-B is shown in C).

FIG. 13. NOD1 and NOD?2 have independent activities in CMV recognition. Left—
NODI1 mRNA expression is maintained in the NOD2 KD cells. Right—treatment with
triDAP in NOD2 KD cells can initiate independent IFN-8 responses.

FIG. 14. NODI1 localization in non-infected (Mock) and CMV-infected HFFs.
M=MDP (NOD?2 activator); T=triDAP (NOD1 activator).

FIG. 15. Sequence analysis of NOD1 showing the E266K missense mutation.

FIG. 16. NFkb-alpha actin sequence in Xho1l and HindIII site of pCl-6-20.

DETAILED DESCRIPTION OF THE INVENTION

It is understood that the present invention is not limited to the particular methods and
components, etc., described herein, as these may vary. It is also to be understood that the
terminology used herein is used for the purpose of describing particular embodiments only,
and is not intended to limit the scope of the present invention. It must be noted that as used

(13 29 ¢
a

herein and in the appended claims, the singular forms an,” and “the” include the plural
reference unless the context clearly dictates otherwise. Thus, for example, a reference to a
“protein” is a reference to one or more proteins, and includes equivalents thereof known to

those skilled in the art and so forth.
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Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. Specific methods, devices, and materials are described, although any methods and
materials similar or equivalent to those described herein can be used in the practice or testing
of the present invention.

All publications cited herein are hereby incorporated by reference including all
journal articles, books, manuals, published patent applications, and issued patents. In
addition, the meaning of certain terms and phrases employed in the specification, examples,
and appended claims are provided. The definitions are not meant to be limiting in nature and
serve to provide a clearer understanding of certain aspects of the present invention.

L Definitions

As used herein, the term “modulate” indicates the ability to control or influence
directly or indirectly, and by way of non-limiting examples, can alternatively mean inhibit or
stimulate, agonize or antagonize, hinder or promote, and strengthen or weaken. Thus, the
terms “NOD2 modulator” and “NOD?2 pathway modulator” are used interchangeably herein
and refer to an agent that modulates the NOD2 pathway. Modulators may be organic or
inorganic, small to large molecular weight individual compounds, mixtures and combinatorial
libraries of inhibitors, agonists, antagonists, and biopolymers such as peptides, nucleic acids,
or oligonucleotides. A modulator may be a natural product or a naturally-occurring small
molecule organic compound. In particular, a modulator may be a carbohydrate;
monosaccharide; oligosaccharide; polysaccharide; amino acid; peptide; oligopeptide;
polypeptide; protein; receptor; nucleic acid; nucleoside; nucleotide; oligonucleotide;
polynucleotide including DNA and DNA fragments, RNA and RNA fragments and the like;
lipid; retinoid; steroid; glycopeptides; glycoprotein; proteoglycan and the like; and synthetic
analogues or derivatives thereof, including peptidomimetics, small molecule organic
compounds and the like, and mixtures thereof. A modulator identified according to the
invention is preferably useful in the treatment of a disease disclosed herein.

As used herein, an “antagonist” is a type of modulator and the term refers to an agent
that binds a target (e.g., a protein) and can inhibit a one or more functions of the target. For
example, an antagonist of a protein can bind the protein and inhibit the binding of a natural or
cognate ligand to the protein and/or inhibit signal transduction mediated through the protein.

An “agonist” is a type of modulator and refers to an agent that binds a target and can
activate one or more functions of the target. For example, an agonist of a protein can bind the

protein and activate the protein in the absence of its natural or cognate ligand.
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As used herein, the term “antibody” is used in reference to any immunoglobulin
molecule that reacts with a specific antigen. It is intended that the term encompass any
immunoglobulin (e.g., IgG, IgM, IgA, IgE, IgD, ctc.) obtained from any source (e.g., humans,
rodents, non-human primates, caprines, bovines, equines, ovines, etc.). Specific
types/examples of antibodies include polyclonal, monoclonal, humanized, chimeric, human,
or otherwise-human-suitable antibodies. “Antibodies” also includes any fragment or
derivative of any of the herein described antibodies. In specific embodiments, antibodies
may be raised against NOD2 and used as NOD2 modulators.

29 ¢

The terms “specifically binds to,” “specific for,” and related grammatical variants
refer to that binding which occurs between such paired species as antibody/antigen,
enzyme/substrate, receptor/agonist, and lectin/carbohydrate which may be mediated by
covalent or non-covalent interactions or a combination of covalent and non-covalent
interactions. When the interaction of the two species produces a non-covalently bound
complex, the binding which occurs is typically electrostatic, hydrogen-bonding, or the result
of lipophilic interactions. Accordingly, “specific binding” occurs between a paired species
where there is interaction between the two which produces a bound complex having the
characteristics of an antibody/antigen or enzyme/substrate interaction. In particular, the
specific binding is characterized by the binding of one member of a pair to a particular
species and to no other species within the family of compounds to which the corresponding
member of the binding member belongs. Thus, for example, an antibody typically binds to a
single epitope and to no other epitope within the family of proteins. In some embodiments,
specific binding between an antigen and an antibody will have a binding affinity of at least
10° M. In other embodiments, the antigen and antibody will bind with affinities of at least
107 M, 10° M to 10” M, 107" M, 10! M, or 107> M.

By “specifically hybridizes” is meant that a probe, primer, or oligonucleotide
recognizes and physically interacts (that is, base-pairs) with a substantially complementary
nucleic acid (for example, a NOD2 nucleic acid) under high stringency conditions, and does
not substantially base pair with other nucleic acids.

Optional” or “optionally” means that the subsequently described event or
circumstance can or cannot occur, and that the description includes instances where the event
or circumstance occurs and instances where it does not.

As used herein, a “subject” or “patient” means an individual and can include
domesticated animals, (e.g., cats, dogs, etc.); livestock (e.g., cattle, horses, pigs, sheep, goats,

etc.), laboratory animals (e.g., mouse, rabbit, rat, guinea pig, etc.) and birds. In one aspect,
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the subject is a mammal such as a primate or a human. In particular, the term also includes
mammals diagnosed with a human cytomegalovirus infection (HCMV).

As used herein, the term “effective,” means adequate to accomplish a desired,
expected, or intended result. More particularly, a “therapeutically effective amount™ as
provided herein refers to an amount of a NOD2 pathway modulator of the present invention,
cither alone or in combination with another therapeutic agent, necessary to provide the
desired therapeutic effect, e.g., an amount that is effective to prevent, alleviate, or ameliorate
symptoms of disease or prolong the survival of the subject being treated. In a specific
embodiment, the term “therapeutically effective amount” as provided herein refers to an
amount of a NOD2 pathway modulator, necessary to provide the desired therapeutic effect,
e.g., an amount that is effective to prevent, alleviate, or ameliorate symptoms of disease or
prolong the survival of the subject being treated. In a particular embodiment, the disease or
condition is infection with human cytomegalovirus. As would be appreciated by one of
ordinary skill in the art, the exact amount required will vary from subject to subject,
depending on age, general condition of the subject, the severity of the condition being treated,
the particular compound and/or composition administered, and the like. An appropriate
“therapeutically effective amount” in any individual case can be determined by one of
ordinary skill in the art by reference to the pertinent texts and literature and/or by using
routine experimentation.

29 &

As used herein, the terms “treatment,” “treating,” and the like, refer to obtaining a
desired pharmacologic and/or physiologic effect. The effect may be prophylactic in terms of
completely or partially preventing a disease or symptom thereof and/or may be therapeutic in
terms of a partial or complete cure for a disease and/or adverse affect attributable to the
disease. “Treatment,” as used herein, covers any treatment of a disease in a subject,
particularly in a human, and includes: (a) preventing the disease from occurring in a subject
which may be predisposed to the disease but has not yet been diagnosed as having it; (b)
inhibiting the disease, i.e., arresting its development; and (c) relieving the disease, ¢.g.,
causing regression of the disease, e.g., to completely or partially remove symptoms of the
disease. In a specific embodiment, the disease or condition is infection with HCMV.

The terms “NOD2-related discase, disorder or condition” or “NOD2-mediated
disease, disorder or condition,” and the like mean diseases, disorders or conditions associated
with aberrant NOD2 activity. In a specific embodiment, the disease or condition is a human

cytomegalovirus infection . In general, the term refers to any abnormal state that involves

NOD?2 activity. The abnormal state can be due, for example, to a genetic defect.
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By “high stringency conditions” is meant conditions that allow hybridization
comparable with that resulting from the use of a DNA probe of at least 40 nucleotides in
length, in a buffer containing 0.5 M NaHPOy, pH 7.2, 7% SDS, 1 mM EDTA, and 1% BSA
(Fraction V), at a temperature of 65°C, or a buffer containing 48% formamide, 4.8XSSC, 0.2
M Tris-Cl, pH 7.6, 1XDenhardt’s solution, 10% dextran sulfate, and 0.1% SDS, at a
temperature of 42°C Other conditions for high stringency hybridization, such as for PCR,
Northern, Southern, or in situ hybridization, DNA sequencing, etc., are well-known by those
skilled in the art of molecular biology. (See, for example, F. Ausubel et al., Current Protocols
in Molecular Biology, John Wiley & Sons, New York, N.Y., 1998).

The phrase “nucleic acid” as used herein refers to a naturally occurring or synthetic
oligonucleotide or polynucleotide, whether DNA or RNA or DNA-RNA hybrid, single-
stranded or double-stranded, sense or antisense, which is capable of hybridization to a
complementary nucleic acid by Watson-Crick base-pairing. Nucleic acids of the invention
can also include nucleotide analogs (e.g., BrdU), and non-phosphodiester internucleoside
linkages (e.g., peptide nucleic acid (PNA) or thiodiester linkages). In particular, nucleic acids
can include, without limitation, DNA, RNA, cDNA, gDNA, ssDNA, dsDNA or any
combination thereof.

Optional” or “optionally” means that the subsequently described event or
circumstance can or cannot occur, and that the description includes instances where the event
or circumstance occurs and instances where it does not.

The terms “patient,” “individual,” or “subject” are used interchangeably herein, and
refer to a mammal, particularly, a human. The patient may have a mild, intermediate or
severe disease or condition. The patient may be treatment naive, responding to any form of
treatment, or refractory. The patient may be an individual in need of treatment or in need of
diagnosis based on particular symptoms or family history. In some cases, the terms may refer
to treatment in experimental animals, in veterinary application, and in the development of
animal models for disease, including, but not limited to, rodents including mice, rats, and
hamsters; and primates. In particular, the term also includes mammals diagnosed with a
NOD2 mediated disease, disorder or condition. By “normal subject” is meant an individual
who does not have HCMV as well as an individual who has increased susceptibility for
developing HCMV.

“Polypeptide” as used herein refers to any peptide, oligopeptide, polypeptide, gene
product, expression product, or protein. A polypeptide is comprised of consecutive amino

acids. The term “polypeptide” encompasses naturally occurring or synthetic molecules. In
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addition, as used herein, the term “polypeptide” refers to amino acids joined to each other by
peptide bonds or modified peptide bonds, e.g., peptide isosteres, etc., and may contain
modified amino acids other than the 20 gene-encoded amino acids. The polypeptides can be
modified by either natural processes, such as post-translational processing, or by chemical
modification techniques which are well known in the art. Modifications can occur anywhere
in the polypeptide, including the peptide backbone, the amino acid side-chains and the amino
or carboxyl termini. The same type of modification can be present in the same or varying
degrees at several sites in a given polypeptide. Also, a given polypeptide can have many
types of modifications. Modifications include, without limitation, acetylation, acylation,
ADP-ribosylation, amidation, covalent cross-linking or cyclization, covalent attachment of
flavin, covalent attachment of a heme moiety, covalent attachment of a nucleotide or
nucleotide derivative, covalent attachment of a lipid or lipid derivative, covalent attachment
of a phosphytidylinositol, disulfide bond formation, demethylation, formation of cysteine or
pyroglutamate, formylation, gamma-carboxylation, glycosylation, GPI anchor formation,
hydroxylation, iodination, methylation, myristolyation, oxidation, pergylation, proteolytic
processing, phosphorylation, prenylation, racemization, selenoylation, sulfation, and transfer-
RNA mediated addition of amino acids to protein such as arginylation. See Proteins—
Structure and Molecular Properties 2nd Ed., T. E. Creighton, W.H. Freeman and Company,
New York (1993); Posttranslational Covalent Modification of Proteins, B. C. Johnson, Ed.,
Academic Press, New York, pp. 1-12 (1983).

29 &

By “probe,” “primer,” or oligonucleotide is meant a single-stranded DNA or RNA
molecule of defined sequence that can base-pair to a second DNA or RNA molecule that
contains a complementary sequence (the “target”). The stability of the resulting hybrid
depends upon the extent of the base-pairing that occurs. The extent of base-pairing is
affected by parameters such as the degree of complementarity between the probe and target
molecules and the degree of stringency of the hybridization conditions. The degree of
hybridization stringency is affected by parameters such as temperature, salt concentration,
and the concentration of organic molecules such as formamide, and is determined by methods
known to one skilled in the art. Probes or primers specific for NOD2 nucleic acids (for
example, genes and/or mRNAs) have at least 80%-90% sequence complementarity,
preferably at least 91%-95% sequence complementarity, more preferably at least 96%-99%
sequence complementarity, and most preferably 100% sequence complementarity to the
region of the NOD2 nucleic acid to which they hybridize. Probes, primers, and

oligonucleotides may be detectably-labeled, either radioactively, or non-radioactively, by
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methods well-known to those skilled in the art. Probes, primers, and oligonucleotides are
used for methods involving nucleic acid hybridization, such as: nucleic acid sequencing,
reverse transcription and/or nucleic acid amplification by the polymerase chain reaction,
single stranded conformational polymorphism (SSCP) analysis, restriction fragment
polymorphism (RFLP) analysis, Southern hybridization, Northern hybridization, in situ
hybridization, electrophoretic mobility shift assay (EMSA).

29 ¢

The terms “sample,” “patient sample,” “biological sample,” and the like, encompass a
variety of sample types obtained from a patient, individual, or subject and can be used in a
diagnostic or monitoring assay. The patient sample may be obtained from a healthy subject
or a patient having symptoms associated with HCMV. Moreover, a sample obtained from a
patient can be divided and only a portion may be used for diagnosis. Further, the sample, or a
portion thereof, can be stored under conditions to maintain sample for later analysis. The
definition specifically encompasses blood and other liquid samples of biological origin
(including, but not limited to, peripheral blood, serum, plasma, cord blood, amniotic fluid,
cerebrospinal fluid, urine, saliva, stool and synovial fluid), solid tissue samples such as a
biopsy specimen or tissue cultures or cells derived therefrom and the progeny thereof. In
certain embodiments, a sample comprises blood. In other embodiments, a sample comprises
serum. In a specific embodiment, a sample comprises plasma. In another embodiment, a
sample comprises urine. In yet another embodiment, a semen sample is used. In a further
embodiment, a stool sample is used.

The definition of “sample” also includes samples that have been manipulated in any
way after their procurement, such as by centrifugation, filtration, precipitation, dialysis,
chromatography, treatment with reagents, washed, or enriched for certain cell populations.
The terms further encompass a clinical sample, and also include cells in culture, cell
supernatants, tissue samples, organs, and the like. Samples may also comprise fresh-frozen
and/or formalin-fixed, paraffin-embedded tissue blocks, such as blocks prepared from clinical
or pathological biopsies, prepared for pathological analysis or study by
immunohistochemistry.

IL NOD2 Promoter Mutations as Biomarkers

The present inventors have discovered that certain mutations in NOD1 and NOD?2 are
associated with HCMV susceptibility. In one embodiment, the NOD2 mutation is 3020insC.
In other embodiments, the NOD2 mutation comprises one or more of R702W, GY908R,
L1007fs, and R334W. In further embodiments, mutations in one or more of vimentin,

NODI1, OAS2, RIG-I, RIPK2, XIAP, Nemo (IKK gamma), IKK epsilon, IRF3, IRF5, and
14
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IRF7, can be used to identify HCMV susceptibility. In particular embodiments, the XIAP
mutations comprise one or more of E99X, C203Y, G39C, K297T, and W323X. In another
specific embodiment, the NOD1 mutation is E266K. The scope of the present invention
includes all other known mutations of the foregoing genes, the sequences of which are known
in the art and readily available.

Thus, in certain embodiments, the mutations can thus be used to identify individuals
susceptible to or at risk of developing HCMV. Although the embodiments described herein
might refer to mutations in NOD?2, it is understood that such references include mutations in
downstream or other NOD2-interacting proteins including, but not limited to, vimentin,
NODI1, OAS2, RIG-I, RIPK2, XIAP, Nemo (IKK gamma), IKK epsilon, IRF3, IRF5, and
IRF7.

In certain embodiments, DNA can be isolated from a biological sample taken from a
subject. DNA can be extracted and purified from biological samples using any suitable
technique. A number of techniques for DNA extraction and/or purification are known in the
art, and several are commercially available (e.g., ChargeSwitch®, MELT™ total nucleic acid
isolation system, MagM AX™ FFPE total nucleic acid isolation kit, MagMAX™ total nucleic
acid isolation kit, QITAamp DNA kit, Omni-Pure™ genomic DNA purification system,
WaterMaster™ DNA purification kit). Reagents such as DNAzoI® and TR1 Reagent® can
also be used to extract and/or purify DNA. DNA can be further purified using Proteinase K
and/or RNAse.

In further embodiments, primer/probes can be used to amplify a region of the NOD2
gene. More specifically, primers/probes are capable of amplifying a region of the NOD2
gene comprising 3020insC. Primer/probes can also be used to amplify regions of NODI,
0OAS2, RIG-I, RIPK?2, XIAP, Nemo (IKK gamma), IKK epsilon, IRF3, IRF5, and IRF7,
including specifically regions that comprise the mutations described herein. Although
particular embodiments may be described in the context of NOD?2, it is understood that such
embodiments can also refer to other genes described herein including, but not limited to,
vimentin, NOD1, OAS2, RIG-I, RIPK2, XIAP, Nemo (IKK gamma), IKK epsilon, IRF3,
IRFS5, and IRF7.

In particular embodiments, a primer is contacted with isolated DNA from the subject
under conditions such that the primer specifically hybridizes with the NOD2 gene. The
primer and DNA thus form a primer:DNA complex. In certain embodiments, the
hybridization conditions are such that the formation of the primer:DNA complex is the

detection step itself, i.e., the complex forms only if the mutation (e.g., 3020insC) is present.
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In other embodiments, the primer:DNA complex is amplified using polymerase cshain
reaction, the presence (or not) of the mutation is detected. In certain embodiments, the
mutations are detected by sequencing.

As described herein, in certain embodiments, the primers can used to support DNA
amplification reactions. Typically the primers will be capable of being extended in a
sequence specific manner. Extension of a primer in a sequence specific manner includes any
methods wherein the sequence or composition of the nucleic acid molecule to which the
primer is hybridized or otherwise associated directs or influences the composition or
sequence of the product produced by the extension of the primer. Extension of the primer in
a sequence specific manner therefore includes, but is not limited to, PCR, DNA sequencing,
DNA extension, DNA polymerization, RNA transcription, or reverse transcription.
Techniques and conditions that amplify the primer in a sequence specific manner are
preferred. In certain embodiments the primers are used for the DNA amplification reactions,
such as PCR or direct sequencing. It is understood that in certain embodiments the primers
can also be extended using non-enzymatic techniques, where for example, the nucleotides or
oligonucleotides used to extend the primer are modified such that they will chemically react
to extend the primer in a sequence specific manner. Typically the disclosed primers
hybridize with the polynucleotide sequences disclosed herein or region of the polynucleotide
sequences disclosed herein or they hybridize with the complement of the polynucleotide
sequences disclosed herein or complement of a region of the polynucleotide sequences
disclosed herein.

The size of the primers or probes for interaction with the polynucleotide sequences
disclosed herein in certain embodiments can be any size that supports the desired enzymatic
manipulation of the primer, such as DNA amplification or the simple hybridization of the
probe or primer. A typical primer or probe would be at least 6, 7, 8, 9, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 375, 400, 425, 450, 475,
500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 1000, 1250, 1500, 1750, 2000, 2250, 2500,
2750, 3000, 3500, or 4000 nucleotides long or any length in-between.

The probes or primers of the present invention can be prepared by conventional
techniques well-known to those skilled in the art. For example, the probes can be prepared
using solid-phase synthesis using commercially available equipment. Modified
oligonucleotides can also be readily prepared by similar methods. The probes can also be

synthesized directly on a solid support according to methods standard in the art. This method
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of synthesizing polynucleotides is particularly useful when the polynucleotide probes are part
of a nucleic acid array.

The present invention therefore also provides predictive, diagnostic, and prognostic
kits comprising degenerate primers to amplify a target nucleic acid in the NOD2 gene (and/or
downstream or other NOD2-interacting proteins) and instructions comprising amplification
protocol and analysis of the results. The kit may alternatively also comprise buffers,
enzymes, and containers for performing the amplification and analysis of the amplification
products. The kit may also be a component of a screening, diagnostic or prognostic kit
comprising other tools such as DNA microarrays. In some embodiments, the kit also
provides one or more control templates, such as nucleic acids isolated from normal tissue
sample, and/or a series of samples representing different variances in the NOD2 gene.

In one embodiment, the kit provides at least one primer capable of amplifying a
different region of the NOD2 gene. The kit may comprise additional primers for the analysis
of expression of several gene variances in a biological sample in one reaction or several
parallel reactions. Primers in the kits may be labeled, for example fluorescently labeled, to
facilitate detection of the amplification products and consequent analysis of the nucleic acid
variances.

In one embodiment, more than one mutation/variance can be detected in one analysis.
A combination kit will therefore comprise of primers capable of amplifying different
segments of the NOD2 gene. A kit may also comprise primers capable of amplifying
segments of another gene(s) including, but not limited to, vimentin, NOD1, OAS2, RIG-I,
RIPK2, XTAP, Nemo (IKK gamma), IKK epsilon, IRF3, IRFS, and IRF7. The primers may
be differentially labeled, for example, using different fluorescent labels, so as to differentiate
between the variances. The primers contained within the kit may include primers selected
from complementary sequences to the coding sequence of NOD2.

In certain embodiments, a patient can be diagnosed or identified by adding a
biological sample (e.g., blood or blood serum) obtained from the patient to the kit and
detecting the NOD2 mutations(s), for example, by a method which comprises the steps of: (i)
collecting blood or blood serum from the patient; (ii) separating DNA from the patient’s
blood; (iii) adding the DNA from patient to a diagnostic kit; and, (iv) detecting (or not) the
NOD2 mutation(s). In this exemplary method, primers are brought into contact with the
patient’s DNA. The formation of the primer:DNA complex can, for example, be PCR
amplified and, in some embodiments, sequenced to detect (or not) the NOD2 mutation. In

other kit and diagnostic embodiments, blood or blood serum need not be collected from the
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patient (i.e., it is already collected). Moreover, in other embodiments, the sample may
comprise a tissue sample, urine or a clinical sample.
OI.  NOD2 Pathway Modulators

In certain embodiments, the NOD2 Pathway modulator is selected from the group
consisting of a small molecule, a polypeptide, a nucleic acid molecule, a peptidomimetic, or a
combination thereof. In a specific embodiment, the agent can be a polypeptide. The
polypeptide can, for example, comprise a domain of NOD2. The polypeptide can also
comprise an antibody. In another embodiment, the agent can be a nucleic acid molecule.
The nucleic acid molecule can, for example, be a NOD2 inhibitory nucleic acid molecule.
The NOD2 inhibitory nucleic acid molecule can comprise a short interfering RNA (siRNA)
molecule, a microRNA (miRNA) molecule, or an antisense molecule.

The term antibody is used herein in a broad sense and includes both polyclonal and
monoclonal antibodies. The term can also refer to a human antibody and/or a humanized
antibody. Examples of techniques for human monoclonal antibody production include those
described by Cole et al. (Monoclonal Antibodies and Cancer Therapy, Alan R. Liss, p. 77
(1985)) and by Boerner et al. (J. Immunol. 147(1):86-95 (1991)). Human antibodies (and
fragments thercof) can also be produced using phage display libraries (Hoogenboom et al., J.
Mol. Biol. 227:381 (1991); Marks et al., J. Mol. Biol. 222:581 (1991)). The disclosed human
antibodies can also be obtained from transgenic animals. For example, transgenic mutant
mice that are capable of producing a full repertoire of human antibodies, in response to
immunization, have been described (see, e.g., Jakobovits et al., Proc. Natl. Acad. Sci. USA
90:2551-5 (1993); Jakobovits et al., Nature 362:255-8 (1993); Bruggermann et al., Year in
Immunol. 7:33 (1993)).

In other embodiments, a NOD2 pathway modulator is a small molecule. The term
“small molecule organic compounds” refers to organic compounds generally having a
molecular weight less than about 5000, 4000, 3000, 2000, 1000, 800, 600, 500, 250 or 100
Daltons, preferably less than about 500 Daltons. A small molecule organic compound may
be prepared by synthetic organic techniques, such as by combinatorial chemistry techniques,
or it may be a naturally-occurring small molecule organic compound.

Compound libraries may be screened for NOD2 pathway modulators. A compound
library is a mixture or collection of one or more putative modulators generated or obtained in
any manner. Any type of molecule that is capable of interacting, binding or has affinity for
NOD2 may be present in the compound library. For example, compound libraries screened

using this invention may contain naturally-occurring molecules, such as carbohydrates,
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monosaccharides, oligosaccharides, polysaccharides, amino acids, peptides, oligopeptides,
polypeptides, proteins, receptors, nucleic acids, nucleosides, nucleotides, oligonucleotides,
polynucleotides, including DNA and DNA fragments, RNA and RNA fragments and the like,
lipids, retinoids, steroids, glycopeptides, glycoproteins, proteoglycans and the like; or analogs
or derivatives of naturally-occurring molecules, such as peptidomimetics and the like; and
non-naturally occurring molecules, such as “small molecule” organic compounds generated,
for example, using combinatorial chemistry techniques; and mixtures thereof.

A library typically contains more than one putative modulator or member, i.e., a
plurality of members or putative modulators. In certain embodiments, a compound library
may comprise less than about 50,000, 25,000, 20,000, 15,000, 10000, 5000, 1000, 500 or 100
putative modulators, in particular from about 5 to about 100, 5 to about 200, 5 to about 300, 5
to about 400, 5 to about 500, 10 to about 100, 10 to about 200, 10 to about 300, 10 to about
400, 10 to about 500, 10 to about 1000, 20 to about 100, 20 to about 200, 20 to about 300, 20
to about 400, 20 to about 500, 20 to about 1000, 50 to about 100, 50 to about 200, 50 to about
300, 50 to about 400, 50 to about 500, 50 to about 1000, 100 to about 200, 100 to about 300,
100 to about 400, 100 to about 500, 100 to about 1000, 200 to about 300, 200 to about 400,
200 to about 500, 200 to about 1000, 300 to about 500, 300 to about 1000, 300 to 2000, 300
to 3000, 300 to 5000, 300 to 6000, 300 to 10,000, 500 to about 1000, 500 to about 2000, 500
to about 3000, 500 to about 5000, 500 to about 6000, or 500 to about 10,000 putative
modulators. In particular embodiments, a compound library may comprise less than about
50,000, 25,000, 20,000, 15,000, 10,000, 5,000, 1000, or 500 putative modulators.

A compound library may be prepared or obtained by any means including, but not
limited to, combinatorial chemistry techniques, fermentation methods, plant and cellular
extraction procedures and the like. A library may be obtained from synthetic or from natural
sources such as for example, microbial, plant, marine, viral and animal materials. Methods
for making libraries are well-known in the art. See, for example, E. R. Felder, Chimia 1994,
48, 512-541; Gallop et al., J. Med. Chem. 1994, 37, 1233-1251; R. A. Houghten, Trends
Genet. 1993, 9, 235-239; Houghten et al., Nature 1991, 354, 84-86; Lam ct al., Nature 1991,
354, 82-84; Carell et al., Chem. Biol. 1995, 3, 171-183; Madden et al., Perspectives in Drug
Discovery and Design 2, 269-282; Cwirla et al., Biochemistry 1990, 87, 6378-6382; Brenner
et al., Proc. Natl. Acad. Sci. USA 1992, 89, 5381-5383; Gordon et al., J. Med. Chem. 1994,
37,1385-1401; Lebl et al., Biopolymers 1995, 37 177-198; and references cited therein.
Compound libraries may also be obtained from commercial sources including, for example,

from Maybridge, ChemNavigator.com, Timtec Corporation, ChemBridge Corporation, A-
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Syntese-Biotech ApS, Akos-SC, G & J Research Chemicals Ltd., Life Chemicals, Interchim
S.A., and Spectrum Info. Ltd.
IV.  Functional Assays

The functional characteristics of NOD2 pathway modulators can be tested in vitro and
in vivo. NOD2 pathway modulators (e.g., small molecules) may be tested by their ability to
inhibit HCMV replication. Modulators can also be tested for the ability to interfere with
NOD2’s (or upstream/downstream pathway member’s) ability to bind its natural ligands and
NOD?2 pathway members, or to modulate certain biological processes.

NOD?2 (or pathway members) binding to ligands can be detected using Biacore® by
immobilizing ligands to a solid support and detecting soluble NOD2 binding thereto.
Alternatively, NOD2 can be immobilized, and the ligand binding thereto can be detected.
NOD2/ligand binding can also be analyzed by ELISA (e.g., by detecting NOD2 binding to
immobilized ligands), or by fluorescence resonance energy transfer (FRET). To perform
FRET, fluorophore-labeled NOD2 binding to ligands in solution can be detected (see, for
example, U.S. Patent No. 5,631,169).

NOD2-ligand binding can also be detected via “liquid binding” methods, i.e.,
measuring affinity in liquid setting, instead of in an immobilized environment. Such methods
are offered by Roche. NOD2-ligand binding can also be detected by coimmunoprecipitation
(Lagace et al., 2006 J. Clin. Inv. 116(11):2995-3005). To examine NOD2-ligand binding in
this manner, HepG2 cells are cultured in sterol-depleted medium for 18 hours. Purified
NOD?2 is added to the medium in the presence of 0.1 mM chloroquine and the cells are
incubated for one hour. Cells are lysed in mild detergent (1% digitonin w/vol). NOD?2 or a
ligand is immunoprecipitated from cell lysates, separated by SDS-PAGE, and immunoblotted
to detect the presence of coimmunoprecipitated the ligand or NOD2, respectively (Lagace et
al., 2006 J. Clin. Inv. 116(11):2995-3005). These assays may be conducted with a mutant
form of NOD?2 that binds to the ligand with a higher avidity (Lagace et al., 2006, supra).

NOD?2 pathway modulators can be tested for the ability to increase or decrease ligand
levels within the cells. For example, cells are cultured in sterol-depleted medium (DMEM
supplemented with 100 U/ml penicillin, 100 pg/ml streptomycin sulfate, and 1 g/l glucose,
5% (vol/vol) newborn calf lipoprotein-deficient serum (NCLPDS), 10 uM sodium compactin,
and 50 uM sodium mevalonate) for 18 hours to induce ligand expression. Purified NOD2
(about 5 pg/ml) is added to the medium. Ligand levels in cells harvested at 0, 0.5, 1, 2, and 4
hours after addition of NOD?2 is determined (Lagace et al., 2006 J. Clin. Inv. 116(11):2995-
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3005). Ligand levels can be determined by flow cytometry, FRET, immunoblotting, or other
means.
V. Methods of Using NOD2 Pathway Modulators

The NOD2 pathway modulators described herein have in vitro and in vivo diagnostic
and therapeutic utilities. For example, these molecules can be administered to cells in
culture, e.g., in vitro or in vivo, or in a subject, e.g., in vivo, to treat, prevent or diagnose
HCMYV or other disease, disorder or condition that may be affected or mediated by NOD2. In
a specific embodiment, the disease, disorder or condition is infection with human
cytomegalovirus. NOD2 pathway modulators are particularly suitable for treating human
patients suffering from HCMV.

VI.  Pharmaceutical Compositions and Administration

Accordingly, a pharmaceutical composition of the present invention may comprise an
effective amount of a NOD2 pathway modulator. As used herein, the term “effective,”
means adequate to accomplish a desired, expected, or intended result. More particularly, an
“effective amount” or a “therapeutically effective amount” is used interchangeably and refers
to an amount of a NOD2 pathway modulator, perhaps in further combination with yet another
therapeutic agent, necessary to provide the desired “treatment” (defined herein) or therapeutic
effect, e.g., an amount that is effective to prevent, alleviate, treat or ameliorate symptoms of a
disease or prolong the survival of the subject being treated. In particular embodiments, the
pharmaceutical compositions of the present invention are administered in a therapeutically
effective amount to treat patients suffering from HCMV. As would be appreciated by one of
ordinary skill in the art, the exact low dose amount required will vary from subject to subject,
depending on age, general condition of the subject, the severity of the condition being treated,
the particular compound and/or composition administered, and the like. An appropriate
“therapeutically effective amount” in any individual case can be determined by one of
ordinary skill in the art by reference to the pertinent texts and literature and/or by using
routine experimentation.

The pharmaceutical compositions of the present invention are in biologically
compatible form suitable for administration in vivo for subjects. The pharmaceutical
compositions can further comprise a pharmaceutically acceptable carrier. The term
“pharmaceutically acceptable” means approved by a regulatory agency of the Federal or a
state government or listed in the U.S. Pharmacopeia or other generally recognized
pharmacopeia for use in animals, and more particularly, in humans. The term “carrier” refers

to a diluent, adjuvant, excipient, or vehicle with which a NOD?2 pathway modulator is
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administered. Such pharmaceutical carriers can be sterile liquids, such as water and oils,
including those of petroleum, animal, vegetable or synthetic origin, including but not limited
to peanut oil, soybean oil, mineral oil, sesame oil and the like. Water may be a carrier when
the pharmaceutical composition is administered orally. Saline and aqueous dextrose may be
carriers when the pharmaceutical composition is administered intravenously. Saline solutions
and aqueous dextrose and glycerol solutions may be employed as liquid carriers for injectable
solutions. Suitable pharmaceutical excipients include starch, glucose, lactose, sucrose,
gelatin, malt, rice, flour, chalk, silica gel, sodium stearate, glycerol monostearate, talc,
sodium chloride, dried slim milk, glycerol, propylene, glycol, water, ethanol and the like.

The pharmaceutical composition may also contain minor amounts of wetting or emulsifying
agents, or pH buffering agents.

The pharmaceutical compositions of the present invention can take the form of
solutions, suspensions, emulsions, tablets, pills, capsules, powders, sustained-release
formulations and the like. The composition can be formulated as a suppository, with
traditional binders and carriers such as triglycerides. Oral formulation may include standard
carriers such as pharmaceutical grades of mannitol, lactose, starch, magnesium stearate,
sodium saccharine, cellulose, magnesium carbonate, etc. In a specific embodiment, a
pharmaceutical composition comprises an effective amount of a NOD2 pathway modulator
together with a suitable amount of a pharmaceutically acceptable carrier so as to provide the
form for proper administration to the patient. The formulation should suit the mode of
administration.

The pharmaceutical compositions of the present invention may be administered by
any particular route of administration including, but not limited to oral, parenteral,
subcutaneous, intramuscular, intravenous, intrarticular, intrabronchial, intraabdominal,
intracapsular, intracartilaginous, intracavitary, intracelial, intracelebellar,
intracerebroventricular, intracolic, intracervical, intragastric, intrahepatic, intramyocardial,
intraosteal, intraosseous, intrapelvic, intrapericardiac, intraperitoneal, intrapleural,
intraprostatic, intrapulmonary, intrarectal, intrarenal, intraretinal, intraspinal, intrasynovial,
intrathoracic, intrauterine, intravesical, bolus, vaginal, rectal, buccal, sublingual, intranasal,
iontophoretic means, or transdermal means. Most suitable routes are oral administration or
injection. In certain embodiments, subcutaneous injection is preferred.

In general, the pharmaceutical compositions comprising a NOD2 pathway modulator
may be used alone or in concert with other therapeutic agents at appropriate dosages defined

by routine testing in order to obtain optimal efficacy while minimizing any potential toxicity.
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The dosage regimen utilizing a pharmaceutical composition of the present invention may be
selected in accordance with a variety of factors including type, species, age, weight, sex,
medical condition of the patient; the severity of the condition to be treated; the route of
administration; the renal and hepatic function of the patient; and the particular pharmaceutical
composition employed. A physician of ordinary skill can readily determine and prescribe the
effective amount of the pharmaceutical composition (and potentially other agents including
therapeutic agents) required to prevent, counter, or arrest the progress of the condition.

Optimal precision in achieving concentrations of the therapeutic regimen (e.g.,
pharmaceutical compositions comprising a NOD2 pathway modulator, optionally in
combination with another therapeutic agent) within the range that yields maximum efficacy
with minimal toxicity may require a regimen based on the kinetics of the pharmaceutical
composition’s availability to one or more target sites. Distribution, equilibrium, and
elimination of a pharmaceutical composition may be considered when determining the
optimal concentration for a treatment regimen. The dosages of a pharmaceutical composition
disclosed herein may be adjusted when combined to achieve desired effects. On the other
hand, dosages of the pharmaceutical compositions and various therapeutic agents may be
independently optimized and combined to achieve a synergistic result wherein the pathology
is reduced more than it would be if either was used alone.

In particular, toxicity and therapeutic efficacy of a pharmaceutical composition
disclosed herein may be determined by standard pharmaceutical procedures in cell cultures or
experimental animals, e.g., for determining the LD s, (the dose lethal to 50% of the
population) and the ED s (the dose therapeutically effective in 50% of the population). The
dose ratio between toxic and therapeutic effect is the therapeutic index and it may be
expressed as the ratio LDso/EDso. Pharmaceutical compositions exhibiting large therapeutic
indices are preferred except when cytotoxicity of the composition is the activity or
therapeutic outcome that is desired. Although pharmaceutical compositions that exhibit toxic
side effects may be used, a delivery system can target such compositions to the site of
affected tissue in order to minimize potential damage to uninfected cells and, thereby, reduce
side effects. Generally, the pharmaceutical compositions of the present invention may be
administered in a manner that maximizes efficacy and minimizes toxicity.

Data obtained from cell culture assays and animal studies may be used in formulating
a range of dosages for use in humans. The dosages of such compositions lie preferably
within a range of circulating concentrations that include the ED s, with little or no toxicity.

The dosage may vary within this range depending upon the dosage form employed and the
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route of administration utilized. For any composition used in the methods of the invention,
the therapeutically effective dose may be estimated initially from cell culture assays. A dose
may be formulated in animal models to achieve a circulating plasma concentration range that
includes the ICsg (the concentration of the test composition that achieves a half-maximal
inhibition of symptoms) as determined in cell culture. Such information may be used to
accurately determine useful doses in humans. Levels in plasma may be measured, for
example, by high performance liquid chromatography.

Moreover, the dosage administration of the compositions of the present invention may
be optimized using a pharmacokinetic/pharmacodynamic modeling system. For example,
one or more dosage regimens may be chosen and a pharmacokinetic/pharmacodynamic
model may be used to determine the pharmacokinetic/pharmacodynamic profile of one or
more dosage regimens. Next, one of the dosage regimens for administration may be selected
which achieves the desired pharmacokinetic/pharmacodynamic response based on the
particular pharmacokinetic/pharmacodynamic profile. See WO 00/67776, which is entirely
expressly incorporated herein by reference.

More specifically, the pharmaceutical compositions may be administered in a single
daily dose, or the total daily dosage may be administered in divided doses of two, three, or
four times daily. In the case of oral administration, the daily dosage of the compositions may
be varied over a wide range from about 0.1 ng to about 1,000 mg per patient, per day. The
range may more particularly be from about 0.001 ng/kg to 10 mg/kg of body weight per day,
about 0.1-100 ug, about 1.0-50 pg or about 1.0-20 mg per day for adults (at about 60 kg).

The daily dosage of the pharmaceutical compositions may be varied over a wide
range from about 0.1 ng to about 1000 mg per adult human per day. For oral administration,
the compositions may be provided in the form of tablets containing from about 0.1 ng to
about 1000 mg of the composition or 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 15.0, 100, 150, 200,
250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 800, 900, or 1000 milligrams of the
composition for the symptomatic adjustment of the dosage to the patient to be treated. An
effective amount of the pharmaceutical composition is ordinarily supplied at a dosage level of
from about 0.1 ng/kg to about 20 mg/kg of body weight per day. In one embodiment, the
range is from about 0.2 ng/kg to about 10 mg/kg of body weight per day. In another
embodiment, the range is from about 0.5 ng/kg to about 10 mg/kg of body weight per day.
The pharmaceutical compositions may be administered on a regimen of about 1 to about 10

times per day.
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In the case of injections, it is usually convenient to give by an intravenous route in an
amount of about 0.0001ug-30 mg, about 0.01 pg-20 mg or about 0.01-10 mg per day to
adults (at about 60 kg). In the case of other animals, the dose calculated for 60 kg may be
administered as well.

Doses of a pharmaceutical composition of the present invention can optionally
include 0.0001 pg to 1,000 mg/kg/administration, or 0.001 pg to 100.0 mg/kg/administration,
from 0.01 pgto 10 mg/kg/administration, from 0.1 pg to 10 mg/kg/administration, including,
but not limited to, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2,3,4,5,6,7, 8§, 9, 10, 11, 12,
13,14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37,
38,39, 40,41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53,54, 55, 56, 57, 58, 59, 60, 62, 63,
64, 65, 66, 67, 68, 69, 70, 71, 72,73, 74, 75,76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88,
89,90, 91, 92, 93, 94, 95, 96, 97, 98, 99 and/or 100-500 mg/kg/administration or any range,
value or fraction thereof, or to achieve a serum concentration of 0.1, 0.5, 0.9, 1.0, 1.1, 1.2,
1.5,1.9,20,2.5,29,3.0,3.5,3.9,4.0,4.5,49,5.0,5.5,5.9, 6.0, 6.5,6.9,7.0, 7.5, 7.9, 8.0,
8.5,89,9.0,9.5,9.9, 10, 10.5,10.9, 11, 11.5, 11.9, 20, 12.5, 12.9, 13.0, 13.5, 13.9, 14.0,
14.5,4.9,5.0,5.5,5.9,6.0,6.5,6.9,7.0,7.5,7.9, 8.0, 8.5, 8.9, 9.0, 9.5, 9.9, 10, 10.5, 10.9, 11,
11.5,11.9,12,12.5, 129, 13.0, 13.5, 13.9, 14, 14.5, 15, 15.5, 15.9, 16, 16.5, 16.9, 17, 17.5,
17.9, 18, 18.5, 18.9, 19, 19.5, 19.9, 20, 20.5, 20.9, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35,
40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 96, 100, 200, 300, 400, 500, 600, 700, 800, 900,
1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500, and/or 5000 pug/ml serum concentration per
single or multiple administration or any range, value or fraction thereof.

As a non-limiting example, treatment of subjects can be provided as a one-time or
periodic dosage of a composition of the present invention 0.1 ng to 100 mg/kg such as
0.0001, 0.001, 0.01,0.10.5,0.9, 1.0, 1.1, 1.5, 2, 3,4, 5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16,
17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 40, 45, 50, 60, 70, 80, 90 or 100 mg/kg,
per day, on at least one of day 1, 2, 3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21,22,23,24,25,26,27,28,29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, or 40, or alternatively
or additionally, at least one of week 1, 2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18,
19,20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43,
44,45, 46,47, 48, 49, 50, 51, or 52, or alternatively or additionally, at least one of 1, 2, 3, 4,
5,6,7,8,9,10,11, 12,13, 14, 15, 16, 17, 18, 19, or 20 years, or any combination thercof,
using single, infusion or repeated doses.

Specifically, the pharmaceutical compositions of the present invention may be

administered at least once a week over the course of several weeks. In one embodiment, the
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pharmaceutical compositions are administered at least once a week over several weeks to
several months. In another embodiment, the pharmaceutical compositions are administered
once a week over four to eight weeks. In yet another embodiment, the pharmaceutical
compositions are administered once a weck over four weeks.

More specifically, the pharmaceutical compositions may be administered at least once
a day for about 2 days, at least once a day for about 3 days, at least once a day for about 4
days, at least once a day for about 5 days, at least once a day for about 6 days, at least once a
day for about 7 days, at least once a day for about 8 days, at least once a day for about 9 days,
at least once a day for about 10 days, at least once a day for about 11 days, at least once a day
for about 12 days, at least once a day for about 13 days, at least once a day for about 14 days,
at least once a day for about 15 days, at least once a day for about 16 days, at least once a day
for about 17 days, at least once a day for about 18 days, at least once a day for about 19 days,
at least once a day for about 20 days, at least once a day for about 21 days, at least once a day
for about 22 days, at least once a day for about 23 days, at least once a day for about 24 days,
at least once a day for about 25 days, at least once a day for about 26 days, at least once a day
for about 27 days, at least once a day for about 28 days, at least once a day for about 29 days,
at least once a day for about 30 days, or at least once a day for about 31 days.

Alternatively, the pharmaceutical compositions may be administered about once every
day, about once every 2 days, about once every 3 days, about once every 4 days, about once
every 5 days, about once every 6 days, about once every 7 days, about once every § days,
about once every 9 days, about once every 10 days, about once every 11 days, about once
every 12 days, about once every 13 days, about once every 14 days, about once every 15
days, about once every 16 days, about once every 17 days, about once every 18 days, about
once every 19 days, about once every 20 days, about once every 21 days, about once every 22
days, about once every 23 days, about once every 24 days, about once every 25 days, about
once every 26 days, about once every 27 days, about once every 28 days, about once every 29
days, about once every 30 days, or about once every 31 days.

The pharmaceutical compositions of the present invention may alternatively be
administered about once every week, about once every 2 weeks, about once every 3 weeks,
about once every 4 weeks, about once every 5 weeks, about once every 6 weeks, about once
every 7 weeks, about once every 8 weeks, about once every 9 weeks, about once every 10
weeks, about once every 11 weeks, about once every 12 weeks, about once every 13 weeks,

about once every 14 weeks, about once every 15 weeks, about once every 16 weeks, about
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once every 17 weeks, about once every 18 weeks, about once every 19 weeks, about once
every 20 weeks.

Alternatively, the pharmaceutical compositions of the present invention may be
administered about once every month, about once every 2 months, about once every 3
months, about once every 4 months, about once every 5 months, about once every 6 months,
about once every 7 months, about once every 8 months, about once every 9 months, about
once every 10 months, about once every 11 months, or about once every 12 months.

Alternatively, the pharmaceutical compositions may be administered at least once a
week for about 2 weeks, at least once a week for about 3 weeks, at least once a week for
about 4 weeks, at least once a week for about 5 weeks, at least once a week for about 6
weeks, at least once a week for about 7 weeks, at least once a week for about 8 weeks, at least
once a week for about 9 weeks, at least once a week for about 10 weeks, at least once a week
for about 11 weeks, at least once a week for about 12 weeks, at least once a week for about
13 weeks, at least once a week for about 14 weeks, at least once a week for about 15 weeks,
at least once a week for about 16 weeks, at least once a week for about 17 weeks, at least
once a week for about 18 weeks, at least once a week for about 19 weeks, or at least once a
week for about 20 weeks.

Alternatively the pharmaceutical compositions may be administered at least once a
week for about 1 month, at least once a week for about 2 months, at least once a week for
about 3 months, at least once a week for about 4 months, at least once a week for about 5
months, at least once a week for about 6 months, at least once a week for about 7 months, at
least once a week for about 8 months, at least once a week for about 9 months, at least once a
week for about 10 months, at least once a week for about 11 months, or at least once a week
for about 12 months.

The pharmaceutical compositions may further be combined with one or more
additional therapeutic agents. In particular embodiments, the second therapeutic agent can be
an antiviral. A combination therapy regimen may be additive, or it may produce synergistic
results.

The compositions can be administered simultaneously or sequentially by the same or
different routes of administration. The determination of the identity and amount of the
pharmaceutical compositions for use in the methods of the present invention can be readily
made by ordinarily skilled medical practitioners using standard techniques known in the art.

In specific embodiments, a NOD2 pathway modulator of the present invention can be
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administered in combination with an effective amount of another therapeutic agent,
depending on the disease or condition being treated.

In various embodiments, the NOD2 pathway modulator of the present invention in
combination with an another therapeutic agent may be administered at about the same time,
less than 1 minute apart, less than 2 minutes apart, less than 5 minutes apart, less than 30
minutes apart, 1 hour apart, at about 1 hour apart, at about 1 to about 2 hours apart, at about 2
hours to about 3 hours apart, at about 3 hours to about 4 hours apart, at about 4 hours to about
5 hours apart, at about 5 hours to about 6 hours apart, at about 6 hours to about 7 hours apart,
at about 7 hours to about 8 hours apart, at about 8 hours to about 9 hours apart, at about 9
hours to about 10 hours apart, at about 10 hours to about 11 hours apart, at about 11 hours to
about 12 hours apart, at about 12 hours to 18 hours apart, 18 hours to 24 hours apart, 24 hours
to 36 hours apart, 36 hours to 48 hours apart, 48 hours to 52 hours apart, 52 hours to 60 hours
apart, 60 hours to 72 hours apart, 72 hours to 84 hours apart, 84 hours to 96 hours apart, or 96
hours to 120 hours part. In particular embodiments, two or more therapies are administered
within the same patent visit.

In certain embodiments, the NOD2 pathway modulator of the present invention in
combination with another therapeutic agent are cyclically administered. Cycling therapy
involves the administration of a first therapy (e.g., the NOD2 pathway modulator) for a
period of time, followed by the administration of a second therapy (e.g., another therapeutic
agent) for a period of time, optionally, followed by the administration of perhaps a third
therapy for a period of time and so forth, and repeating this sequential administration, e.g.,
the cycle, in order to reduce the development of resistance to one of the therapies, to avoid or
reduce the side effects of one of the therapies, and/or to improve the efficacy of the therapies.
In certain embodiments, the administration of the combination therapy of the present
invention may be repeated and the administrations may be separated by at least 1 day, 2 days,
3 days, 5 days, 10 days, 15 days, 30 days, 45 days, 2 months, 75 days, 3 months, or at least 6
months.

Without further elaboration, it is believed that one skilled in the art, using the
preceding description, can utilize the present invention to the fullest extent. The following
examples are illustrative only, and not limiting of the remainder of the disclosure in any way
whatsoever.

EXAMPLES
The following examples are put forth so as to provide those of ordinary skill in the art

with a complete disclosure and description of how the compounds, compositions, articles,
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devices, and/or methods described and claimed herein are made and evaluated, and are
intended to be purely illustrative and are not intended to limit the scope of what the inventors
regard as their invention. Efforts have been made to ensure accuracy with respect to numbers
(e.g., amounts, temperature, etc.) but some errors and deviations should be accounted for
herein. Unless indicated otherwise, parts are parts by weight, temperature is in degrees
Celsius or is at ambient temperature, and pressure is at or near atmospheric. There are
numerous variations and combinations of reaction conditions, ¢.g., component
concentrations, desired solvents, solvent mixtures, temperatures, pressures and other reaction
ranges and conditions that can be used to optimize the product purity and yield obtained from
the described process. Only reasonable and routine experimentation will be required to
optimize such process conditions.
Materials and Methods
Ethics Statement: Clinical isolates of HCMV and herpesvirus 2 (HSV2) were

obtained from the microbiology laboratory at Johns Hopkins Hospital with no identifiers that
could be linked to a patient. The Johns Hopkins School of Medicine Office of Human
Subject Research Institutional Review Board (IRB-X) determined that the research qualified
for an exemption.

Cell culture and Viruses: Human Foreskin Fibroblasts (HFFs) passage 12-16
(ATCC, CRL-2088) and U373 glioma cells (provided by Dr. Gary Hayward, Johns Hopkins
Medical Institutions [31]) were grown in Dulbecco's Modified Eagle Medium (DMEM)
containing 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA) in a 5% CO, incubator at

37°C and used for infection with several HCMYV strains. One day prior to infection, 8x10*
HFFs or U373 cells were seeded on each well of 12-well tissue culture plates. Infection was
carried out at multiplicity of infection of 1 PFU/cell (MOI=1) unless otherwise specified.
The pp28-luciferase HCMV Towne strain which expresses luciferase under the control of
pp28 late promoter has been described and was shown to correlate well with the classic
plaque assay [32]. HCMYV strain TB40 with the UL32 gene fused to GFP was obtained from
ATCC (VR-1578). Clinical isolates of HCMV and HSV2 were obtained from the
microbiology laboratory at Johns Hopkins Hospital with no identifiers that could be linked to
a patient. A luciferase-tagged HSV1 (KOS/Dlux/oriS) was provided by Dr. David Leib,
Dartmouth Medical School.

Ultraviolet (UV) inactivation of HCMV: HCMYV was UV inactivated by spreading a

thin layer of stock suspension in an uncovered six-well tissue culture plate and exposing to a

total dose of 720 mJ/cm?” in a UV crosslinker (Spectrolinker XL-1000, Spectronics,
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Westbury, NY) [33]. Luciferase activity was measured in cell lysates of UV inactivated
HCMV- infected HFFs 72 hours post infection (hpi), to quantify the level of inactivation.
Luciferase units measured from the UV-inactivated HCMV were similar to those measured in
the negative control wells, confirming near-complete virus inactivation.

Chemicals and proteins: MDP was obtained from Sigma Chemicals, (St. Louis, MO)

and dissolved in PBS to prepare a stock of 10 mg/ml. Recombinant HCMV gB was
purchased from DevaTal Inc. (Hamilton, NJ).

Plasmids, transfections and virus replication assays: U373 cells were transfected with

the following plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA): Human RIPK?2
(pcDNA4/HisMax-hRIPK?2), human NOD2 (pcDNA4/Hismax-hNOD2) and control
pcDNA4/HisMax, (kindly provided by Dr. Michael Davey, Oregon Health and Science
University). A pcDNA4-EGFP plasmid was used as additional control. NOD2 3020insC
cDNA was PCR amplified from 3020insC-pEF6V5 plasmid (provided by Dr. Jurgen Harder,
University Hospital Schleswig-Holstein, Campus Kiel, Germany) and subcloned into BamH1
and Xhol site of pcDNA4/HisMax plasmid to generate pcDNA4/HisMax-hNOD?2 3020insC
construct. For amplification of NOD2 3020insC ¢cDNA the following primers were used: 5° -
GGATCCATGGGGGAAGAGGGTGGTTC- 3’ (Forward) (SEQ ID NO:1) and 5°-
CTCGAGTCAAAGCAAGAGTCTGGTGTCCC- 3’ (Reverse) (SEQ ID NO:2). Restriction
enzyme sites are underlined. The PCR protocol included preheating at 98°C for 30 s,
followed by 35 cycles of 98°C (10 s), 60°C (30 s) and 72°C (2 min). PCR products were
purified, cleaved by BamH]1 and Xhol and ligated into BamH]1 and Xhol cleaved
pcDNA4/HisMax plasmid. The sequence of developed constructs was confirmed by DNA
sequencing at the synthesis and sequencing facility, Johns Hopkins University.

Transient transfections of U373 cells were performed in 12-well plates with 1 ug/
well of each plasmid using Lipofectamine 2000. After overnight transfection media were
changed and cells were allowed to grow for another 24 hours before infection with pp28-
luciferase HCMV. Luciferase activity (a measure of late HCMV gene expression) was
determined at 96 hpi. We reported that the pp28-luciferase assay correlates well with plaque
reduction [32]. DNA replication in HCMV-infected U373 cells and virus DNA yield in
supernatants from U373 were measured using real-time PCR as previously below [34]. Virus
DNA vyield in supernatants from HCMV-infected HFFs were measured using real-time PCR.
Virus DNA yield was also measured in supernatants of fresh HFFs after second cycle

infection using supernatants from NOD2 knockdown and NOD2 control HFFs.
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Generation of recombinant lentiviral vectors and establishment of stable cell lines:

Stable cell lines overexpressing human NOD?2 and control plasmids were generated using a
doxycycline-inducible TRIPZ lentiviral vector (Open Biosystems, Huntsville, AL). The
pMACS Kk hNOD2 HA(C) vector encoding full length human NOD?2 (provided by Dr.
Atsushi Kitani, NIAID/NIH) was used to prepare NOD2-TRIPZ expression constructs.
NOD2 cDNA was subcloned into Agel and Mlul sites of pTRIPZ vector to create pTRIPZ-
NOD?2 construct. NOD2 ¢cDNA was amplified by PCR using the following primers: 5’-
GGGATCCACCGGTCCACCATGGGGGAAGAG-3’ (Forward) (SEQ ID NO:3) and 5’-
GGGATCCACGCGTTCATTAAGCGTAGTCTGGGACGTC-3’ (Reverse) (SEQ ID NO:4).
Following preheating at 98°C for 30 s, the conditions used for PCR were, 98°C (10 s), 55°C
(30'5), 72°C (2 min), for 35 cycles. PCR products were purified, digested with Agel and
Mlul, and ligated to pTRIPZ vector to generate hNOD2-TRIPZ construct. The sequence of
the new constructs was confirmed by DNA sequencing. hNOD2-TRIPZ and TRIPZ control
empty vector were packaged using lentivirus, as described below for the knockdown
procedure. To generate stable HFF cell lines expressing hNOD?2 or control plasmid, the
lentivirus particles were transduced into HFFs. 0.5 x10° cells were plated onto T-25 flask,
and 40 pl of concentrated virus and Polybrene at final concentration of 8 ug/ml were added to
the cells, and incubated for 4 h. 48 h following transduction puromycin (2ug/ml) containing
media was added to culture flasks to select for stably transduced cells. NOD2 over-
expressing and control cells were counted and an equal number of cells was seeded into each
well prior to infection. An MTT assay (Sigma-Aldrich, St. Louis, MO) was performed to
rule out cell toxicity following 48 h doxycyline induction. After the addition of 20 ul/well of
MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolim bromide) (5 mg/ml in PBS),
and shaking at 150 rpm for 5 minutes the plates were incubated at 37 °C for 3 hours.
Conversion of yellow solution to dark blue formazan by mitochondrial dehydrogenases of
living cells was quantified by measuring absorbance at 560 nM.

Lentivirus-mediated Knockdown (KD) of NOD2: Human GIPZ lentiviral sARNAmir
constructs (Open Biosystems) were used for NOD2 KD in U373 and HFFs. Four clones
(clone id: V2LHS 225438, V3LHS 11832, V3LHS 365839, and V3LHS 365841) targeting
different regions of NOD2 mRNA were tested for KD efficiency, and the clone with the best

KD efficiency was selected to generate stable cell lines. GIPZ non-targeting control plasmid
was used to rule out non-specific effects of ShARNAmir constructs. Individual ShARNAmir

constructs were packaged using lentivirus as described [35]. Briefly, 21 pg of gag/pol, 7 ug
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of vesicular stomatitis virus glycoprotein, and 7 pg of shRNAmir plasmids were transfected

into HEK?293 cells using calcium phosphate method. After 48 h the packaged lentivirus

particles were concentrated from the medium. The supernatant was filtered and centrifuged

at 1750 g for 30 min at 4°C in Amicon Ultra (Ultracel 100 k, Millipore). After

centrifugation, 2 ml of cold PBS was added and the tubes were centrifuged again for 20 min

at 4°C. The concentrated virus was stored at -80°C until used. Lentivirus particles

containing shRNAmir were transduced into HFFs or U373 cells. 0.5 x10° cells were plated

onto T-25 flask and 40 pl of concentrated virus and polybrene (final concentration, 8 pg/ml)

were added to the cells, and incubated for 4 h. Following transduction puromycin (2 pg/ml)

was added to select for stably transduced cells. Control HFFs and NOD2 KD HFFs were

counted and equal number of cells was plated into each well prior to infection.

RNA isolation and real time quantitative reverse transcriptase (QRT) PCR: Total RNA

was isolated from cultured cells using RNeasy Mini kit (Qiagen, Georgetown, MD) according

to manufacturer’s instructions. RevertAid first strand cDNA synthesis kit (Fermentas life

sciences, Cromwell Park, MD) was used to synthesize first strand cDNA from total RNA

using oligo-dT primers. Negative reverse-transcriptase (-RT) reactions were included to

ensure the specificity of qRT-PCR reactions. Synthesis of first strand cDNA from mRNA

template was carried out at 42°C for 1 h. Quantitative RT-PCR (qRT-PCR) was performed

using specific primers and SYBER green (Fermentas life science) with two-step cycling

protocol (95°C for 15 s, 60°C for 1 min). Reactions were performed in triplicates and

GAPDH was used as internal control. mRNA levels in HCMV-infected cells were

normalized to the mRNA produced in non-infected HFFs in addition to the internal

normalization of each sample to GAPDH. The primers and gene targets appear in Table 1.

Table 1: Primers used for qualitative and quantitative real-time PCR

Gene Forward Reverse

NOD1 5’-CCTAGACAACAACAATCTCAACGACTA-3’ | 5>-TTTACCCCACCGTCAGTGATC-3’
(SEQ ID NO:5) (SEQ ID NO:6)

NOD2 5’-GCCACGGTGAAAGCGAAT-3’ 5’-GGAAGCGAGACTGAGCAGACA-3’
(SEQ ID NO:7) (SEQ ID NO:8)

ILS8 5-TGCAGCTCTGTGTGAAGGTGCAGT-3’ 5’-CAGTGTGGTCCACTCTCAATCACTC-3"
(SEQ ID NO:9) (SEQ ID NO:10)

IFNB 5’ -GATTCATCTAGCACTGGCTGG-3” 5’-CTTCAGGTAATGCAGAATCC-3’
(SEQ IDNO:11) (SEQ ID NO:12)

1SG15 5'-GCT CCA TGT CGG TGT CAG AG-3 5'-CTC GAA GGT CAG CCA GAA CAG-3
(SEQ ID NO:13) (SEQ ID NO:14)

GAPDH | 5>-TTGGTATCGTGGAAGGACTC-3’ 5’- ACAGTCTTCTGGGTGGCAGT-3’
(SEQ ID NO:15) (SEQ ID NO:16)

Viperin | 5'-CAA GAG GAG AAA GCA GCA GC-3 5'-CAG GAG ATA GCG AGA ATG TCC-3'

(SEQ IDNO:17)

(SEQ ID NO:18)
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Real-time PCR: HCMV DNA replication in cells and virus DNA yield in
supernatants were quantified using a real-time PCR of the highly conserved US17 as
previously described [32,36].

SDS-polyacrylamide gel electrophoresis and immunoblot analysis: Cell lysates

containing equivalent amount of proteins were mixed with an equal volume of sample buffer
(125 mM Tris-HCL, pH 6.8, 4% SDS, 20% glycerol and 5% f-mercaptoethanol) and boiled
at 100 °C for 10 min. Denatured proteins were resolved in Tris-glycine polyacrylamide gels
(10-12%) and transferred to polyvinylidine difluoride (PVDF) membranes (Bio-Rad
Laboratories, Hercules, CA) by electroblotting. Membranes were incubated in blocking
solution [5% non-fat dry milk and 0.1% Tween-20 in PBS (PBST)] for 1 hr, washed with
PBST, and incubated with antibody at 4°C overnight. Membranes were washed with PBST
and incubated with horseradish peroxidase-conjugated secondary antibodies in PBST for 1 hr
at room temperature. Following washing with PBST, protein bands were visualized by
chemiluminescence using SuperSignal West Dura and Pico reagents (Pierce Chemical,
Rockford, IL). Antibodies for HCMV included: mouse anti- human CMV IE1 & 1E2
(MABS810) (Millipore, Billerica, MA, 1:2,000), mouse anti-human CMV ULS83 (pp65)
(Vector Laboratories Inc., Burlingame, CA, 1:2,000), mouse anti-human CMV UL44 (10EJ),
mouse anti-human B-actin (Sigma, 1:5,000). For detecting NOD2, mouse anti-human NOD2
(2D9) antibody (Novus Biologicals, Littleton, CO, 1:2000) and rabbit anti human-NOD?2 (H-
300) antibody (Santa Cruz Biotechnology Inc, Santa Cruz, CA, 1:2000) were used. Mouse
anti-NF-kB (p65, Sc-8008), rabbit anti-IRF3 antibody (FL-425, Sc-9082) (Santa Cruz
biotechnology Santa Cruz, CA, 1:2,000), and rabbit anti-Histone H3 (D1H2, #4499) antibody
(Cell Signaling Technology, 1:2000) were used for detection of these proteins in cytoplasmic
and nuclear extracts.

Preparation of cytosolic and nuclear extracts: Cytoplasmic and nuclear fractions were

isolated from HFF-shNOD2 and HFF-control cells as previously reported with minor
modifications [37]. Extracts were prepared from HCMV-infected or mock-infected cells at
24 hpi. Briefly, cells were washed twice with ice-cold phosphate-buffered saline (PBS) and
resuspended on ice for 15 min in buffer A containing 10 mM HEPES (pH 7.9), 10 mM KCI,
0.1 mM EDTA, 1 mM dithiothreitol (DTT), protease and phosphatase inhibitors. Cells were
then lysed by adding 0.1% NP40 and cytosolic supernatants were obtained by centrifugation
at 10,000 rpm for 30 sec. Crude nuclei were washed twice with buffer A to prevent
cytosolic contamination, and the nuclear proteins were extracted by resuspending cell pellets

with buffer C containing 20 mM HEPES (pH 7.9), 400 mM NaCl, 1 mM EDTA, 1 mM
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DTT, protease and phosphatase inhibitors. The mixture was incubated for 15 min with
vigorous shaking on rocker at 4 °C and then centrifuged at 14,000 rpm at 4°C for 10 min to
obtain the nuclear proteins. Protein concentration was determined using BCA protein assay
reagent kit (Pierce Chemical, Rockford, IL).

ELISA: Human interferon B (IFN-p) specific ELISA kit (PBL Interferon Source) was
used to measure levels of secreted IFN-B from HFF-control and HFF-NOD?2 overexpressing
cells according to manufacturer’s instructions.

Yield Assay: Human lung fibroblast cells, MRCS5, (Diagnostic Hybrids, Athens, OH,
51-0600) were used to perform a virus yield assay. Cells were seeded into 12 well plates
(2x10° cells/well) and infected using cell free supernatants collected 3 days post infection
(dpi) from HCMV-infected HFF-GIPZ (control) or HFF-shNOD?2 cells (second cycle
infection). After 90 minute adsorption, media were aspirated, and DMEM containing 0.5%
carboxymethyl-cellulose and 4% fetal bovine serum (FBS) were added into duplicate cells.
After incubation at 37 °C for 8 days the overlay was removed and plaques were counted after
crystal violet staining,

Statistical Analysis: Data were expressed as mean = SD of three or more independent

experiments. The data were analyzed by one-way ANOVA comparisons between different
groups with significance value set at P < 0.05.
Results
[0001 JTHCMYV infection results in significant induction of NOD2 expression: mRNA
levels of NOD1 and NOD2 were measured by qRT-PCR in HCMV-infected HFFs. The
following HCMYV strains were used for infection of HFFs at MOT of 1 PFU/cell: the
laboratory-adapted strain, Towne, the endotheliotropic TB40-GFP strain (ATCC VR-1578),

and a clinical isolate of HCMV. Infection with all three viruses (Towne, TB40 and a clinical
isolate) resulted in robust induction of NOD?2 transcripts at 12 and 72 hours post infection
(hpi), while in non-infected HFFs NOD2 mRNA was undetectable (FIG. 1A, B and C).
Treatment of non-infected HFFs with MDP, a positive control for NOD2 induction [38],
resulted in two fold induction of NOD2 expression at 12 h, and a potent NOD2 induction
(1400-fold) at 72 h (FIG. 1D). Similarly, infection of U373 glioma cells with Towne HCMV
resulted in significant upregulation of NOD2 at 72 hpi (FIG. 1E). In contrast to NOD2,
NOD1 was already expressed in non-infected HFFs, and there was a modest increase (~3-7
fold) in NODI transcripts at 12 and 72 hpi (FIG. 1A-E), depending on the HCMV strain and
cell type used. NOD?2 protein was upregulated in HCMV-infected HFFs at 48 and 72 hpi
(FIG. IF) and its expression was MOI dependent (FIG. 1G).
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Infection with Herpesvirus (HSV1 and HSV2) does not induce NOD2: To determine

whether NOD2 could be induced by other herpes viruses, HFFs were infected with
herpesvirus 1KOS/Dlux/oriS and a clinical isolate of HSV-2 at MOI of 1 and 0.1,
respectively. NODI and NOD?2 transcripts were quantified at 2, 4, 6, 8 and 24 hpi in HSV-1
infected HFFs using qRT-PCR. There was no significant change in NOD1 expression
between non-infected and HSV1-infected HFFs (FIG. 8A). NOD2 was again undetectable in
non-infected HFFs, but was not induced after infection with HSV1. Similarly, there was no
significant increase in NODI expression in HSV2-infected HFFs at 4 and 24 hpi as compared
to non-infected HFFs (FIG. 8B) and NOD2 was undetectable in both non-infected and HSV2-
infected HFFs.

NOD?2 is induced early after HCMV infection: To understand the kinetics of NOD2

induction early after HCMYV infection a time-course experiment was performed in HFFs.
NODI1 and NOD?2 transcripts were quantified starting from the time of HCMV infection and
then at 2, 4, 6, 8, and 24 hpi (FIG.2 A, B). MDP was used as positive control for NOD2
induction. Upregulation of NOD2 mRNA was observed as early as 2 hpi and increased
significantly at 24 hpi. NOD?2 transcripts remained elevated at 72 hpi (FIG. 1 A- C). A
modest increase in NOD1 transcripts (up to 5-fold) was observed at 24 hpi.

Glycoprotein B alone cannot induce NOD2 expression: Since HCMV-encoded gB

was reported to bind to and activate TLR2 we tested whether it was required for NOD2
induction [10]. HFFs were treated with purified HCMV gB protein (5 pg/ml or 20 pg/ml,
DevaTal, Hamilton, NJ) and levels of NOD1 and NOD2 were measured at 24 and 72 hpi
using qRT-PCR. Levels of NOD1 were unchanged in untreated vs. gB-treated HFFs.
Treatment with gB alone did not induce NOD2 transcripts (FIG. 3A), but interferon inducible
gene 15 (ISG15) and viperin were induced by gB.

UV-inactivated virus is unable to induce NOD2: To determine whether an intact

HCMYV genome was essential for NOD2 induction a UV-inactivated virus which could bind
to the cells but could not replicate was used. The UV-inactivated virus did not induce NOD2
or NOD1 expression, suggesting an intact HCMV genome was required for induction of
NOD?2 (FIG. 3B). IL8 was induced (6-8 fold) using the UV-inactivated HCMV at 4 hpi,
more efficiently than its induction by HCMYV, in agreement with previous reports that
suggested the induction of IL8 mRNA could be prevented by newly synthesized viral gene
products [39].

Overexpression of NOD?2 results in decreased HCMYV replication and enhanced

antiviral and pro-inflammatory cytokine responses: HCMV induces multiple cellular genes to
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achieve efficient replication. We hypothesized that if NOD2 had a role in HCMV
recognition and was not simply an induced gene amongst many other cellular genes, then its
overexpression or KD would result is restricted or enhanced virus replication, respectively,
along with changes in antiviral and pro-inflammatory cytokine responses. U373 glioma cells
were initially used for transfections because the efficiency of transient transfection followed
by HCMYV infection in these cells was found to be high. Cells were transfected with human
pcDNA4/HisMax-NOD?2 or the pcDNA4/HisMax-RIPK2 (a critical kinase downstream of
NOD?2) plasmids and control plasmids pcDNA4/HisMax and pcDNA4-EGFP. 24 h
following transfection cells were infected with HCMV at MOI=1 and luciferase activity was
measured at 72 hpi. NOD2 overexpression resulted in ~70% reduction of pp28 gene
expression (FIG. 4A), consistent with significant inhibition of HCMV replication. In NOD2-
transfected HCM V-infected cells the expression of HCMV immediate early 2 (IE2) and the
early protein UL44 were significantly reduced as compared to control pcDNA4-transfected
HCMV-infected cells. The expression of the late HCMYV protein pp65 was completely
undetectable in NOD2 overexpressing cells (FIG. 4B). Overexpression of RIPK?2 resulted in
significant inhibition of pp28-luciferase activity and pp65 expression, suggesting the effect of
NOD2 in HCMV-infected cells may involve at least in part RIPK2 activity. Overexpression
of NOD2 and RIPK?2 was confirmed by western blot using anti-NOD?2 and anti-RIPK2
antibodies, respectively (FIG. 4B). Levels of IFN- and the inflammatory cytokine IL8 were
measured by qRT-PCR in NOD2-, RIPK2- and control pcDNA4 plasmid-transfected cells.
There was approximately ten- and three-fold increase in expression of IFN-f in NOD2 and
RIPK2-overexpressing-HCMYV infected cells as compared to HCMV infected cells
transfected with pcDNA4 plasmid (FIG. 4C) at 72 hpi. Levels of IL8 mRNA were
upregulated by approximately five- and three-fold in NOD2 and RIPK2-overexpressing-
HCMYV infected cells as compared to HCMV-infected cells transfected with pcDNA4 control
plasmid (FIG. 4D) at 72 hpi. These results suggest that the effects of NOD2 on HCMV may
involve both TFN-§ and ILS.

To further understand the role of NOD2 in regulating HCMYV replication, an inducible
lentiviral pTRIPZ-based vector overexpressing HA-tagged NOD2 was generated in HFFs
(HFF-NOD?2). HFFs overexpressing control pTRIPZ empty vector (HFF-control) were also
generated. NOD?2 expression was confirmed by western blot analysis, performed after 48 h
induction with doxycycline, and using anti-HA antibody (Fig 4E). B-Actin was used as a
loading control. HCMYV replication was next measured in HFF-NOD2 and HFF-control cells.
Doxycycline (2 ug/ml) induction was performed 24 h before infection with HCMV pp28-
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luciferase at an MOI of 0.5. Cells were counted and equal number of cells from cach
condition was seeded into wells prior to infection. To rule out potential toxicity secondary to
induction, a MTT assay was performed 48 h after doxycycline induction and revealed no
effect on cell viability. Cell-free supernatants were collected from infected HFFs-NOD2 and
infected HFFs-control cells 4 days post infection (dpi) and were used for a second cycle
infection of fresh HFFs at equivalent volumes. HCMYV replication was then measured in the
newly-infected HFFs using pp28-luciferase, virus DNA yield in supernatants of newly-
infected HFFs and by western blots for HCMYV proteins IE1, UL44 and pp65 (FIG. 4F, G).
At least 80% decrease was observed in luciferase expression and virus DNA yield in the
second cycle of newly-infected HFFs using supernatants from HFF-NOD?2 as compared to
HCMYV replication in newly-infected HFFs using supernatants from HFF-control cells,
suggesting NOD2 induced a cellular immune state that was refractory to HCMYV replication.
Similarly, there was a significant decrease in the expression of IE1, UL44 and pp65 in HFFs
infected with supernatants from HFF-NOD?2 transduced cells as compared to HFF-control
cells. The observed changes in HCMYV replication were associated with changes in the
transcripts of IFN-P and L8, measured at 96 hpi in HFF-NOD2 and HFF-control cells (first
cycle). There was approximately two and three-fold increase in the expression of IFN-[} and
IL8 mRNA, respectively, in HFFs-NOD2 as compared to HFFs-control (FIG. 4H, J). Levels
of IFN-f protein secreted into the media from non-infected and HCMV-infected-HFFs-
control and HFFs-NOD?2 were also measured at 24 hpi using human IFN-f specific ELISA
kit. There was approximately five-fold increase in the levels of secreted IFN-f in HCMV
infected-HFFs-NOD?2 as compared to HCMYV infected-HFFs-control (FIG. 41). In non-
infected HFFs-NOD?2 the induction of IFN- and IL8 was similar to that observed in control
HFFs (FIG. 4H-J).

NOD2 knockdown (KD) results in enhanced HCMYV replication and decreased levels
of cytokines: A short hairpin (sShRNA) pGIPZ lentivirus system was used to KD NOD2

expression in the two cell lines: HFFs and U373 cells. NOD2 mRNA levels were decreased
by approximately 75% at 72 h in non-infected and HCMV-infected (MOI=1) NOD2-KD
HFFs (HFF-shNOD?2) compared to control sShARNA (HFF-GIPZ) transduced cells (FIG. SA).
Supernatants from infected HFF-shNOD2 and HFF-GIPZ cells were collected at 96 hpi and
used to infect fresh HFFs (second cycle). Luciferase activity, measured in the newly-infected
cells at 72 hpi (a measure of infectious progeny released after single cycle infection), was
increased by approximately 10-fold in HFF-shNOD?2 cells compared to infected HFF-GIPZ
control cells (FIG. 5B). Cell-free supernatants collected from HCMYV infected-HFF-GIPZ
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and HFF-shNOD?2 cells at 3 dpi were used for virus yicld assay. There was approximately 4-
fold increase in the number of plaques in cells infected with supernatants from HFF-shNOD2
cells as compared to the cells infected with supernatants from HFF-control cells (FIG. 5C).
IFN-B mRNA levels measured in cell lysates were significantly reduced in HCMV infected
HFF-shNOD2 cells as compared to infected HFF-GIPZ cells after 72 h (Fig 5D). There was
a modest decrease in IL8 transcripts in HCMV infected HFF-shNOD?2 cells as compared to
infected HFF-GIPZ cells after 72 h (Fig 6E). NOD2-KD in U373 cells showed a similar
pattern of enhanced virus replication and decreased cytokine responses to that observed in
HFFs, suggesting this is an important mechanism for controlling HCMYV replication.

In NOD2-KD U373 cells (U373-shNOD2) NOD2 mRNA levels were decreased by
approximately 80% at 72 h in both non-infected and HCMV-infected (MOI=1) cells (FIG.
9A) compared to control ShRNA (U373-GIPZ) expressing cells. HCMV pp28-luciferase
expression (measured at 96 hpi), HCMV DNA replication (measured at 48 hpi), and virus
DNA vyield in supernatants (measured at 96 hpi) from U373-shNOD?2 cells and control U373-
GIPZ revealed a significant increase in HCMYV replication in the U373-shNOD?2 cells (FIG.
S2B): there was a 9-fold increase in virus DNA yield, 6-fold increase in DNA replication and
5-fold increase in luciferase activity. Quantification of mRNA expression of IFN-B and IL8
revealed a 3.5-fold decrease of IFN-p and 2-fold decrease in IL8 in U373-shNOD?2 cells as
compared to U373-GIPZ cells (FIG. S2C, D).

Overexpression of NOD2 mutant (3020insC) results in increased HCMV replication.

The frameshift substitution at amino acid 1007 in the NOD2 gene stems from an insertion
mutation resulting in a truncated NOD?2 and impairing its ability to recognize microbial
components. Patients with Crohn’s disease that are homozygous for 3020insC demonstrate a
much more severe disease phenotype [40]. Since NOD2 KD and its overexpression in HFFs
and U373 showed similar effects on HCMYV replication and antiviral responses we tested the
effect of NOD2 3020insC mutant on HCMYV replication in U373 cells. While overexpression
of wild-type NOD2 resulted in significantly reduced HCMV replication, overexpression of
the NOD2 mutant 3020insC in U373 resulted in increased virus replication (FIG.7A). The
expression of NOD2 3020insC was confirmed by western blot (FIG. 7B). IFN-B transcripts
were measured in infected U373 cells transfected with pcDNA4, NOD2 or NOD2 3020insC
mutant, demonstrating the IFN-f levels were not increased in cells transfected with the
NOD?2 3020insC, while induced upon transfection with the wild-type NOD2 (FIG. 7C).

NOD?2 rescue in KD-cells restores the ability to restrict HCMV replication: U373
cells stably expressing control GIPZ shRNA (U373-GIPZ) or NOD2 shRNA (U373-
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shNOD2) were transiently transfected with either control plasmid (pcDNA4/HisMax) or a
plasmid expressing NOD2-cDNA (pcDNA4/HisMax-NOD2). Twenty four hours following
transfection, cells were infected with HCMYV and luciferase activity was measured at 96 hpi.
As shown in FIG. S2B, enhanced HCMYV replication was observed in U373-shNOD?2 cells as
compared to virus replication in control U373-GIPZ cells, while overexpression of NOD2
resulted in significant decrease in HCMYV replication. Transfection of the NOD2 gene into
NOD2-KD U373 cells restored NOD2 function and resulted in restriction of HCMV
replication, clearly demonstrating the specific role of NOD2 in HCMYV replication (FIG. 7B).
However, rescue of NOD2 3020insC in U373-shNOD2 did not lead to restricted HCMV
replication (FIG. 7D).

NOD?2 activates the NF-«xB and the IFN pathway in HCMV-infected HFFs: Levels of

NF-kB and phosphorylated forms of IRF3 were measured by western blot in cytoplasmic and
nuclear extracts of HFF-shNOD?2 cells and control HFF-GIPZ cells at 24 hpi. Compared to
the control HFF-GIPZ cells, in which HCMYV infection resulted in NF-kB localization to the
nucleus, in the HFF-shNOD2 cells NF-xB remained in the cytoplasm (FIG. 7). Similarly,
IRF3 was not activated in HFF-shNOD2 cells. While a phosphorylated form of IRF3 was
observed in the nuclei extracted from HCMV-infected HFF-GIPZ cells, the level of nuclear
IRF3 in HCMV-infected shNOD?2 and its phosphorylated form were significantly decreased.
These results suggest NOD2 serves as a central hub, activating both the NF-kB pathway and
the IFN pathway following its induction in HCMV-infected cells.
Discussion

We report for the first time that NOD2 is induced by HCMV and plays a significant
role in restricting its replication. Infection of HFFs and U373 glioma cells with laboratory-
adapted strains and a clinical isolate of HCMV resulted in a significant induction of NOD?2 as
early as 2 h after virus infection, required an intact viral genome and persisted throughout a
full replication cycle. HSV1 and HSV2 did not induce NOD2 expression in infected HFFs.
Overexpression of NOD2 resulted in decreased HCMYV replication and enhanced antiviral
and pro-inflammatory cytokine responses. NOD2 silencing (or transfection with the NOD2
mutant 3020insC) resulted in enhanced HCMYV replication and decreased IFN-B levels.
Reintroducing NOD?2 into KD cells resulted in restriction of virus replication. Taken
together, NOD?2 plays a role in recognizing HCMV and restricting its replication. Although
prior large scale transcriptomics studies did not report on NOD2 induction in HCMV-infected
HFFs, RIPK?2, a critical kinase downstream of NOD2 was significantly induced at 24 hpi
[39].
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Induction of NLRs result in activation of several signaling pathways: 1) The classic
pathway is the NF-xB. Upon activation, NOD1/2 recruit RIPK2 [17] which promotes the
K63-linked polyubiquitylation of the regulator NEMO/IKKYy and activation of the kinase
transforming growth factor-p-activated kinase 1 (TAK1), which are prerequisites for the
activation of the IKK complex. IKK activation results in degradation of the NF-xB inhibitor
IxBa and the translocation of NF-xB to the nucleus, where transcription of NF-kB-dependent
target genes occurs. RIPK?2 is critical for NOD1- and NOD2-mediated NF-xB activation
because NOD1 and NOD?2 signaling is abolished in RIPK2-deficient cells [41]. In addition
to the activation of the NF-xB pathway, NOD?2 stimulation results in activation of the
MAPKSs p38, ERK and JNK [42]. 2) Alternative pathways which may or may not require
RIPK?2 include the induction of type I IFN and autophagy [24,43-45]. Inhibition of HCMV
replication appears to involve its downstream kinase, RIPK2, because overexpression of
RIPK?2 resulted in decreased HCMYV replication. Given our findings of changes in IFN-[3
levels as a result of NOD2 KD or overexpression, it is possible that RIPK2-induction by
NOD?2 activates both the classical and alternative pathways in HCMV-infected cells. HCMV
infection was reported to activate IRF3, a process that required STING, an endoplasmic
reticulum-resident protein involved in DNA sensing {14}, In the case of Helicobacter pylori,
RIPK?2 induction by NODI, activated IKKe and IRF7, followed by the synthesis of type 1
IFN and signaling of the later through IFN-stimulated gene factor 3 (ISGF3) [24].
Mycobacterium tuberculosis activated NOD2- RIPK?2, which stimulated the activity of IRF5
and induced transcription of IFNa/p [43]. NOD2 activation in HCMV-infected cells appears
to induce NF-xB and IFN signaling pathways at least in part through RIPK2. Taken together,
NOD2 may act as a central PRR, but the downstream signaling pathways are pathogen-
determined and governed by specific virus and cellular components. Additional studies will
determine more specifically the downstream signaling pathways activated by NOD2 in
HCMV-infected cells as well as potential interaction between NOD2 and TLR2

Episodes of HCMYV colitis have been reported in patients with inflammatory bowel
disease (IBD), both ulcerative colitis and Crohn’s disease [46-48] and were thought to result
from virus reactivation in patients receiving immunosuppressive therapy. The fact that
NOD?2 is a susceptibility gene for Crohn’s disease triggered our study for its potential role in
HCMYV recognition [20]. Since our results show that NOD2 mutation (3020insC) results in
enhanced HCMV replication, it is possible that NOD2, a susceptibility gene for Crohns’s
disease, may influence susceptibility to HCMV infection. Although not tested here, based on

our data, we suggest that HCMV colitis in patients with Crohn’s disease could represent a
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specific outcome of virus-host interaction in a subset of patients that carry mutations in the
NOD?2 gene. Additional studies using epithelial cells and clinical material will be required to
prove our hypothesis. Although NLRs have been traditionally thought to sense bacterial
pathogens, our data suggest a wider role for NOD?2 in sensing viruses including persistent
DNA viruses such as HCMV. In vivo studies are needed to confirm these findings and to
elucidate the role of HCMYV in the intestinal microbiome, for which NOD?2 is a key regulator
linking it to mucosal immunity [49].

NODI recognizes CMV. Knockdown (KD) of NOD1 using lentivirus transduction
results in enhanced CMV replication (FIG. 10A). Overexpression of NOD1 results in
significant decrease in CMV replication (FIG. 10B). Virus replication was measured using
the pp28-luciferase recombinant CMV strain which expresses luciferase under the control of
the late pp28 CMV gene promoter. The GIPZ control shRNA and NOD1 shRNA were
obtained from open biosystem. The clones with highest knockdown efficiency based on
RNA and protein level were selected for these studies.

Pre-treatment of human fibroblasts with tri-DAP (NODI activator) followed by CMV
infection resulted in significant reduction of plaque numbers (FIG. 11). These data suggest
that NOD1 activation can limit CMV replication. It is likely that KD of NOD1 and NOD2
will result in synergistic effect on CMV replication. Similarly, overexpression of NODI and
NODI1 may have synergistic activity in inhibiting CMV replication.

Pretreatment with triDAP resulted in enhanced interferon response (IFN-J),
suggesting the effects of NOD1 on CMV replication involve the interferon pathway (FIG.
12). The activities of NOD1 and NOD?2 were independent of each other, i.e., knockdown of
NOD?2 did not affect the expression of NODI1 or the NOD1-mediated IFN- gene expression
or NODI signaling pathway (FIG. 13).

Intriguingly, CMV infection changes the localization of NOD1. We show for the first
time that in non-infected HFFs NODI is localized to the nucleus while CMV infection causes
its relocalization to the cytosolic compartment (FIG. 14).

We recently treated a young toddler who was diagnosed with CMV colitis and
viremia. His evaluation did not reveal any overt immunodeficiency. Based on our in vitro
data, we hypothesized that his CMV disease may represent a specific host-pathogen
interaction which could be explained by mutations in NOD1 and or NOD2. We sequenced
specific regions of NODland NOD?2 from archived samples and found that the patient was
harboring a mutation in NOD1 (E266K), as shown in FIG. 15, black line. One region of
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NOD?2 (that includes the 3020C mutation associated with Crohn’s disease) did not show any
changes in this patient.

Our data show that NOD1 and NOD2 can serve as diagnostic markers for CMV and
that polymorphisms in NODI (and potentially NOD2) can inform disease risk and be used as
genetic markers. We suggest that polymorphisms in the NOD1 and NOD2 axis may also
predict CMV disease. Genes that are part of this axis include RIPK2, XIAP, TAKI,
TBK1/IKBKg, and IRF3/5/7. Mutations in all these genes can potentially be markers for
CMYV diseases. A table with some of the common mutations appears below.

Table 2. Markers for CMV

Gene Polymorphisms Comments
NOD2 R702W, G980R, L.1007fs, R334W is a gain of function mutation
R334W

NODI E266K

XIAP E99X, G39C, K297T, W323X, | W323X-loss of RING domain, BIR2 domain
C203Y preserved. G39C, K297T-NOD function
preserved.

RIPK?2 K47A

We also suggest that modulation of NOD1 and NOD2 may provide a therapeutic
platform for CMV. Towards this goal we used the plasmid pCL-6.20 which can be used for
high throughput screen and replaced the SV40 promoter sequence with the NF-kB sequence
(FIG. 16). This construct is currently used in the laboratory for optimization and
measurement of specific activities through NOD1 and NOD?2 and then will be applied to
identify NOD1 and NOD?2 activators using NIF.
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We claim:

L. A method for treating human cytomegalovirus (HCMV) in a patient in need thereof
comprising administering an effective amount of a NOD1 pathway agonist and/or a NOD2

pathway agonist.

2. The method of claim 1, wherein the agonist is selected from the group consisting of a

protein, a small molecule, an antibody, and an aptamer.

3. The method of claim 2, wherein the modulator is a small molecule.
4. The method of claim 1, wherein the NOD2 pathway agonist is muramyl dipeptide
(MDP).

5. The method of claim 1, wherein the NOD1 pathway agonist is L-Ala-y-D-Glu-mDAP
(Tri-DAP).

6. A method for treating human cytomegalovirus (HCMV) in a patient in need thereof
comprising administering an agent that increases the expression or activity of NOD1 and/or

NOD2.

7. A method for identifying a subject as susceptible to or likely to develop a human
cytomegalovirus infection comprising the steps of:

a. obtaining a biological sample from the subject;

b. performing an assay on the sample obtained from the subject to identify a
mutation in NOD2; and

c. identifying the subject as susceptible to likely to develop human

cytomegalovirus infection if the NOD2 mutation is identified.

8. The method of claim 7, wherein the assay of step (b) comprises sequencing of a

region of the NOD2 gene comprising the mutation.

9. The method of claim 7, wherein the assay of step (b) comprises the steps of:

1. extracting DNA from the biological sample;
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ii. contacting the DNA with a primer that specifically hybridizes to the
NOD?2 gene;
iii. amplifying by polymerase chain reaction (PCR) a region of the NOD2

gene that comprises the mutation; and
iv. sequencing the amplification product to identify the presence of the

NOD2 mutation.

10. The method of claim 7, wherein the NOD2 mutation is 3020insC.

11. The method of claim 7, wherein the NOD2 mutation comprises R702W, G980R,
L1007fs, and/or R334W.

12. The method of claim 7, further comprising performing an assay on the sample
obtained from the subject to identify a mutation in one or more of vimentin, NOD1, OAS2,

RIG-I, RIPK2, XIAP, Nemo (IKK gamma), IKK epsilon, IRF3, IRF5, and IRF7.

13. The method of claim 12, wherein the NOD mutation comprises E266K, the RIPK2
mutation comprises K47A, and the XIAP mutation comprises E99X, G39C, K297T, W323X,
and/or C203Y.

14. The method of claim 7, further comprising the step of administering a treatment
modality appropriate for a subject susceptible to or likely to develop human cytomegalovirus

infection.

15. The method of claim 14, wherein the treatment modality for human cytomegalovirus
infection comprises ganciclovir, valganciclovir, foscarnet, cidofovir, and/or cytomegalovirus

immune globulin.

16. The method of claim 14, wherein the treatment modality comprises administering to

the subject a NOD1 pathway agonist and/or a NOD2 pathway agonist.

17. A method for treating a subject having a human cytomegalovirus infection comprising
the steps of:

d. obtaining a biological sample from the subject;
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e. performing an assay on the sample obtained from the subject to identify a
mutation in NOD1 or NOD2;

f. identifying the subject as susceptible to likely to develop human
cytomegalovirus infection if the NOD1 and/or NOD2 mutation is identified; and

g treating the subject with one or more treatment modalities appropriate for a

subject having or likely to develop human cytomegalovirus infection.

18. The method of claim 17, wherein the assay of step (b) comprises sequencing of a

region of the NOD1 or NOD2 gene comprising the mutation.

19. The method of claim 17, wherein the assay of step (b) comprises the steps of:
1. extracting DNA from the biological sample;
ii. contacting the DNA with primers that specifically hybridize to the
NODI1 and NOD2 gene;
iii. amplifying by polymerase chain reaction (PCR) a region of the NODI
and NOD2 gene that comprises the mutation; and
iv. sequencing the amplification product to identify the presence of the

NOD1 and/or NOD2 mutation.

20. The method of claim 17, wherein the NOD2 mutation is 3020insC.

21. The method of claim 17, wherein the NOD2 mutation comprises R702W, G980R,
L1007fs, and/or R334W.

22. The method of claim 17, further comprising performing an assay on the sample
obtained from the subject to identify a mutation in one or more of vimentin, NOD1, OAS2,

RIG-I, RIPK2, XIAP, Nemo (IKK gamma), IKK epsilon, IRF3, IRF5, and IRF7.

23. The method of claim 17, wherein the NOD mutation comprises E266K, the RIPK2
mutation comprises K47A, and the XIAP mutation comprises E99X, G39C, K297T, W323X,
and/or C203Y.

49



WO 2015/050952 PCT/US2014/058570

24, The method of claim 17, wherein the treatment modality for human cytomegalovirus
infection comprises ganciclovir, valganciclovir, foscarnet, cidofovir, and/or cytomegalovirus

immune globulin.

25. The method of claim 17, wherein the treatment modality comprises administering to

the subject a NOD1 and/or NOD2 pathway agonist.
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X 189 Cheongsa-ro, Seo-gu, Dagjeon Metropolitan City, 302-

323 701, Republic of Korea

Facsimile No. ++82 42 472 3473 Telephone No. +82-42-481-8740

Form PCT/ISA/203 (July 2009)
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