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CYTOMEGALOVIRUS VACCINES AND METHODS OF PRODUCTION

FIELD OF THE INVENTION

The invention relates generally to the field of vaccine development. More
spectifically. the invention relates to methods ot increasing diversity in cytomegalovirus
vaccines through the sclection of cell type in which the virus is propagated. and to the use of

cytomegalovirus produced by those methods in the development of vaccine compositions.

BACKGROUND OF THE INVENTION

Various publications, including patents, published applications. technical articles and
scholarly articles are cited throughout the specification. Each of these cited publications 1s
incorporated by reference herein. in its entirety. Full citations for publications referenced by
numbers in parentheses or otherwise not cited fully within the specification are sct forth at the
end of the specification.

Cytomegalovirus (CMV) is a herpes virus classified as being a member of the beta
subfamily of herpesviridae. -According to the Centers for Disease Control and Prevention.
CMYV infection is found fairly ubiquitously in the human population, with an estimated 40-
80% of the United States adult population infected. The virus is spread primarily through
bodily fluids, and is frequently passed from pregnant mothers to the fctus or newbor. In
most individuals. CMV infection is latent. although virus activation can result in high fever,
chills. fatigue, headaches. nausea. and splenomegaly.

Although most human CMV infections are asymptomatic. CMV infections in

immunologically immature or immunocompromiscd individuals, such as newborns, HIV-

21 -



CA 02701727 2010-04-01
WO 2009/049138 PCT/US2008/079494

positive patients. allogeneic transplant patients and cancer patients, can be particularly
problematic. CMV infection in such individuals can cause severe morbidity. including
pneumonia, hepatitis. encephalitis. colitis. uveitis. retinitis. blindness. and neuropathy, among
other deleterious conditions. In addition, CMYV is a leading cause of birth defects. At
present, there 1s no cure or preventive vaccine for CMV infection.

The entry of herpesviruses into cells is a complex process initiated by adsorption and
receptor binding and followed by fusion of the virus envelope with a cell membrane. Fusion
occurs at etther the plasma membrane or an endosomal membrane. [For instance, Epstein-
Barr virus (EBV) enters primary B cells via receptor-mediated endocytosis (1, 2), yet it
infects epithehal cells or transformed B cells by fusion of the virion envelope with the plasma
membrane (1). Herpes simplex virus fuses with the plasma membrane of some cell types. but
enters others by endocytosis (3-6). Human cytomegalovirus (HCMV) infects multiple cell
types in vivo. including epithelial cells, endothelial cells and fibroblasts (7). It fuses with the
plasma membranes of fibroblasts (8), but enters retinal pigmented epithehal cells and
umbilical vein endothehal cells via endocytosis (9, 10).

The mechanism by which herpesviruses ‘choose’ their route of entry remains unclear.
It is generally assumed that entry pathways are mainly determined by the host cell. but there
1s precedent for tropic roles of virion glycoproteins (11). EBV virions contain two gH
complexes, gH/gL and gH/gL/gp42 (12, 13), which have mutually exclusive functions (11).
Fusion with the plasma membrane of B cells is mediated by gH/gL/gp42 (14-16). but entry
into epithehal cells is triggered by gH/gl. (11, 12, 17). The cell type in which EBV 1s
produced can alter its tropism. B-cell-derived EBV virions contain less gH-gbL-gp42 than
epithelial-cell-derived virions. As a result, B-cell-generated virus 1s more infectious for an
epithelial cell and epithelial cell-derived virus 1s B cell tropic (18).

HCMYV also encodes two gH/gL complexes: gH/gL/gO and gH/glL/pUL128/pUL130/
pUL131 (19, 20). The gO-containing complex is sufficient for fibroblast infection, whereas
the pUL128/pUL130/pUL131-containing complex is required to infect endothelial and
epithelial cells (19-21). The AD169 laboratory strain contains only the gH/gL/gO complex 1n
its virions (19). The absence of the second gH/gL complex is responsible for the loss of
epithelial and endothelial cell tropism in HCMV laboratory strains (19-22).

There is a need for variety and diversity of CMV vaccines. and for effective means to

control the spread and activation of the virus, particularly in immunocompromised

individuals and pregnant women. The present invention addresses that need.
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SUMMARY OF THE INVENTION

One aspect of the present invention features a method of making a cytomegalovirus
(CMV) vaccine. The method comprises propagating strains or isolates of CMV in cultured
cells of a selected cell type, thereby producing a cell type-conditioned CMV. and producing a
CMYV vaccine from the cell type-conditioned CMV. [n certain embodiments, the CMV strain
or 1solate 1s a human CMV (HCMV) strain or isolate. A wide variety of cell types are
suitable for the method, including but not limited to epithelial cells, endothelial cells.
fibroblasts, neuronal cells. smooth muscle cells. macrophages, dendritic cells and stromal
cells. In a specific embodiment. the selected cell type is an epithelial cell.

The aforementioned method can further comprise producing the cell type-conditioned
CMYV in two or more different selected cell types and combining those CMV to produce the
CMV vaccine. Alternatively or additionally, the method comprises providing two or more
CMYV strains or 1solates. growing each of the strains or isolates in the cultured cells
comprising the selected cell type or two or more different selected cell types, and combining
all the CMV produced therefrom to make the CMV vaccine.

[n certain embodiments. the method comprises producing a live attenuated CMV
vaccine. In other embodiments. it comprises producing an inactivated or killed CMV
vaccine. In still other embodiments, 1t comprises producing combination vaccines
comprising one or more live attenuated viruses, inactivated viruses and other immunogenic
components, e.g.. immunogenic CMYV proteins and peptides. and the like.

CMYV vaccines produced by the aforementioned methods are also within the scope of
the present invention.

Another aspect of the invention features kit for practicing the methods of the
invention. Such kits typically include a package in which is contained one or CMV strains or
clinical isolates. cultured cells of one or more selected cell types, and instructions for using
the cultured cells and the CMYV strains or isolates to produce cell type-conditioned CMYV for
use in a CMV vaccine.

Another aspect of the invention features a vaccine composition comprising a
cytomegalovirus (CMV) population or virion components thereof. admixed with a suitable
pharmaceutical carrier or adjuvant, wherein the CMV population is isolated from an cultured

cells of a selected cell type. In one embodiment, the selected cell type 1s an epithelial cell

type. In one embodiment, the vaccine composition comprises HCMV.
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In various embodiments of the vaccine composition, the CMV population isolated
from epithelial cell cultures is characterized by one or more features in subsequently infected
host cells including but not limited to: (a) entry into the host cells by fusion with host cell
plasma membranes; (b) greater virion-mediated cell-cell fusion of the host cells as compared
with an equivalent CMV population isolated from cultured fibroblasts: (¢) accelerated virus
growth in the host cells as compared with an equivalent CMV population isolated from
culture fibroblasts: (d) elicitation of a cellular response involving changes in expression
greater than or equal to 2.5 fold of about two thirds fewer genes than a response elicited by an
equivalent CMV population isolated from culture fibroblasts at 10 hours post-infection: or (¢)
elicitation of a cellular response involving a change in expression of one or more genes as
shown in Table 2 and Table 4 herein, the latter being represented by GenBank Accession
Nos: AK094860, NM _145023. NM 133492, NM 001039580, NM 001004301,
NM_001034. A1369525. AK123066. NM_005345. NM_020731. BC071797. NM 003414,
NM 000800. NM 138467, AK090803. ALI35118. NM 001165. BG001037. NM 024861.
NM 001043, NM_016239. NM _001018084, NM 001037442, NM 017600, NM 022097,
NM 175868, NM 032266. NM _003841. NM 005039, NM 145051, NM 004294
AWRB56073. NM 024050, AF085968, NM 080927, NM 022115, AK056703. NM_ 000808,
NM 012377, NM_006793, NM_031466, NM_005185, NM 139173, BX360933.

NM 016125, NM 002104, NM 032188. NM_004185, NM_004843 or NM_173550.

In certain embodiments. the vaccine composition comprises a CMV population or
virion components thereof isolated from a cell culture of two or more difterent selected cell
types. For instance. thc CMV population may be isolated from as an epithelal cells and cells
of another cell type. such as a fibroblast cell type. In other embodiments, the CMV
population comprises two or more CMYV strains or clinical 1solates grown 1in the selected cell
type. Certain embodiments can comprise a plurality of CMV strains or clinical 1solates
grown In cell cultures of a plurality of different cell types.

In one embodiment. the vaccine composition comprises a live attenuated CMV
vaccine. In another embodiment. it comprises an inactivated CMV vaccine. In still other
embodiments, the vaccine composition can be a combination vaccine comprising one or more
strains of live attenuated virus or components thereof, inactivated virus or components
thereof. and/or other immunogenic CMV peptides or proteins.

Another aspect of the invention features a method of immunizing an individual

against CMV. comprising administering to the individual a CMV vaccine composition
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produced by the aforementioned methods and/or comprising the aforementioned features. In

one embodiment, the individual to be immunized is a human.

Other features and advantages of the invention will be understood by reference to the

drawings, detailed description and examples that follow.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. Kinetics of HCMV IEI expression in ARPE-19 cells. (4) Infected cells
(0.1 pfu/cell) were fixed at indicated times, and stained for IE1 (green in color photo. light
gray 1n black and white photo), Sp100 (red in color photo. very dark grﬁy in black and white
photo) and DNA (blue in color photo. dark gray in black and white photo). (B) At various
times after infection (0.1 pfu/cell). the percentage of IE1-expressing cells was quantified;
results are shown on the graph.

Figure 2. Electron microscopic analysis of HCMYV entry into ARPE-19 cells.
epiBADrUL131 or fibroBADrUL131 particles (50 pfu/cell) were bound to cells at 4 °C and

then allowed to internalize at 37 °C for 15 min. Representative images are displayed.

Figure 3. Effects of inhibitors of endosome acidification and virion source on
HCMYV entry into ARPE-19 cells. Experiments were performed in triplicate, and the number
of positive cells in drug-treated relative to untreated cultures 1s reported. (4) Cells were
pretreated with NH4Cl or BFA for 1 h, inoculated with epiBADrUL131 or fibroBADrUL131
(1 pfu/cell) and stained for IE1 16 h later. (8) Cells were pretreated with 50 mM NH4Cl or 40
nM BFA for | h. and then inoculated with BAD+UL131 (0.1 pfu/cell) or FIXw¢ (0.01
pfu/cell) produced in the indicated cell types and stained for [E1 16 h later.

Figure 4. Fusion from without of ARPE-19 cells induced by epithelial cell-derived
virus. (4) Cells were inoculated with epiBADrUL131 or fibroBADrUL131 (20 ptu/cell) and

then maintained in medium containing 200 pg/ml of PFA. Phase contrast images were taken

at 16 h post infection. (B) A mixture of reporter and cffector cells were infected by
epiBADrULI131 or fibroBADrUL131 (20 pfu/cell) for at 4 °C for 1 h. The culture was then

shifted to 37 °C for 6 h. after which relative luciferase activity was measured.

Figure 5. Effect of pUL130-specific neutralizing antibody on HCMYV infection and
entry. (A) Epithelial cell- or fibroblast-derived viruses were incubated with various
concentrations of anti-pUL 130, and residual infectivity was determined. (8) Epithelial cell-

or fibroblast-derived virus particles were pretreated with anti-pUL130 at a final concentration

of 20 ng/ml or with PBS, and then adsorbed to ARPE-19 cells at 4 °C tor 1 h. The cells were
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washed twice with cold PBS. and viral DNA associated with the cells was extracted to

determine the relative numbers of particles attached to the cells. Alternatively. the cells were
shifted to 37 °C for 2 h to allow the virus entry. Virions that did not penetrate the cells were

removed by EDTA-trypsin treatment. Internalized viral DNA was subsequently quantified by
real-time PCR.

Figure 6. Modulation of the ARPE-19 transcriptome by HCMV produced in
epithelial cells versus fibroblasts. (4) Venn diagrams depict the distribution of differentially
regulated genes at 6 h or 10 hpi1 with ¢piBAD+ULI31 or fibroBAD+UL131(3 pfu/cell)
relative to mock infection. (B) Changes in relative RNA levels assayed by real-time RT PCR.
The genes tested are hydroxymethylbilane synthase (HMBS. NM 000190), GLI
pathogenesis-related 1 (glioma) (GIiPR, NM_006851). pentraxin-related gene. rapidly
induced by [L-1 beta (PTX3, NM 002852). 2'-5'-oligoadenylate synthetase 3 (OAS3,
NM _ 006187), interferon-induced protein 44 (IF144, NM _006417). v-rel reticuloendotheliosis
viral oncogene homolog B. nuclear factor of kappa light polypeptide gene enhancer in B-cells
3 (relB, NM_006509), and ATP-binding cassette, sub-family C (CFTR/MRP), member 3
(MRP3, NM 003786).

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

Various terms relating to the methods and other aspects of the present invention are
used throughout the specification and claims. 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 the invention pertains. Although any methods and matenals
similar or equivalent to those described herein can be used in the practice for testing of the
present invention. the preferred materials and methods are described herein. In describing and
claiming the present invention, the following terminology will be used. It 1s to be understood
that the terminology used herein is for the purpose of describing particular embodiments
only. and is not intended to be limiting.

Definitions:

As used in this specification and the appended claims. the singular forms “a", "an”
and “the” include plural referents unless the content clearly dictates otherwise. Thus, for

example. reference to “a cell” includes a combination of two or more cells. and the like.

“About’ as used herein when referring to a measurable value such as an amount. a

temporal duration, and the like, is meant to encompass variations of £20% or £10%. more
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preterably £5%. even more preferably %1%, and still more preferably £0.1% from the
specifted value, as such vanations are appropriate to perform the disclosed methods.

The terms “amplifying,” “propagating,” and “‘growing.” or “amplification.”
“propagation.” and “growth” are used interchangeably herein to refer to the general process
of introducing virus into cultured cells or infecting cells with virus under conditions
permitting the virus to replicate and multiply within the cells, in accordance with methods
well known to virologists and medicinal biologists. In particular. these terms are used herein
to refer to the step of the inventive method in which the CMV is “conditioned” by
propagation on a selected cell type. as the step prior to using the conditioned CMYV for the
production of a vaccine.

“Biomolecules™ include proteins, poplypeptides, nucleic acids, lipids.
polysaccharides, monosaccharides, and all fragments, analogs. homologs. conjugates. and
derivatives thereof.

“Cell culture " refers generally to cells taken from a living organism and grown under
controlled conditions ("in culture” or ““cultured™). A “primary cell culture™ i1s a culture of
cells. tissues, or organs taken directly from an organism(s) before the first subculture. A *cell
line” 1s a population of cells formed by one or more subcultivations of a primary cell culture.

A “coding region of a gene consists of the nucleotide residues of the coding strand of
the gene and the nucleotides of the non-coding strand of the gene which are homologous with
or complementary to. respectively. the coding region of an mRNA molecule which 1s
produced by transcription of the gene.

A “coding region” of an mRNA molecule also consists of the nucleotide residues of
the mRNA molecule which are matched with an anti-codon region of a transfer RNA
molecule during translation of the mRNA molecule or which encode a stop codon. The
coding region may thus include nucleotide residues corresponding to amino acid residues
which are not present in the mature protein encoded by the mRNA molecule (e.g.. amino acid
residues 1n a protein export signal sequence).

The terms “conditioned virus.” “cell type-conditioned virus.” “conditioned CMV " or
“cell type-conditioned CMV™ refer to CMV that has been propagated in a selected cell type
prior to its use in vaccine production, in accordance with the methods described herein.
These terms are intended to be analogous to the term “conditioned medium.” which describes

culture medium in which a particular cell type or cell line has been grown and then removed.

and which contains components or factors produced by the cells. thercby altering the
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functionality of the medium. For purposes of the present application. the term “conditioned
virus similarly refers to virus that has been grown in a selected cell type and then removed
from those cells. wherein the virus thereafter exhibits one or more altered functional features
resulting from its growth in that cell type.

“Encoding” refers to the inherent property of specific sequences of nucleotides in a
polynucleotide. such as a gene. a cDNA, or an mRNA. to serve as templates for synthesis of
other polymers and macromolecules in biological processes having either a defined sequence
of nucleotides (i.e.. rRNA, tRNA and mRNA) or a defined sequence of amino acids and the
biological properties resulting therefrom. Thus, a gene encodes a protein if transcription and
translation of mRNA corresponding to that genc produces the protein in a cell or other
biological system. Both the coding strand, the nucleotide sequence of which is identical to
the mRNA sequence and 1s usually provided in sequence listings. and the non-coding strand.
used as the template for transcription of a gene or cDNA, can be referred to as encoding the
protein or other product of that gene or cDNA. Unless otherwise specified, a “nucleotide
sequence encoding an amino acid sequence’ includes all nucleotide sequences that are
degenerate versions of each other and that encode the same amino acid sequence. Nucleotide
sequences that encode proteins and RNA may include introns.

“Effective amount” or “therapeutically effective amount™ are used interchangeably
herein, and refer to an amount of a compound. formulation, material, or composition. as
described herein effective to achieve a particular biological result. Such results may include.
but are not limited to. the inhibition of virus infection as determined by any means suitable 1n
the art.

As used herein “endogenous’ refers to any material from or produced nside an
organism, cell. tissue or system. "Exogenous” refers to any material introduced from or
produced outside an organism, cell. tissue or system.

The term “expression’ as used herein is defined as the transcription and/or translation
of a particular nucleotide sequence driven by its promoter.

As used herein. “immunization” or “vaccination’ are use interchangeably herein and
are intended for prophylactic or therapeutic immunization or vaccination. “Therapeutic
vaccination’ 1s meant for vaccination of a patient with CMV 1nfection.

“Isolated” means altered or removed from the natural state. For example, a nucleic

acid or a peptide naturally present in a hiving animal is not “isolated.” but the same nucleic

acid or peptide partially or completely separated from the coexisting materials ol 1ts natural
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state 1s “isolated.” An isolated nucleic acid or protein can exist in substantially purified form,
or can exist in a non-native environment such as. for example, a host cell. Unless it is
particularly specified otherwise herein. the proteins. virion complexes. antibodies and other
biological molecules forming the subject matter of the present invention are isolated, or can
be 1solated.

The terms “patient.” “subject,” “individual.” and the like are used interchangeably
herein, and refer to any animal. or cells thereof whether in vitro or in situ. that can be
infected with CMV. In certain non-limiting embodiments, the patient, subject or individual is
a human.

“Parenteral administration of an immunogenic or vaccine composition includes. e.g..
subcutaneous (s.c.). intravenous (1.v.), intramuscular (1.m.), or intrasternal injection. or
infusion techniques.

The term “polynucleotide™ as used herein 1s defined as a chain of nucleotides.
Furthermore. nucleic acids are polymers of nucleotides. Thus, nucleic acids and
polynucleotides as used herein are interchangeable. One skilled in the art has the general
knowledge that nucleic acids are polynucleotides, which can be hydrolyzed into the
monomeric “nucleotides.” The monomeric nucleotides can be hydrolyzed into nucleosides.
As used herein polynucleotides include. but are not limited to. all nucleic acid sequences
which arc obtained by any means available in the art. including. without limitation.
recombinant means. 1.€.. the cloning of nucleic acid sequences from a recombinant library or
a cell genome. using ordinary cloning and amplification technology. and the like, and by
synthetic means.

As used herein. the terms “peptide,” “polypeptide.” and “protein” are used
interchangeably. and refer to a compound comprised of amino acid residues covalently linked
by peptide bonds. A protein or peptide must contain at least two amino acids, and no
limitation is placed on the maximum number of amino acids that can comprise a protein's or
peptide’s sequence. Polypeptides include any peptide or protein comprising two or more
amino acids joined to each other by peptide bonds. As used herein, the term refers to both
short chains. which also commonly are referred to in the art as peptides, oligopeptides and
oligomers, for example. and to longer chains, which genecrally are referred to in the art as
proteins. of which there are many types. “Polypeptides” include. for example, biologically
active fragments, substantially homologous polypeptides, oligopeptides. homodimers.

heterodimers, variants of polypeptides, modified polypeptides, derivatives, analogs. fusion
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proteins, among others. The polypeptides include natural peptides. recombinant peptides.

synthetic peptides. or a combination thereof.

“Pharmaceutically acceptable™ refers to those properties and/or substances which are
acceplable to the patient from a pharmacological/toxicological point of view and to the
manufacturing pharmaceutical chemist from a physical/chemical point of view regarding
composition, formulation. stability, patient acceptance and bioavailability. “Pharmaceutically
acceptable carrier” refers to a medium that does not interfere with the effectiveness of the
biological activity of the active ingredient(s) and is not toxic to the host to which it is
administered.

The term “single package™ means that the components of a kit are physically
associated 1n or with one or more containers and considered a unit for manufacture.
distribution, sale. or use. Containers include, but are not limited to. bags. boxes. bottles.
shrink wrap packages. stapled or otherwise affixed components. or combinations thereof, A
“single package™ can also include virtual components. For instance. a kit may contain
abbreviated physical instructions contained within the physical package. and instructions for
accessing more detailed instructions from a virtual enviroment. such as a website for
example.

The term “therapeutic™ as used herein means trcatment and/or prophylaxis. A
therapeutic cffect is obtained by avoidance, delay, suppression, remission. or eradication of a
disease state associated with CMYV infection.

The term “treatment as used within the context of the present invention is meant to
include therapeutic treatment as well as prophylactic, or suppressive measures for the disease
or disorder. Thus. for example. the term treatment includes the administration of an agent
prior to or following the onset of a disease or disorder thereby preventing or removing all
signs of the disease or disorder. As another example, administration of the agent after clinical
manifestation of the disease to combat the symptoms of the disease comprises “treatment” of
the disease. This includes for instance, prevention of CMV propagation to uninfected cells of
an organism. The phrase “diminishing CMV infection” is sometimes used herein to refer to a
treatment method that involves reducing the level of infection in a patient infected with
CMV, as determined by means familiar to the clinician.

Description:

Cytomegalovirus (CMV) infects multiple cell types in vivo. including epithelial cells.

endothelial cells and fibroblasts. As summarized above in the background material, various
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studies have reported that the virus fuses with the plasma membranes of fibroblasts. but
enters retinal pigmented epithelial cells and umbilical vein endothelial cells via endocytosis.
Due to the relative ease of propagating CMV in cultured fibroblasts as compared with
epithehal or endothehal cell cultures, studies such as the above-summarized studies have
been conducted using fibroblast-propagated CMYV strains. Likewise, cultured fibroblasts are

typically the cell type of choice in propagating CMV for clinical applications. such as the

development of attenuated virus strains for vaccines.

It has now been demonstrated in accordance with the present invention that the cell
type in which CMYV particles are produced has a profound influence on their behavior in
subsequent rounds of infection. Thus, for example, while it was heretofore reported that that
CMYV enters epithehal cells by endocytosis, the present inventors have demonstrated that this
1s the mode of entry for CMV propagated in fibroblasts. but nor for CMV propagated in
cultured epithehal cells. Epithelial cell-propagated CMV enters epithelial cells
predominantly via fusion with the plasma membrane. This different mode of entry has a
variety of physiological consequences: it influences the kinetics with which the infection
proceeds and 1t markedly influences the cellular response to infection. For instance virus
grown in epithehal cells produces a dramatically muted cellular response as compared to cells
infected with virus grown in fibroblasts. Many cellular anti-viral genes expressed after
infection with fibroblast-grown virus are not expressed after infection with epithelial cell-
grown virus. As a consequence, CMV grown in epithelial cells is predicted to perform
differently than does a vaccine than CMV grown in fibroblasts. thus offering a new and
unexpected source of diversity for the generation of CMV vaccines. Likewise. propagation
of CMV in other cell types. such as endothelial cells or specialized cell types that CMV is
able to infect (e.g.. neurons, other cells of the central or peripheral nervous systems. smooth
muscle cells. hepatocytes. stromal cells. macrophages or dendritic cells) should produce
additional novel sources of diversity for the generation of CMV vaccines.

Thus. one aspect of the invention features methods of making CMV vaccines that
exploit the vanability associated with choosing a cell type in which to propagate the virus.
Another aspect features a kit for practicing the methods described above. Another aspect of
the invention features vaccine compositions for the prevention or treatment of CMV
infection, and methods of immunizing an individual using such compositions. Various

embodiments of these aspects of the invention are set forth below.
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Methods of producing CMY vaccines:

The methods 1n accordance with an aspect of the invention comprise (1) providing a
CMYV strain or 1solate:; (2) propagating the strain or isolate in a cell culture of a selected cell
type. and (3) harvesting CMYV virions produced by growth in that cell type (referred to herein
as “cell type-conditioned CMV™) for use in producing a CMV vaccine.

The cell type selected for propagating the CMV prior to its use for vaccine
development can be any cell line permissive for CMV infection that produces a yield of virus
particles. The virus particles might be highly infectious in some assays or the particles might
exhibit limited or no infectivity in many assays. Suitable cell types include. but are not
limited to. (1) epithelial cell lines such as ARPE-19. which is exemplified herein and other
retinal pigmented epithelial cell lines. e.g.. epithelial cell line K-1034 (Ando, Y.. et al. 1997,
Arch. Virol.142(8): 16435-1658): HCMC. derived from normal human colonic mucosa
(Smith, JD, 1986, J Virol. 60(2): 583-588): Caco-2 intestinal epithelial cells (Esclatine. A.. et
al.. 2000, J. of Virol. 74 (1): 513-51): SW480, HCTI116, HeLa. H1299, and MCF-7
(regarding the latter five. see Wang. D. & T. Shenk, 2005. J. Virol. 79: 10330) (2) endothelial
cell lines such as HMEC-1. a human microvascular endothelial line, immortalized with SV-
40 virus large T antigen (Guetta, E.. et al., 2001, Cardiovascular Research 50: 538-546);
HUVEC and LMVEC (regarding the latter two, see Wang. D. & T. Shenk, 2005, J. Virol. 79:
10330); (3) neuronal cells such as SK-N-SH, SK-N-AS and IMR-32 (see Wang, D. & T.
Shenk, 2005. J. Virol. 79: 10330) as well as primary epithelial. endothelial. smooth muscle.
macrophage and dendritic cells derived from a variety of tissue/organ sources.

Any CMYV or combination of CMVs amenable to development as a vaccine is suitable
for use as a source of the CMYV for the method, as long as they can be grown in at least one
selected cell type. In one embodiment. the CMV is human CMV (HCMYV). either an i1solate
that has been previously i1solated and characterized or a new isolate of HCMV or an HCMV-
like virus. In another embodiment, the CMV originates from another primate. including but
not hhmited to chimpanzee (Davison, AJ et al. 2003, J. Gen. Virol. 84: 17-28) and rhesus
monkey (Hansen. SG et al. 2003. J. Virol. 77:6620-36: Rivailler. P et al. 2006. J. Virol.
80:4179-82). The CMV can be an unmodified virus from a selected source. or it can be a
chimeric virus produced by genetic modification or combination of clements from two or

more different CMYV strains or isolates.
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Methods of making chimeric viruses are known in the art. To this end. at least six
strains of human CMV have been cloned as infectious bacterial artificial chromosomes
(BAC) and sequenced (Murphy. E et al. 2003. Proc. Natl. Acad. Sci. USA 100: 14976-14981.
The BAC sequences are available at GenBank Accession Nos. AC146999 (laboratory strain
ADI169, from which the BADrUL131 variant described herein was made): AC146851
(laboratory strain Towne): AC146904 (clinical isolate PH): AC146905 (clinical-like isolate
Toledo): AC146906 (clinical 1solate TR); and AC146907 (clinical isolate FIX). At least two
strains of human CMYV have been sequenced without prior BAC cloning. and are available at
GenBank Accession Nos. BK000394 (laboratory strain AD169) and AY446894 (clinical
1solate Merlin). The entire genome of a chimpanzee CMYV strain is available at GenBank
Accession No. AF480884. The genome sequence of two rhesus CMV strains is also available
(Accession Nos. AY 186194 and DQ205516). Utilizing the teachings of the present
application, the skilled artisan would be able to use any of the aforementioned sequences, or
any other publicly available CMYV sequence to prepare chimeric CM Vs or to otherwise
genetically modify a CMV,

It has been demonstrated in accordance with the present invention that laboratory
strains of CMYV that have been passaged repeatedly in fibroblasts can be successfully
conditioned by propagation on the sclected cell line. For instance, as described in the
Example herein. BADrUL131. a BAC clone of the repeatedly passaged AD169 HCMYV strain
in which the UL131 ORF has been repaired, was introduced by electroporation into cultured
human foreskin fibroblasts. and the resulting virus preparation was amplified once in the
epithelial cell line ARPE-19. Thus, various embodiments of the invention comprise the use
of CMYV (or the genomes of CMV) that has been passaged in a cell type that is different from
the cell type selected for the conditioning step. For example. a CMYV strain can be passaged
multiplc times in fibroblasts, then amplified in epithelial cells and thereafter used to produce
a vaccine. [t will be appreciated that the CMV can be amplified/propagated for one or more
rounds in the selected cell type.

[n preferred embodiments, the methods of the invention are used to produce live
attenuated CMYV for use as a vaccine. Methods to attenuate viruses are known in the art.
Preferably, attenuated CMV exhibit a diminished capacity for infectivity, and/or
pathogenicity. including latency and activation, yet remain capable of inducing an immune

response that treats or protects the host against CMV infection. Examples of attenuated

CMYV strains include, but are not limited to, laboratory strains. such as AD169 and Towne,
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which replicate almost exclusively in fibroblasts. Such attenuated strains, engineered 1f
necessary to produce the requisite surface protein or protein complexes for appropriate
tropism, can be grown epithelial cells or in fibroblasts and thereafter epithehal cells as
discussed above. for use in the vaccine composition of the invention.

Serial passage in cultured cells, particularly fibroblasts, can be used to attenuate
CMV. Repeated passaging of virally-infected host cells is carried out in vitro until sufficient
attenuation of the virus 1s achieved. Passaging may be conducted under specific
environmental conditions, such as modulated temperature, pH, humidity, in order to select for
viruses with reduced infectivity or pathogenicity. If this method of attenuation is used, the
serially passaged virus is then amplified in the selected cell type for one or more passages to
produce the CMV to be used in the vaccine compositions of the invention.

Mutagenesis can also be employed to attenuate a virus. For example, CMV virions
can be exposed to ultraviolet or 1onizing radiation or chemical mutagens. according to
techniques known in the art. In addition to their use to produce chimeric viruses.
recombinant techniques can also be used to produce attenuated CMYV virions. For instance.
site-directed mutagenesis, gene replacement, or gene knockout techniques can be used to
derive virus strains with attenuated infectivity, pathogenicity or latency. An example of
modifying a CMV by knockout mutagenesis is set forth in W0O/2007/038316, which
describes CMVs with genomes deleted in one or more latency-promoting genes, displaying
an altered ability to enter or maintain a latent state.

In other embodiments. CMV isolated from the selected cell cultures are inactivated or
killed and used in vaccine compositions. Methods of inactivating or killing viruscs, e.g., with
a chemical such as formalin. are well known in the art. It will be understood by the skilled
artisan that the killed or inactivated CMV will comprise all or a substantial portion of the
components of the viral particle, such that the diversity generated by the amplification in the
selected cell type 1s maintained in the vaccine composition.

The methods of the invention can be used to create combinations of CMVs
propagated in different selected cell types. thereby conferring an additional level of diversity
to the vaccines that are produced. In one embodiment, a single CMV isolate or strain 1s used
to infect two or more different cultured cell lines of different types. e.g.. retinal epithehal
cells and endothehal cells. The CMV produced by amplification in the respective cell types

is then combined for use in a single vaccine. In another embodiment, two or more different

clinical isolates or strains of CMV are used to infect a single selected cell line, and the multi-
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strain or multi-isolate CMV population produced by amplification in that cell type is used to
produce a vaccine. In yet another embodiment. multiple isolates or strains are used to infect
two or more different cultured cell lines of different types. and the CMV populations
produced by amplification in the respective cell types are combined for use in the vaccine.

Another aspect of the invention features kits for producing CMV vaccine malerials in
accordance with the methods described above. The kits comprise in separate containers 1n a
single package or in separate containers in a virtual package. as appropniate for the use and
kit component, aliquots of cell lines of one or more sclected cell types. as well as one or more
CMYV isolates or strains, or vectors carrying the genomes of such CMYV strains, to be
introduced into and amplified in the selected cultured cell lines. Such kits also typically
contain instructions. or links to instructions, for how to carry out the various steps of the
method. Optionally. kits can also comprise culture medium and other reagents suitable for
carrying out the cell culture and virus manipulations.

Vaccine compositions and methods of use:

Another aspect of the invention features an immunogenic composition (referred to
interchangeably herein as a vaccine composition) comprising a cytomegalovirus (CMV)
population or virion components thereof. admixed with a suitable pharmaceutical carrier or
adjuvant. wherein the CMV is obtained via propagation in a selected cell type. for instance,
an epithelial cell culture. As mentioned above, CMV vaccines have heretofore typically been
prepared using CMV propagated in fibroblasts. However. it has been demonstrated in
accordance with the present invention that propagation in epithelial cells yields virus that
differs from fibroblast-propagated virus in many different ways. Virus produced in epithehal
cells preferentially fuses with the plasma membrane, whereas fibroblast-derived virus mostly
enters by receptor-mediated endocytosis. In addition, epithelial cell-generated virions had
higher intrinsic ““fusion from without™ activity than fibroblast-generated particles, which
influences the kinetics of infection. Furthermore, the two virus preparations trigger different
cellular signaling responses. as evidenced by markedly different alterations in the
transcriptional profile of infected epithehal cells.

In particular, CMV produced by propagation in epithelial cells have one or more of the
following features. as compared with an equivalent strain or 1solate of the virus produced by
propagation in fibroblasts. First, as mentioned above, they can be distinguished by their entry

into the host cells by fusion with host cell plasma membranes. CMV produced on cpithehal

cells also display greater virion-mediated cell-cell fusion of the host cells as compared with an
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equivalent CMV population isolated from cultured fibroblasts. as well as accelerated virus
growth in the host cells as compared with an equivalent CMV population isolated from culture
fibroblasts. In addition. they elicit a subdued cellular response as compared with equivalent
CMYV propagated in fibroblasts. At 10 hours post-infection about two-thirds fewer genes (~50
versus ~150 genes) exhibit a 2.5 fold or more change in expression level. In addition.
epithelial-grown CMV can be characterized by the particular profile of host genes whose
expression 1s changed (increased or decreased) following infection. These gene expression
protiles are detailed in the Example. and can involve a change in expression of one or more
genes represented by GenBank Accession Nos: AK094860. NM 145023, NM 133492,
NM_001039580. NM_001004301, NM_001034, A1369525. AK 123066, NM 005345,

NM 020731. BCO71797. NM_003414, NM_000800. NM_138467. AK090803. AL133118.
NM 001165, BG0O01037. NM_024861. NM _001043. NM 016239, NM 001018084
NM_001037442. NM_017600. NM 022097, NM 175868, NM 032266, NM_ 003841,

NM 005039, NM _145051. NM_004294, AW856073. NM 024050, AF085968, NM 080927,
NM 022115, AK056703. NM _000808. NM _012377. NM _006793. NM 031466,

NM 005185, NM 139173, BX360933, NM 016125, NM_002104, NM 032188,

NM 004185, NM 004843 or NM 173550.

[n this aspect of the invention. as in the foregoing aspects of the invention, CMYV or a
combination of CMVs amenable to development as a vaccine is suitable for use as a source of
the aforementioned CMV population. as long as they can be grown in at least one epithelal
cell line or another selected cell type. In one embodiment, the CMV 1s HCMYV or an HCMYV-
like virus. In another embodiment, the CMV originates from another primate, including but
not limited to chimpanzee and rhesus monkey, as described above. The CMV can be an
unmodified virus from a selected source. or it can be a chimeric virus produced by genetic
modification or combination of elements from two or more different CMV strains or 1solates.
as described above.

In preferred embodiments. the vaccine compositions comprise live attenuated CMV,
which can be produced by the methods outlined above, all familiar to the skilled artisan. In
other embodiments. CMV isolated from the selected cell cultures are inactivated or killed and
used In vaccine compositions.

The vaccine compositions can comprise combinations of different strains or isolates of
CMV. which can be propagated on a single epithelial cell cultures or on a number of different

epithelial cell cultures, or on cells of another cell type. to generate additional diversity.
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Furthermore. live attenuated CMV can be combined with killed or inactivated CMV . or with
immunogenic components of CMV to produce a combination vaccine, e.g.. live attenuated
CMV combined with heat killed CMV, or combined with material for a subunit vaccine. or a
combination of all three types of materials. Examples of immunogenic CMV polypeptides and
complexes suitable for subunit vaccines are described in WO 2007/146024 entitled
“Cytomegalovirus Surface Protein Complex for Use in Vaccines and as a Drug Target.”

The vaccine composition can further comprise one or more adjuvants. Adjuvants can
be any substance that enhances the immune response to the antigens in the vaccine. Non-
limiting examples of adjuvants suitable for use in the present invention include Freund's
adjuvant, incomplete Freund's adjuvant, saponin, surfactants such as hexadecylamine.
octadecylamine, lysolecithin, demethyldioactadecyl ammonium bromide. N,N-dioctadecyl-
N'-N-bis (2-hydroxyethylpropane diamine). methoxyhexa-decyl-glycerol. pluronic polyols.
polyanions such as pyran. diethylaminoethyl (DEAE) dextran. dextran sulfate. polybrene.
poly IC, polyacrylic acid, carbopol, ethylene maleic acid. aluminum hydroxide, and
aluminum phosphate peptides. o1l or hydrocarbon emulsions, and the like.

Vaccines can be formulated in aqueous solutions such as water or alcohol, or in
physiologically compatible buffers such as Hanks' solution. Ringer's solution. or
physiological saline buffer. including PBS. Vaccine formulations can also be prepared as
solid form preparations which are intended to be converted, shortly before use. to hquid form
preparations suitable for administration to a subject. for example. by constitution with a
suitable vehicle, such as sterile water, saline solution, or alcohol. before use.

The vaccine compositions can also be formulated using sustained release vehicles or
depot preparations. Such long acting formulations may be administered by implantation (for
example subcutaneously or intramuscularly) or by intramuscular injection. Thus. for
example. the vaccines may be formulated with suitable polymeric or hydrophobic materials
(for example as an emulsion in an acceptable oil) or ion exchange resins. or as sparingly
soluble derivatives. for example. as a sparingly soluble salt. Liposomes and emulsions can be
used as delivery vehicles suitable for use with hydrophobic formulations. Sustained-release
vehicles may. depending on their chemical nature, release the antigens over a range of several
hours to several days to several weeks to several months.

The vaccine compositions may further include one or more antioxidants. Exemplary
reducing agents include mercaptopropiony! glycine. N-acetylcysteine, 3-mercaptoethylamine,

glutathione, ascorbic acid and its salts, sulfite, or sodium metabisulfite, or similar species. In
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addition. antioxidants can also include natural antioxidants such as vitamin E. C. leutein.
xanthine. beta carotene and minerals such as zinc and selenium.

Vaccine compositions may further incorporate additional substances to function as
stabilizing agents. preservatives. buffers, wetting agents. emulsifying agents. dispersing
agents, and monosaccharides. polysaccharides, and salts for varying the osmotic balance.
The vaccines can further comprise immunostimulatory molecules to enhance vaccine
efficacy. Such molecules can potentiate the immune response. can induce inflammation, and
can be any lymphokine or cytokine. Nonlimiting examples of cytokines include interleukin
(IL)-1, IL-2.IL-3, IL-4. IL-12, IL-13. granulocyte-macrophage colony stimulating factor
(GMCSF). macrophage inflammatory factor. and the like.

Vaccines can be formulated for and administered by infusion or injection
(intravenously. intraarterially. intramuscularly, intracutaneously, subcutaneously,
intrathecally. intraduodenally. intraperitoneally. and the like). The vaccines can also be
administered intranasally. vaginally. rectally. orally. topically. buccally. transmucosally, or
transdermally.

An ctfective antigen dosage to treat against CMV infection can be determined
empirically. by means that are well established in the art. The effective dose of the vaccine
may depend on any number of variables, including without limitation, the size, height.
weight, age. sex, overall health of the subject, the type of formulation, the mode or manner or
administration. whether the virus is active or latent. whether the patient 1s suffering from

secondary infections. or other related conditions.

Vaccine regimens can also be based on the above-described factors. Vaccination can
occur at any time during the lifetime of the subject, including development of the fetus
through adulthood. Supplemental administrations. or boosters. may be required for full
protection. To determine whether adequate immune protection has been achieved.,
seroconversion and antibody titers can be monitored in the patient following vaccination.

The following example is provided to describe the invention in more detail. It1s
intended to 1llustrate. not to limit. the invention.

EXAMPLE

Human Cvtomegalovirus Uses Two Distinct Pathwavs

To Enter Retinal Pigmented Epithelial Cells

The experimental results described in this example demonstrate that HCMYV produced

in two different cell types enters epithelial cells via different pathways. Virtons generated in
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epithehial cells preferentially enter via fusion at the plasma membrane. whereas virions from

fibroblasts enter by pH-dependent endocytosis. The two virus preparations induced markedly

different cellular responses.

Materials and Methods
Biological reagents. Human foreskin fibroblasts (HFFs) at passage 10 to 15 were
maintained in medium with 10% newborn calf serum. Human MRC-5 embryonic lung
fibroblasts and ARPE-19 retinal pigmented epithelial cells (American Type Culture
Collection) at passage 24 to 34 were maintained in medium with 10% fetal bovine serum.

Human renal proximal tubular epithelial cells (hRPTECs) (Cambrex) were grown in medium

with 10% fetal bovine serum and used at passage 4 to 5.

BADwt 1s derived from a BAC clone of the AD169 HCMYV strain: BADr-UL131 (19,
21) 1s a derivative of BADwr in which the UL131 ORF has been repaired; BFXwr is derived
from a BAC clone of the VR1814 clinical HCMV isolate. Viruses were prepared by
electroporation of BAC DNAs into HFFs, and the resulting virus preparation was amplified
once in ARPE-19 cells or HFFs. unless otherwise specified. Cell-free virions were partially
purified by centrifugation through a sorbitol cushion and resuspended 1n serum-free medium.
Virus titers were determined by plaque assay on MRC-5 cells. Neutralization of
BADrULI131 was assayed by plaque reduction assay (19), by using purified anti-pUL130
monoclonal antibody (3E3) (19).

Anti-1E1 monoclonal antibody 1 B12 was described previously (21). Rabbit anti-
Sp100 polyclonal antibody (Chemicon) was used to visualize the ND10s.

Electron microscropy. ARPE-19 cells were exposed to virus at 4°C for | h, unbound
virus was removed by two washes with cold PBS, growth medium (37°C) was added for 15
min. cells were rinsed with phosphate-buffered saline (PBS). fixed and processed for electron
microscopy. and examined with an FEI Tecnail-T12 nucroscope at 80 kv.

Assay for the dependence of infection on endosome acidification. ARPE-19 cells
were pretreated with NH4Cl or Bafilomycin A1 (BFA) (Sigma) for | h at 37 °C, followed by
infection in the continued presence of the inhibitor. 16 h later. cultures were fixed in 2%
paraformaldehyde and permeabilized with 0.1% Triton X-100. IE1 wasidentified by

immunofluorescence using monoclonal antibody 1B12 (21) plus Alexa 546-conjugated

secondary antibody and nuclei were stained with DAPI. Inhibition was calculated as the

percentage of IE1-expressing drug-treated relative to untreated cells.
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Analysis of the fusion activity of virion proteins, To assay “fusion from without™.

ARPE-19 cells were grown 1o 90% confluence and infected. After 1 h at 37°C, the inoculum

was removed and medium containing 200 pg/ml of phosphonoformic acid (PFA) was added
to mhibit viral DNA synthesis. Fusion was monitored by visual inspection for syncytium
formation.

A luciferase reporter assay was adapted to quantitatively analyze virion fusion
activity. Reporter and effector ARPE-19 cells were prepared by electroporation (90-95%
etficiency) with a plasmid carrying a luciferase gene under the control by a T7 promoter and
a pcDNA3-T7 polymerase plasmid. respectively. At 24 h post transfection, the cells were
mixed at a |:1 ratio, and incubated at 37°C for an additional 16 h. The mixed populations
were then exposed to HCMYV virions at 4°C for 1 h, after which the monolayer was washed
twice with cold PBS followed by addition of buffers (PBS with 10 mM 2-(N-
morpholino)ethanesulfonic acid and 10 mM HEPES) with a final pH ranging of 4.5 to &.
After 3 min at 37 °C. the buffers were removed, and normal growth medium was added. At 6
hpt. the cells were lysed, and luciferase activity was assayed using a luciferase reporter assay
system (Promega).

Assay of cellular transcriptional responses. Confluent ARPE-19 cells were serum
starved for 24 h. followed by mock infection or infection. Total RNA was extracted at 6 or
10 hpi by using Trizol (Invitrogen). and purified with an RNeasy column (Qiagen). The
RNA samples were amplified and labeled (cyanine-3) with the Agilent low RNA input
fluorescent linear amplification kit. To control for chip to chip variation. a reference RNA
(Clontech) was labeled (cyanine-5) and co-hybridized with the probes prepared from mock or
HCMV-infected cells. The hybridization was performed in duplicate with Aligent Human
44K oligonucleotide arrays. Arrays were scanned using an Agilent scanner at 5 micron
resolution, and images were analyzed with Agilent Feature Extraction software to determine
the intensities of fluorescent signals for hybridized spots and for background subtraction.
Agilent GeneSpring GX software was used for normalization and quantification of relative
RNA changes.

Results

Fibroblast-derived virions activate immediate-early gene expression in ARPE-19

cells with slower kinetics than epithelial cell-derived virions. The AD169 HCMYV strain

(BADwr) replicates poorly in ARPE-19 epithelial cells due to a mutation in its UL131 gene
(10.21). Repair of the mutation in AD169, producing BADrUL131, restores epithelial cell
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tropism (21) by allowing production of a gH/gL/pUL128/pUL130/pUL131 virion
glycoprotein complex that is required for successful entry into these cells (19. 20).

BADrULI31 grown in ARPE-19 epithelial cells (epiBADrUL131) initiates its
program of gene expression in epithelial cells more rapidly than BADrUL131 grown in HFF
fibroblasts (fibroBADrULI131) (Fig. 1A). When ARPE-19 cells were infected with
epiBADrUL131. ~17% of the cells expressed detectable 1E1 protein at 6 h post infection
(hp1). [E1 expression was accompanied by disruption of ND10s in the nucleus. In contrast,
infection with fibroBADrUL131 led to IE1 expression in only 2.8% of ARPE-19 cells at 6
hpi. The number of [E1-expressing cells. however, increased with time. There was no
significant difference in the percentage of 1E1-expressing ARPE-19 cells at 24 hpi with virus
produced m the two cell types (Fig. 1B).

Virions produced in HFFs versus ARPE-19 cells enter ARPE-19 cells via distinct
pathways. An electron microscopic examination of virus entry was performed to determine
if the different kinetics of 1E1 accumulation for ARPE-19 cell-derived virus versus HFF-
derived virus resulted from an event prior to the onsct of viral gene expression. ARPE-19

cells incubated with epiBADrUL131 or fibroBADrUL131 were permitted to attach at the cell
surface at 4 °C. and cultures were shifted to 37 °C for 15 min to allow internalization before

processing for microscopy. For each sample, 40-50 cells were examined, with at least 90%
of the cells showing either intact virions or capsids. The number of virus particles in each
cell varied from 2-8. with most cells showing 2- 3 particles.

[n epiBADrULI131-infected ARPE-19 cells, virions were found almost exclusively at
the cell surface. with about 97% of the virions at the apical membrane. Some particles were
close to the cells but the section did not reveal evidence of contact (Fig. 2A, panel a). and
others were captured in the process of fusion at the plasma membrane (Fig. 2A. panels b and
¢). Capsids beneath the inner surface of the membrane were observed rarely: in fact. only
two examples were identified (Fig. 2A. panels d and ¢). No enveloped virions were found
inside the cells. This result indicates that epiBADrUL131 enters the ARPE-19 cells by fusion
with the plasma membrane. In contrast, fibroBADrUL131-infected cells contained virions at
the cell membrane (~65% of total) and inside the cell within vesicles (~35% of total) (Fig.
2B). The particles within vesicles were enveloped. indicating they entered by endocytosis.

Entry of the BFXw clinical isolate propagated in fibroblasts was also examined. This
clinical isolate accumulated in vesicles within ARPE-19 cells (Fig. 2C). supporting the

validity of BADrUL131 as a model for cell entry by a clinical 1solate of HCMV.
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