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EXPRESSION SYSTEM FOR EXPRESSING HERPESVIRUS GLYCOPROTEIN
COMPLEXES

PRIORITY CLAIM

[0001] This application claims priority to U.S. Provisional Application No. 62/532,298,
filed July 13, 2017, which is incorporated by reference herein in its entirety, including

drawings.
STATEMENT OF GOVERNMENT INTEREST

[0002] The present invention was made with government support under Grant No.
Al103960, awarded by the National Institute of Allergy and Infectious Diseases. The

Government has certain rights in the invention.
BACKGROUND

[0003] Induction of neutralizing antibodies (NADbs) that block herpesvirus glycoprotein
complex-mediated entry into host cells is considered important for a vaccine candidate to
prevent or control herpesvirus infection. However, using herpesvirus glycoprotein
complexes as antigens is complicated by the necessity of expressing multiple subunits
simultaneously to allow efficient complex assembly and formation of conformational

neutralizing epitopes.

[0004] Although protective immune correlates of human cytomegalovirus (HCMV)
are only poorly defined, induction of humoral and cellular immune responses targeting
immunodominant antigens such as the HCMV pentamer complex (PC), glycoprotein gB, or
phosphoprotein pp65 is thought to be important for a vaccine candidate to prevent
congenital HCMV infection. How these antigens can be assembled into a subunit vaccine

to efficiently stimulate anti-HCMV immunity remains unknown.

[0005] There remains a need fo inducing NAbs that effectively block herpesvirus
infections using the corresponding assembled herpesvirus glycoprotein complexes as

antigens. The technology disclosed herein satisfies this need.
SUMMARY

[0006] In one aspect, this disclosure relates tc an expression system for expressing
a herpesvirus glycoprotein complex. The expression system may include a vector inserted
with two or more nucleic acid sequences that encode two or more subunits of the
herpesvirus glycoprotein complex, linked by one or more linking segquences, such that the

two or more subunits can be co-expressed simultaneously, self-cleaved and self-processed
-
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to assembile into the herpesvirus glycoprotein complex. The vector can be a plasmid vector
or a viral vector. In some embodiments, the linking sequences include IRES and nucleic
acid sequences enccding 2A peptides that mediate ribosomal skipping. In some
embodiments, the vector is inserted with a single promoter before the two or more nucleic
acid sequences such that the single promoter controls the expression of the two or more

nucleic acid sequences.

[0007] In another aspect, a vaccine composition for preventing herpesvirus infection
is provided. The vaccine composition may include a vector capable of co-expressing two or
more subunits of a herpesvirus glycoprotein  complex simultaneously and a
pharmaceutically acceptable carrier, adjuvant, additive or combination thereof. In some
embodiments, the two or more subunits are linked by one or more linking sequences, such
that the two or more subunits can be co-expressed simultanecusly, self-cleaved and self-
processed fo assemble into the herpesvirus glycoprotein complex. In some embodiments,
the linking sequences include IRES and nucleic acid sequences encoding 2A peptides. In
some embodiments, the vector is inserted with a single promoter before the two or more
nucleic acid sequences such that the single promoter controls the expression of the two or

more nucleic acid sequences.

[0008] In another embodiment, a method of preventing herpesvirus entry into a cell is
provided. Such a method may include infecting the cell with an effective amount of a viral
vector, the viral vector comprising two or more nucleic acids encoding two or more subunits

of a herpesvirus glycoprotein complex, linked by one or more linking sequences.

[0009] In another embodiment, a method for preventing or ireating a herpesvirus
infection in a subject is provided. Such a method may include administering a
therapeutically effective amount of a herpesvirus vaccine to the subject, wherein the
herpesvirus vaccine comprises a vector capable of co-exprassing two or more subunits of a
herpesvirus glycoprotein simultaneously, and a pharmaceutically acceptable carrier,
adjuvant, additive (e.g. CD40L) or combination thereof.

[0010] According to some of the embodiments described above, the viral vectoris a
modified vaccinia Ankara (MVA) and the glycoprotein complex is HCMV pentamer complex
(PC) composed of its five subunits or antigenic fragments thereof: UL128, UL130, UL131A,
glycoprotein L (gl), and glycoprotein H (gH). In some embodiments, the viral vector is
further inserted with one or more additional DNA sequences that encode one or more

additional HCMV proteins or antigenic fragments thereof. These additional proteins could

2.
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be either the dominant targets of cell-mediated immunity such as pp65 and immediate early
1 and 2 proteins or other important humoral immune targets such as glycoproteins gB, gM,

gN, or gO or antigenic fragments thereof.
BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Figures 1A-1E show construction and characterization of MVA-BAC™
Figure 1A shows MVA-BAC™ construction. pBeloBAC11 vector sequences (B = cat, OriS,
repE, sopA/B/C, cos, loxP site) and a GFP expression cassette (GFP, Vaccinia P11
promoter) were inserted into the Thymidine kinase (TK) gene of the MVA genome utilizing
~700bp homologous sequences (gray filled elements). 85 and 87 = MVA ORFs 85 and
(Accession Nr. U94848). Figure 1B shows BAC restriction analysis. Purified MVA-BAC™
DNA was digested with the indicated enzymes, electrophoretically separated in a 0.7%
agarose gel containing ethidium bromide, and imaged by UV light exposure. Obtained in
vitro BAC restriction pattern were compared to in silico restriction pattern of MVA-BACT™
Figure 1C shows gene insertion. An mRFP marker was inserted into MVA-BAC™ into the
indicated MVA deletion sites (Del2, Del3, Del6) or intergenic regions between the given
MVA ORFs of MVA (U94848). Panel D exemplifies expression of the mRFP marker after
virus reconstitution. Figure 1D shows gene expression. Viral foci of MVA-BAC™-derived
virus with mRFP marker inserted into the MVA Del2 site (panel C) were imaged by
fluorescence microscopy to verify expression of the mRFP marker within Del2 and the GFP
marker of the BAC vector within the TK gene (panel A). Figure 1E shows multi-step growth
kinetics of MVA-BAC™ virus. BHK cells were infected in duplicates (6 well plates) with 0.05
MOI of MVA-BAC™-derived virus (MVA™) or wild-type MVA (MVA 1974/NIH clone 1), and

virus titers (PFU/ml) were determined at the indicated time points.

[0012] Figures 2A and 2B show construction of MVA expressing P2A-linked HCMV
PC subunits. Figure 2A shows HCMV PC subunits (gH, gl, UL128, UL130, UL131A)
linked by different P2A sequences (P2A1-PZA4) were inserted either all together into the
MVA intergenic region 69/70 (IGR69/70) of MVA-BAC™ or MVA-BACP®® to generate
polycistronic vectors MVAT™-PC2A1 and MVAP®R-PC2A1, respectively, or separately as
UL128/130/131A and gH/gL subunit subsets into the MVA deletion 2 (Del2) site and
IGR69/70 of MVA-BACT™ to generate polycistronic vector MVAT-PC2A2. B = BAC vector;
mH5 = Vaccinia modified H5 promoter; Del3 = MVA Deletion 3 site, TK = Thymidine kinase
gene. Figure 2B shows that P2A sequences (P2A1-P2A4) with different codon usage were
used to link the HCMV PC subunits within the MVA constructs as indicated in A. Lower 4

lines indicate DNA sequences with mutated nucleotides (marked in colors) that were used
-3
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to encode for the P2A peptide between the HCMV subunits. Upper line shows the amino
acid sequences of the P2A peptide.

[0013] Figure 3 shows expression and cleavage of P2A-linked PC subunits
expressed from MVA vectors. BHK cells were infected with the polycistronic MVA vectors
MVATE.PC2A1, MVAPER.PC2A1, and MVATK-PC2A2 (Figure 2), confrol vectors MVAP#3.RPC
or MVAP®R.gB, or mock (BHK; uninfected), and HCMV PC subunits (gH, gl., UL128, UL130,
UL131A) were detected in whole cell lysates by Immunoblot using MAb and polycional
antisera specific for the individual HCMV PC subunits. Vaccinia protein BR5 was detected

within the different samples as a loading control. kDa = kilo Dalton.

[0014] Figure 4 shows cell surface detection of MVA expressed P2A-linked PC
subunits by NAb. BHK cells were infected with polycistronic MVA vector MVATK-PC2A1,
MVAPeB.PC2A1, or MVATX-PC2A2 (Figure 2), control vector MVAPe3-PC or MVAPeB-gB, or
mock (BHK; uninfected). Live, non-permeabilized cells were investigated by cell surface
Flow cytometry staining using NAb specific for guaternary conformational epitopes formed
by HCMV PC subunits UL128/UL130/UL131A (1B2) or UL130/131A (54E11), or for
epitopes constituted by UL128 (13B5) or gH (62-11). Following addition of primary
antibodies, cells were incubated with anti-mouse Alexa Fluor 647 secondary antibody.

Histogram axes represent fluorescence intensity (X-axis) and cell count {Y-axis).

[0015] Figures SA and 5B show NAb induction by MVA vectors expressing P2A-
linked PC subunits. Figure 5A shows NADb titers (geometric mean titer) measured over a
24 weeks period. Balb/c mice (N=4 to 6) were prime/boost vaccinated in three weeks
interval (black rectangles) with polycistronic MVA vector MVAT™®-PC2A1, MVAPSB-PC2A1, or
MVATK-PC2AZ (Figure 2), or control vector MVAPEE-PC. At week 0 (pre-immune serum), 3,
7, 13, and 24, HCMV specific NAb titer (log10 NT50) in mouse sera were measured
against HCMV strain TB40/E on ARPE-19 EC (continuous lines) or on MRC-5 FB (dashed
lines). The dotted line indicates the limit of NADb detection. Bars represent 95% confidence
intervals. Figure 5B shows statistical analysis of NAb titers. Wilcoxon matched-pairs test
was used to investigate differences of ARPE-19 EC and MRC-5 FB specific NAD titers at
week 7 and week 24 in vaccine groups immunized with the indicated MVA vectors. P

values less than 0.05 were indicated with *.
DETAILED DESCRIPTION

[0016] Expression systems, vectors, vaccines for use in preventing or treating human

herpesvirus infections are provided herein. The expression systems, veciors and vaccines,

-4-
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which are described in detail below, generate neutralizing antibodies (NAb) against human
herpesvirus antigenic proteins or fragments to block entry of the human herpesvirus
glycoprotein complex-mediated entry into host cells, thereby preventing horizontal and
vertical virus transmission. This disclosure relates to the simultaneous expression of two or
more herpesvirus glycoprotein complex subunits utilizing a linking sequence between the
subunits to co-express self-processing polyproteins that efficiently assemble into protein
complexes. The expressed subunits can encode for glycoproteins of any of the known
human herpesvirus, including cytomegalovirus (CMV), varicella-zoster virus (VZV), Epstein-
Barr virus (EBV), Kaposi’s Sarcoma-associated herpesvirus (KSHV), herpes simplex virus
type 1 (HSV-1), herpes simplex virus type 2 (HSV-2), human herpesvirus 6 (HHV-6),
human herpesvirus 7 (HHV-7), or any other herpesvirus that infects vertebrates or
invertebrates.

[0017] In some embodiments disclosed herein, the glycoprotein complex subunits
can be either expressed by plasmid vectors such as pcDNA, pTT5, pCAGGS or related
vectors, or viral vectors such as CMV, Vaccinia, Modified Vaccinia Ankara (MVA),
Adenovirus, Sindbis virus, or related RNA or DNA-based viral vectors. The individual
subunits can be linked by cleavage sequences such that the co-expressed subunits can be

self-cleaved and self-assembiled into glycoprotein complexes.

[0018] In some embodiments, the expression systems, vectors, vaccines described
herein include one or more expression cassettes, each of which includes a single promoter
and a sequence that encodes two or more herpesvirus glycoprotein complex subunits. As
a result, the two or more herpesvirus glycoprotein compiex subunits are co-expressed
simuitaneously, i.e., under control of a single promoter, obviating the need for multiple
promoters or vectors. In certain embodiments, each expression cassette includes two,
three, four, five, or even higher numbers of herpesvirus glycoprotein complex subunits, the
expression of which are under control of a single promoter. In other embodiments, each
expression cassette includes more than ten herpesvirus glycoprotein complex subunits. In

some embodiments, a vector may include more than one such expression cassette.

[0019] in some embodiments, internal ribosome entry sites (IRES) can be introduced
in between nucleic acid seguences encoding two or more herpesvirus glycoprotein complex
subunits that are co-expressed, flanking the sequences encoding the two or more subunits.
Although IRES can be used to link the expression of muitiple genes under a single
promoter, the use of multiple IRES sequences might be limited by size constraints or

instability due to its relatively larger size comparing to 2A signal sequences. [n some
5.
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embodiments, 2A signal sequences that encode for the 2A peptide of food-and-mouth
disease virus (F2A), equine rhinitis A virus (E2A), porcine teschovirus-1 (P2A),
Thoseaasigna virus (T2A), cytoplasmic polyhedrosis virus (BmCPV 2A), or flacherie virus
(BmiFV 2A) can be used to link multiple genes under a single promoter. 2A signal
sequences have been found in picomnaviruses, insect viruses and type C rotaviruses.
Various suitable eukaryotic cell promoters can be used, including but not limited to,
immediate-early | promoter of human CMV or the chicken beta actin promoter, promoters of

vaccinia virus (mHS, pSyn, P11, p7.5), etc.

(00620} Additionally, a furin cleavage site preceding the 2A signal sequences can be
incorporated to remove the 2A peptides following self-processing of the 2A-inked
polyproteins. Furin is an enzyme that occurs in the Golgi apparatus and cleaves at very
short signal peptides such as KKKR or RKKR motif. Furin cleavage contributes to protein
processing and maturation. These short signal peptides can be added to the N-terminus of
the 18-22 amino acid long 2A skipping signais so that they are removed following 2A-
mediated processing of the herpesvirus glycoproteins, except for one or two remaining
amino acids. The resultant product can be even more “native.” Although it is preferred that
the 2A-linked subunits are expressed all from one vector through the use of one or more
expression cassettes, it is also possible to express the 2A-linked subunits from two or more
separate vectors. As an example for this system, the P2A skipping system and a novel
bacterial artificial chromosome (BAC) clone of the clinically deployable MVA vector were
used to induce CMV NAb by self-processing subunits of the CMV pentamer complex. In
some embodiments, using markerless BAC manipulation, codon-optimized and P2A-linked
PC subunits can be inserted into MVA either into one insertion site to generate MVA-
PC2A1, or as UL128/130/131A and gH/gl subunit subsets into two separate insertion sites
to generate MVA-PC2A2. As detailed in the working examples, while all PC subunits were
expressed in significantly higher levels from MVA-PC2A2 compared to MVA-PC2A1, the
PC subunits of both polycistronic vectors were efficiently cleaved and transported to the cell
surface as protein complexes forming conformational and linear neutralizing epitopes. In
addition, vaccination of mice with two doses of either of the vaccine vectors resulted in
potent and comparable HCMV specific NAb responses that remained stable for at least six

months.

[0021] Despite the current Zika virus (ZIKV) outbreak in the Americas and its
association with a surge of microcephaly, human cytomegalovirus (HCMV) remains the

most common infectious cause of permanent birth defects worldwide (5, 31). While there

-
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are currently no vaccines that could protect pregnant women and their developing fetuses
from either HCMV or ZIKV infection, vaccine development for HCMV unlike that for ZIKV
spans almost a period of more than five decades (31, 36, 38). Many HCMV vaccine
candidates have been preclinically and clinically evaluated, though encouraging findings for
feasibility of a congenital HCMV vaccine have been obtained only with an approach based
on envelope glycoprotein gB, a central mediator in HCMV host cell entry and important
humoral immune target (30). In phase i clinical trials, gB adjuvanted with MF59 has been
shown fo afford 43 to 50 % efficacy to prevent primary infection of HCMV seronegative
(HCMV") young women or adolescent girls (3, 37). While these efficacy rates are
considered insufficient for vaccine licensure, these findings hold promise that a vaccine
candidate with improved immunogenicity to elicit humoral and cellular immune responses
could provide levels of protection that significantly alter the outcome of congenital HCMV

infection.

[0022] Although it remains unclear why previous vaccine candidates have failed fo
effectively prevent HCMV infection, one explanation for their failure could be their inability to
elicit certain types of neutralizing antibodies (NAb) (11). Over the last years it has been
recognized that HCMV host cell infection occurs by two virus entry routes that are blocked
by NAb of varying specificity and potency (29, 40). While HCMV infection of all susceptible
cell types appears to depend on envelope glycoproteins gB and gH/gL/gO, the pentamer
complex (PC) composed of gH, gl., UL128, UL130, and UL131A is additionally required for
virus entry into many biologically relevant host cells including epithelial cells (EC), but
dispensabile for virus entry into other important cells such as fibroblasts (FB) (1, 20, 22, 50,
51, 55, 59, 64). Important for vaccine design, NAb predominantly recognizing quatermary
conformational epitopes of the PC are substantially more potent than NAb interfering with
gB and gH/gL/gO entry function (7, 17, 29). Since HCMV NAb were almost exclusively
correlated with measurements based on FB before the identification of anti-PC antibodies,
previous vaccine strategies such as those employing only gB were not designed to account
for the potent NAb responses blocking EC entry (11, 18). QOverall these findings suggest
that inclusion of the PC into a vaccine candidate could eliminate a caveat of previous
HCMV vaccines in eliciting NAb and, hence, lead to protection efficacy higher than that

achievable with gB alone.

[0023] While there are only a few findings that support an important protective role of
NAb targeting the PC (26, 27), many preclinical vaccine concepts based on the PC have
been developed to stimulate HCMV NAbD responses (16, 23, 58, 60, 62). These vaccine

-7-
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approaches consistently demonstrate that the PC is superior to gB and gH/gL in inducing
NAb that prevent EC infection. A recently developed PC-specific vaccine concept was
based on the well-characterized and clinically well-tolerated Modified Vaccinia Ankara
(MVA) vector (7, 80, 62). In addition to its excellent safety record (19, 52}, MVA provides
many advantages over other vector systems including a large capacity for heterologous
antigens, ability to elicit robust antigen specific immunity, and a versatile cytoplasmic
expression system that aliows efficient antigen delivery without the risk for viral DNA
integration into host chromosomes (6, 9, 15). By utilizing MVA bacterial artificial
chromosome (BAC) technology, muitiple MVA insertion sites can be used to generate a
single MVA vector co-expressing all five HCMV PC subunits (80). For example, the
heterologous seguences can be inserted into TK site, one of the six major deletion sites
(Del1-8), or MVA intergenic regions (there are over 180 MVA genes), or non-essential
genes to drive gene expression by intrinsic promoter elements. This vector, termed MVA-
PC, stimulated potent and durable HCMV specific NAb responses in mice and rhesus
macaques (RM). However, while effective in eliciting NAb, MVA-PC appeared limited in
accommodating additional HCMV antigens to further enhance its ability to induce anti-
HCMV immune responses due to the complexity of the vector design to co-express all five
HCMV PC subunits (60).

[0024] By exploiting the ribosomal skipping mechanism conferred by 2A peptides
(14, 39), an approach of expressing the five HCMV PC subunits from MVA as only one or
two self-processing polyproteins is disclosed herein. The 2A ribosomal skipping system is
widely-used fo express multi-protein complexes due to the relative small sizes of 2A
peptides (18-22 amino acids) and because it allows stoichiometric expression of the
individual 2A-linked subunits {12, 24, 45). As demonstrated in the working examples, by
utilizing a novel BAC of MVA, codon-optimized and P2A-linked DNA sequences of the five
PC subunits were inserted into MVA either all together into only one insertion site or as
UL128/130/131A and gH/gl subunit subsets info two separate insertion sites, resulting in
MVA-PC2A1 and MVA-PC2AZ, respectively. Whereas expression levels of all five PC
subunits were significantly higher with MVA-PC2A2 than with MVA-PC2A1, the PC subunits
expressed from both vaccines were efficiently cleaved and transported to the cell surface
as five member protein complexes that formed conformational neutralizing epitopes. In
addition, vaccination of mice with two doses of either MVA-PC2A1 or MVA-PC2A2 resulted
in induction of potent and durable HCMV NAb responses. This approach of eliciting NAb by

self-processing PC polyproteins significantly reduces the complexity of simultaneously co-

-8-
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expressing all five PC subunits, which could be useful for many other vector systems to
efficiently express the PC and stimulate HCMV specific NAb and may serve as a template

to induce NAb by multi-protein glycoprotein complexes of other viruses.

[0025] Since the discovery of the HCMV PC and its recognition as a target of potent
NAb responses that prevent in vitro HCMV infection of many biologically-relevant host cells
(7, 29, 55), the HCMV PC has become a major focus in HCMV vaccine development (16,
23, 58, 60, 62). As most of these potent NADb recognize quaternary conformational epitopes
formed by more than one subunit of the PC (7, 29), vaccine-mediated NAb induction based
on the PC relies on simultaneous co-expression of all five PC subunits to enable efficient
subunits assembly and formation of conformational neutralizing epitopes. While the large
insertion capacity and versatile expression system of MVA are advantageous (60, 62),
others have mastered it by employing replication defective HCMV (16) or viral vector or
plasmid expression constructs with multiple promoter elements or internal ribosomal entry
sites (IRES) (21, 28, 58). In addition, Kabanova and colleagues developed a vaccine
approach based on purified PC protein that was generated via 2A-linked expression
constructs; however details of the vector construction to produce the purified PC protein

remained unclear (23).

[0026] Disclosed herein is an expression sysiem based on ribosomal skipping
mechanism, i.e., by P2A peptides of porcine teschovirus-1 to induce HCMV NAb by MVA
vectors expressing self-processing PC subunits inserted into only one or two MVA insertion
sites (Figure 2). Because of the relatively small sequence of the P2A peptides and the use
of identical 2A peptides for polyproiein cleavage (Figure 2) (24, 45), this sysiem can be
used for other vector systems to efficiently express the PC and to stimulate HCMV NAb and
may form a template for stimulating NAb by multi-subunit glycoprotein complexes of other
viruses as well. Although PC and inducing HCMV NAb are used as examples in this
disclosure, expression and assembly of other herpesvirus glycoprotein complexes can be

achieved based on this disclosure.

[0027] Besides introducing an approach for stimulating potent NAb by self-cleavable
PC subunits, also disclosed herein is a novel BAC clone of MVA that can serve as a
powerful tool to develop clinically deployable vaccine vectors for infectious diseases and
cancer (Figure 1). While the conventional way of producing recombinant MVA by
homologous recombination in eukaryotic cells may be as efficient as the BAC technology to
generate antigenically less complex MVA vectors, the BAC technology appears to be in

particular useful to generate MVA with multiple antigen insertions due o the possibility of
-9
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repeatedly and seamlessly manipulate BAC DNA by highly-efficient and versatile
mutagenesis techniques (8, 10, 60). In contrast to two previously generated MVA-BAC -
including original MVA-BACP®® - (8, 35), the construction of MVA-BAC™ was based on the
insertion of BAC vector sequences into the TK gene locus. As demonstrated in the working
examples, the BAC restriction and sequencing analysis as well as growth kinetics of BAC-
derived virus suggest that MVA-BAC™ comprises an intact, full-length genomic clone of
MVA. In addition, the comparable and potent HCMV specific NAb responses induced by
the polycistronic MVA vectors derived from MVA-BAC™ and the immunologically well-
characterized original MVA-BACP®® indicate that MVA-BAC™ has excellent immunogenicity
properties to stimulate antigen specific immunity. Accordingly, the MVA-BAC™ disclosed

herein can be used for developing antigenically complex recombinant MVA vaccine vectors.

[0028] The MVA-BAC™-derived polycistronic MVA vectors expressing self-
processing HCMV PC subunits disclosed herein can be used for developing a multi-
component MVA vaccine candidate to prevent congenital HCMV infection. By linking the
PC subunits together via P2A peptides allowing expression of all five PC subunits using
only one or two MVA insertion sites, the complexity of the MVA vector construction is
reduced significantly compared to MVAP®E.PC to simulate potent HCMV NADb responses
(80). As the developed MVA vectors expressing P2A-linked PC subunits are as potent as
MVAPEE.PC to stimulate HCMV NADb in mice, it can be anticipated that the polycistronic
MVA vectors will also elicit NAb in non-human primates considering our previous finings
with MVAP®R-PC (80). As a consequence of reducing the insertion of the PC subunits to
only one or two MVA insertion sites, other commonly used MVA insertion sites remain
available for introducing additional HCMV antigens such as gB and pp65 to further enhance
the ability of the developed polycistronic MVA vectors to stimulate anti-HCMV humoral and
cellular immune responses. In addition, non-commonly used MVA insertion sites can be
used for additional antigen insertion based on the demonstration of inserting mRFP into 12
different insertion sites distributed over the cloned MVA genome of MVA-BAC™ (Figure 1).

{0029] Despite expressing the PC subunits of the different MVA vectors by the same
vaccinia promoter (mH5), MVAT-PC2AZ2 with PC subunit subsets inserted into two
separate insertion sites expressed significantly lower amounts of the HCMV proteins
compared to MVAP®B.PC, and lowest PC subunit expression was observed with the
pentacistronic vectors MVA™-PC2A1 and MVAP®E.PC2A1 (Figure 3). While it appeared
that the pentacistronic vectors did not express detectable amounts of UL131A by

Immunoblot, the cell surface Flow Cytometry staining analysis using antibodies to
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conformational epitopes constituted by UL128/130/131A and UL130/131A provide evidence
that these vectors expressed also UL131A in addition to all other four PC subunits (Figure
4). While the reason for the variable PC subunit expression levels between the MVA
vectors remain unknown, they appear to be associated with the length of the inserted
sequences, which may lead to different transcription or translation efficacy or differences in
post transcriptional and transliation processing of the PC subunits. Equally as likely, the co-
franslational P2A skipping mechanism may impair processing of the nascent seif-
processing PC polyproteins, and the higher the number of cleavage signals within the
expression construct the less efficient the expression. However, the differences in PC
subunit expression levels between the three polycistronic vectors and MVAP®3-PC may also
be a result of different codon-usage, since the self-processing PC subunits of the
polycistronic MVA vectors were encoded by codon-optimized DNA sequences while the PC
subunits of MVAP®R.PC were encoded by DNA sequences identical to those present in
HCMV TB40/E.

[0030] Considering the marked differences in PC subunit expression of the
polycistronic MVA vectors and MVAPERPC | it was unexpected that these vectors stimulated
comparable HCMV specific NAb responses (Figures 3 and 5). This discrepancy in PC
subunit expression and PC-specific NAb induction could be explained by the observations
made for cell surface detection of the PC subunits. While cellular PC subunit expression
levels of the different veclors were significantly different by Immunoblot (Figure 3),
comparable cell surface Flow cytometry staining intensity of the PC subunits using different
NAb was observed for all MVA vectors (Figure 4), suggesting that the PC subunits
expressed from the polycistronic MVA vectors and MVAP®RPPC were transported to the cell
surface with similar efficacy. This could explain why the different vectors had similar ability
to stimulate HCMV specific NADb, despite expressing different amounts of HCMV subunits.
Consequently, only very low expression levels of the PC subunits appear to be required for
stimulating anti-HCMVY NAD responses, at least when considering NAb induction in mice.
MVAT-PC2A2 and MVAP®:.PC may therefore overexpress a proportion of the PC subunits,
potentially resulting in inefficient processing or assembly of the PC subunits. In this
context, comparing NAb induction by the different MVA veclors in mice by dose de-
escalation may help to distinguish whether the MVA vectors have different ability to
stimulate HCMV NAb. As all three polycistronic MVA vectors stimulated potent NAb
responses in mice, they all represent a basis to develop a multi-component MVA vaccine

vector for preventing congenital HCMV infection.
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[0031] While there are many innovative vaccine candidates to mitigate congenital
HCMV infection, of which one has recently entered phase | clinical testing (54), the
approach for developing a congenital HCMV vaccine candidate disclosed herein is
attractive for the following reasons. First, it is based on the highly-attenuated MVA vaccine
vector that has been tested safely on over 120000 people in Europe (19, 52), indicating that
the vaccine approach will be clinically deployable. Second, MVA is well-known to elicit
robust antigen specific humoral and cellular immune responses (9, 15), suggesting that the
approach would allow to effectively induce HCMV immune responses by multiple antigens.
This is supported by the recently published phase | clinical results for an MVA vector
expressing immunodominant T cell targets pp65 and 1E1/2 that induced potent and durable
antigen specific celiular immune responses in healthy adults (25). Third, it is based on
vaccine construction using BAC technology that will allow to effectively exploit the large
insertion capacity and versatile expression system of MVA to assemble multiple HCMV
antigens including the PC, gB, and pp65 into a single MVA vector (8, 60). Fourth, it is
based on the expression of a membrane tethered PC that allows induction of potent HCMV
specific NAb responses in mice and RM by only two immunizations (60). For these
reasons, the vaccine approach disclosed herein may represent a unique sirategy to

develop a multi-component vaccine to mitigate congenial HCMV disease.

[0032] Based on the studies described above, expression systems, viral vectors and
vaccines that may be used in methods for inhibiting of herpesvirus entry into host cells have

been developed and described herein.
Expression systems, vectors and vaccines

[0033] According to the embodiments described herein, a herpesvirus antigenic
protein expression system (or “antigen expression system”) is provided herein. In one
embodiment, the antigen expression system may include a cloning vector 1o clone an
expression vecior that is able {0 express one or more herpesvirus antigenic proteins or
antigenic fragments thereof. In some embodiments, the antigenic proteins or antigenic
fragments thereof are herpesvirus glycoprotein complex, subunits thereof, or antigenic
fragments of one or more subunits. The herpesvirus glycoprotein complex subunits or
antigenic fragments thereof are derived from cytomegalovirus (CMV), varicella-zoster virus
(VZV), Epstein-Barr virus (EBV), Kaposi's Sarcoma-associated herpesvirus (KSHV), herpes
simplex virus type 1 (HSV-1), herpes simplex virus type 2 (HSV-2), human herpesvirus 6
(HHV-8), human herpesvirus 7 (HHV-7), or any other herpesvirus that infects vertebrates or

invertebrates.
-12-



WO 2019/014569 PCT/US2018/042046

[0034] In one embodiment, the cloning vector is a BAC, which is a DNA construct
that may be used to clone one or more target herpesvirus genes by transformation in
bacteria (e.g., E. coli). The use of BAC as a cloning vector allows for stable cloning of very
large DNA sequences, and can be easily manipulated using genetic techniques established
for £. coli. In some embodiments, the BAC cloning vector is used to clone an expression
vector. The expression vector may be a plasmid, a BAC, a viral vector (e.g., adenoviral
vectors, adeno-associated viral vectors, RNA viral vectors, lentiviral vectors or retroviral
vectors), a viral vector constructed as a BAC, or any other suitable vector that is able to

express a recombinant protein, a viral vector or both.

[0035] In some embodiments, the expression vector (e.g., the viral vector) is capable
of expressing one or more immunogenic or antigenic herpesvirus proteins or functional
fragments thereof. An immunogenic protein is a protein that, when introduced to a subject,
is recognized by the subject's immune cells, thereby stimulating an immune reaction. The
immune reaction may result in antibody production (e.g., neutralizing antibody production)
against that protein. A functional or antigenic fragment of an immunogenic protein is any
portion of the protein that contains an antigenic portion of the protein or is an antigenic
portion of the protein which may contain at least one epitope. In some embodiments, the
one or more immunogenic proteins or functional fragments thereof may be an immunogenic
protein complex, which includes a set of immunogenic protein subunits or functional

fragments thereof.

{0036] in one embodiment, the BAC cloning vector is used to clone a viral expression
vector. In such embodiments, the BAC vector is inserted into the genome of the viral
expression vector to generate a virus-BAC construct or plasmid. A bacterial host (e.g., E.
coli) is then transfected with the virus-BAC plasmid to clone the viral vector. Transfection of
the virus-BAC clones into eukaryotic cells susceptible to infection by the viral vector results
in reconstitution of the recombinant virus. The resulting reconstituted viral vectors may then

be used to infect target tissues or cells in a host.

[0037] In some embodiments, the glycoprotein complex subunits can be expressed
by plasmid vectors such as pcDNA, pTT5, pCAGGS or related vectors. In some
embodiments, the expression vector can be a viral vector derived from any suitable
adenovirus, sindbis virus, CMV, or poxvirus including, but not limited to, Avipoxvirus (e.g.,
canarypox virus and related strains such as ALVAC,; fowlpox virus), Orthopoxvirus (e.g.,
vaccinia virus strains such as the Western Reserve or Lister strain, Copenhagen strain

(NYVAC), Dryvax strain, modified vaccinia Ankara (MVA) strain, ACAM1000, and
13-
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ACAMZ2000 strain), Parapoxvirus (e.g., Orf virus). In one embodiment, the viral vectoris a
modified vaccinia Ankara (MVA), which is cloned into the BAC cloning vector (*MVA-BAC”)
and is able {0 express one or more immunogenic herpesvirus proteins or antigenic
fragments thereof. Any suitable MVA strain may be cloned by a BAC in accordance with
the embodiments described herein, including, but not limited to the 1974-MVA strain, VR
strain or ACAM 3000 strain.

[0038] In one embodiment, one or more immunogenic herpesvirus proteins or
antigenic fragments thereof are HCMV glycoproteins including a set of immunogenic protein
subunits or functional fragments thereof that are part of a CMV pentamer complex (PC).
The CMV pentamer complex is a HCMV protein complex that includes the following five
immunogenic protein subunits or functional fragments thereof: UL128, UL130, UL131A, gL,
and gH. Co-expression of all five of the PC subunits is required in single cells to obtain
functional expression. Therefore, a single delivery vector is needed, since there is no
current generally acceptable approach to guide >1 individual DNA or viral vectors to

assemble a protein complex in vivo by co-expression of all 5 PC components.

[00398] Simultaneous co-expression of the PC complex that includes the UL128,
UL130, UL131A, gL, and gH proteins or antigenic fragments thereof by the expression
systems and viral vectors described herein results in stimuiation of neutralizing antibodies
(NAb) by a host’s immune system that block HCMV infection in susceptible cells such as

epithelial and endothelial celis.

{00401 in other embodiments, the expression vector may include additional HCMV
proteins including, but not limited to, pp65, gB, IE1 gM, gN, gO, and other suitable antigenic
HCMV proteins known in the art. These additional genes may be inserted into a first
expression vector with the PC subunits, or alternatively, may be inserted into a second
expression vector o be administered in combination with the first expression vector. In
some embodiments, all subunits are inserted into the same insertion site of an MVA-BAC
vector, such as the TK insertion site. In other embodiments, one or more subuniis are

inserted into two or more different insertion sites of an MVA-BAC vector.

[0041] According to the embodiments described herein, an immunization regimen is
provided. The immunization regimen may include plasmids, viral vectors, live-attenuated
viruses, purified protein, or virus-like particles that express or comprise the herpesvirus
glycoprotein complex subunits. The immunization regimen may be administered via

prime/boost homologous (e.g. using only the same vaccine type) or heterologous {e.g using
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different vaccine types) vaccination. The immunization regimen may be administered in a
dose vaccination schedule involving two or more immunizations, which may be

administered 2 weeks o 6 month apart.

[0042] In other embodiments, the MVA vector described above may be a priming
immunization. In such a case, the aforementioned primes can also be used as booster
vectors after one or more (.., one, two, three, four, or more) consecutive MVA
immunizations. Alternatively, priming and boosting vectors can altemate such that the
heterologous immunization will include an MVA or alternate vector as a prime followed by
MVA or an alternate vector as a boost from 1 to 4 times as an example. Other suitable
immunization schedules or regimens that are known in the art may be used according to

the embodiments described herein by those skilled in the art.

[0043] According to some embodiments, the nucleic acid sequences encoding two or
more subunits of a herpesvirus glycoprotein complex are assembled into a single vector,
with a linking sequence inserted between the nucleic acid sequences encoding two or more
subunits. For example, CMV pentamer complex subunits may be linked through linking
sequences such as internal ribosome entry sites (IRES), derived from a number of different
RNA viruses that are well known in the art and sequences encoding 2A peptides, to link all
or a portion of the subunits in one insertion site or multiple insertion sites. The 2A signal
sequence encoding a 2A peptide of foot-and-mouth disease virus (F2A), a 2A peptide of
equine rhinitis A virus (E2A), a 2A peptide of porcine teschovirus-1 (P2A), a 2A peptide of
cytoplasmic polyhedrosis virus (BmCPV 2A), a 2A peptide of flacherie virus (BmiFV 2A), or

a 2A peptide of Thosea asigna virus (T2A), can be used.

[0044] A recombinant vector, such as the MVA viral vecior described above; or any
other suitable alternative vector including suitable primer or booster vectors described
above, may be part of a herpesvirus vaccine composition that may be used in methods to
treat or prevent herpesvirus infection. The vaccine composition as described herein may
comprise a therapeutically effective amount of a recombinant viral vector as described
herein, and further comprising a pharmaceutically acceptable carrier according to a
standard method. Examples of acceptable carriers include physioclogically acceptable
solutions, such as sterile saline and sterile buffered saline.

[0045] In some embodiments, the vaccine or pharmaceutical composition may be
used in combination with a pharmaceutically effective amount of an adjuvant to enhance

the anti-CMV effects. Any immunologic adjuvant that may stimulate the immune system
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and increase the response {0 a vaccine, without having any specific antigenic effect itself
may be used as the adjuvant. Many immunologic adjuvants mimic evolutionarily conserved
molecules known as pathogen-associated molecular patterns (PAMPs) and are recognized
by a set of immune receptors known as Toll-like Receptors (TLRs). Examples of adjuvanis
that may be used in accordance with the embodiments described herein include Freund's
complete adjuvant, Freund's incomplete adjuvant, double stranded RNA (a TLR3 ligand),
LPS, LPS analogs such as monophosphoryl lipid A (MPL) (a TLR4 ligand), flagellin (a TLRS
ligand), lipoproteins, lipopeptides, single stranded RNA, single stranded DNA,
imidazoquinolin analogs (TLR7 and TLRS8 ligands), CpG DNA (a TLR9 ligand), Ribi's
adjuvant (monophosphoryl-lipid Aftrehalose dicorynoycolate), glycolipids (a-GalCer
analogs), unmethylated CpG islands, oil emulsion, liposomes, virosomes, saponins (active
fractions of saponin such as Q521), muramyl dipeptide, alum, aluminum hydroxide,
squalene, BCG, cytokines such as GM-CSF and 1L-12, chemokines such as MIP 1-a and
RANTES, activating cell surface ligands such as CD40L, N-acetylmuramine-L-alanyl-D-
isogiutamine (MDP), and thymosin al. The amount of adjuvant used can be suitably
selected according to the degree of symptoms, such as softening of the skin, pain,
erythema, fever, headache, and muscular pain, which might be expressed as part of the

immune response in humans or animals after the administration of this type of vaccine.

[0046] In further embodiments, use of various other adjuvants, drugs or additives
with the vaccine of the invention, as discussed above, may enhance the therapeutic effect
achieved by the administration of the vaccine or pharmaceutical composition. The
pharmaceutically acceptable carrier may confain a trace amount of additives, such as
substances that enhance the isotonicity and chemical stability. Such additives should be
non-toxic to a human or other mammalian subject in the dosage and concentration used,
and examples thereof include buffers such as phosphoric acid, citric acid, succinic acid,
acetic acid, and other organic acids, and salts thereof, antioxidants such as ascorbic acid;
low molecular weight (e.g., less than about 10 residues) polypeptides (e.q., polyarginine
and tripeptide) proteins (e.g., serum albumin, gelatin, and immunoglobulin);, amino acids
(e.g., glycine, glutamic acid, aspartic acid, and arginine);, monosaccharides, disaccharides,
and other carbohydrates (e.g., celiulose and derivatives thereof, glucose, mannose, and
dextrin}, chelating agents (e.g., EDTA);, sugar alcohols (e.g., mannitol and sorbitol);
counterions {(e.g., sodium); nonionic surfactants (e.q., polysorbate and poloxamer);
antibiotics; and PEG.

[0047] The vaccine or pharmaceutical composition containing a recombinant viral
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vector described herein may be stored as an agueous solution or a lyophilized product in a

unit or multiple dose container such as a sealed ampoule or a vial.

Preventing herpesvirus entry into a cel, freating and preventing herpesvirus

infection

[00438] The antigen expression system described above may be used in in vitro, in
vivo or ex vivo methods of preventing herpes virus entry into a cell or a population of cells.
In some embodiments, methods for preventing herpesvirus entry into a cell or a population
of cells include steps of infecting the cell or population of cells with an effective amount of a
viral vector capable of expressing a herpesvirus glycoprotein complex or antigenic

fragments thereof.

[0049] In other embodiments, methods for freating or preveniing a herpesvirus
infection in a subject are provided. Such methods may include administering a
therapeutically effective amount of a herpesvirus vaccine to the subject. The herpesvirus
vaccine may include at least one active ingredient, wherein the at least one active
ingredient includes a viral vector that is capable of expressing a herpesvirus glycoprotein

complex or antigenic fragments thereof, such as those described herein.

[0050] The expression systems, vectors and vaccines described herein may be used
to treat or prevent any herpesvirus infection. For example, HCMV infection that infects
epithelial cells, endothelial cells, fibroblasts or a combination thereof can be treated or
prevented. Examples of HCMV infections that may be treated or prevented using the
methods described herein may include, but is not limited to, congenital HCMV infection,
opportunistic HCMV infections in subjects with compromised immune system (e.g., organ
and bone marrow transplant recipients, cancer patients and chemotherapy recipients,
patients receiving immunosuppressive drugs and HiV-infected patients) and silent HCMV

infections in otherwise healthy subjects.

[0051] The term “effective amount” as used herein refers to an amount of a
composition that produces a desired effect. For example, a population of cells may be
infected with an effective amount of a viral vector to study its effect in vitro (e.g., cell culture)
or {o produce a desired therapeutic effect ex vivo or in vitro. An effective amount of a
composition may be used to produce a therapeutic effect in a subject, such as preventing or
treating a target condition, alleviating symptoms associated with the condition, or producing
a desired physiological effect. In such a case, the effective amount of a composition is a

“therapeutically effective amount,” “therapeutically effective concentration” or
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“therapeutically effective dose.” The precise effective amount or therapeutically effective
amount is an amount of the composition that will yield the most effective results in terms of
efficacy of treatment in a given subject or population of cells. This amount will vary
depending upon a variety of factors, including but not limited to the characteristics of the
composition (including activity, pharmacokinetics, pharmacodynamics, and bicavailability),
the physiological condition of the subject (including age, sex, disease type and stage,
general physical condition, responsiveness {0 a given dosage, and type of medication) or
cells, the nature of the pharmaceutically acceptable carrier or carriers in the formulation,
and the route of administration. Further an effective or therapeutically effective amount
may vary depending on whether the compaosition is administered alone or in combination
with another composition, drug, therapy or other therapeutic method or modality. One
skilled in the clinical and pharmacological arts will be able to determine an effective amount
or therapeutically effective amount through routine experimentation, namely by monitoring a
cell's or subject's response to administration of a composition and adjusting the dosage
accordingly. For additional guidance, see Remington: The Science and Practice of
Pharmacy, 215t Edition, Univ. of Sciences in Philadelphia (USIP), Lippincott Williams &
Wilkins, Philadelphia, PA, 2005, which is hereby incorporated by reference as if fully set
forth herein.

[0052] “Treating” or "treatment” of a condition may refer to preventing the condition,
slowing the onset or rate of development of the condition, reducing the risk of developing
the condition, preventing or delaying the development of symptoms associated with the
condition, reducing or ending symptoms associated with the condition, generating a
complete or partial regression of the condition, or some combination thereof. Treatment

may also mean a prophylactic or preventative treatment of a condition.

[0053] In some embodiments, the vaccine or pharmaceutical composition described
herein may be used in combination with other known pharmaceutical products, such as
immune response-promoting peptides and antibacterial agents (synthetic antibacterial
agents). The vaccine or pharmaceutical composition may further comprise other drugs and
additives. Examples of drugs or additives that may be used in conjunction with a vaccine or
pharmaceutical composition described herein include drugs that aid intracellular uptake of
the recombinant virus or MVA or recombinant transgenic protein of the present invention,
liposome and other drugs and/or additives that facilitate transfection, (e.g., fluorocarbon
emulsifiers, cochleates, tubules, golden particles, biodegradable microspheres, and cationic

polymers).
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[0054] In some embodiments, the amount of the active ingredient contained in the
vaccine or pharmaceutical composition described herein may be selected from a wide
range of concentrations, Virus Particle Unit (VPU), Plagque Forming Unit (PFU), weight to
volume percent (w/v %) or other quantitative measure of active ingredient amount, as long
as it is a therapeutically or pharmaceutically effective amount. The dosage of the vaccine
or pharmaceutical composition may be appropriately selected from a wide range according
to the desired therapeutic effect, the administration method (administration route), the

therapeutic period, the patient's age, gender, and other conditions, etc.

[0055] In some aspects, when a recombinant viral vector is administered to a human
subject as an active ingredient of the vaccine or pharmaceutical composition, the dosage of
the recombinant virus or MVA may be administered in an amount approximately
corresponding to 107 to 10" PFU, preferably 10° to 102 PFU, and more preferably 10° to

10'° PFU per patient, calculated as the PFU of the recombinant virus.

[0056] In further aspects, when a recombinant viral vector is administered toc a
subject as an active ingredient of the vaccine or pharmaceutical composition, the dosage
may be selected from a wide range in terms of the amount of expressible DNA introduced
into the vaccine host or the amount of transcribed RNA. The dosage also depends on the

strength of the transcription and transiation promoters used in any transfer vectors used.

[0057] In some embodiments, the vaccine composition or pharmaceutical
composition described herein may be administered by directly injecting a recombinant viral
vector suspension prepared by suspending the recombinant virus or MVA in PBS
(phosphate buffered saline) or saline into a local site (e.qg., into the lung tissue, liver, muscle
or brain), by nasal or respiratory inhalation, or by intravascuiar (i.v.) (e.q., intra-arterial,
intfravenous, and portal venous), subcutaneous (s.¢.), intracutaneous (i.c.), intradermal (i.d.),
or intraperitoneal (i.p.) administration. The vaccine or pharmaceutical composition of the
present invention may be administered more than once. More specifically, after the initial
administration, one or more additional vaccinations may be given as a booster. One or
more booster administrations can enhance the desired effect. After the administration of
the vaccine or pharmaceutical composition, booster immunization with a pharmaceutical
composition containing the recombinant virus or MVA as described herein may be

performed.

[0058] The following examples are intended to illustrate various embodiments of the

invention. As such, the specific embodiments discussed are not to be constructed as
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limitations on the scope of the invention. It will be apparent to one skilled in the art that
various equivalents, changes, and modifications may be made without departing from the
scope of invention, and it is undersiood that such equivalent embodiments are to be
included herein. Further, all references cited in the disclosure are hereby incorporated by

reference in their entirety, as if fully set forth herein.
EXAMPLES
Example 1: Materials and Methods

[0059] Viruses and celis: Baby hamster kidney (BHK-21) cells, chicken embryo
fibroblasts (CEF), ARPE-19 EC, and MRC-5 FB were maintained and propagated as
described previously (56, 57, 60). BHK-21, ARPE-19, and MRC-5 cells were obtained from
the American Type Culture Collection (ATCC CCL-10 and ATCC CRL-2302). Chicken
anemia virus-negative CEF cells were purchased from Charles River (Order Nr. 1010087).
MVA 1974/NIH clone 1 and Fowl pox virus HP1.441 were kindly provided by Bernard Moss
(NIAID) (33). HCMV TB40/E expressing green fluorescent protein (GFP) was reconstituted
from TB40/E BAC, a kind gift from Christian Sinzger (Ulm University, Germany) (41, 44).
For generating MVA stocks, MVA was propagated in BHK cells and purified through 36%
sucrose density ultracentrifugation, then re-suspended in 1mM Tris-buffered saline and
stored at -80°C (56, 57). Titer of MVA stocks were determined on BHK celis by
immunostaining of viral foci 18-24 after infection using rabbit polycional antibodies to
vaccinia virus. TB40/E stocks were produced following virus propagation in ARPE-19 cells
as described (60). Briefly, 70-80% confluent ARPE-19 cells were infected with TB40/E at
0.1 multiplicity of infection (MOI) and re-seeded weekly until 90-100% of cells were infected
as monitored by GFP expression. Virus particles were concentrated from clarified medium
by ultracentrifugation at 70,000xg over 20% sucrose (witivol) in Tris-buffered saline (0.1 M
Tris-Cl [pH 7.4], 0.1 M NaCl}). Concentrated virus was resuspended in Tris-buffered saline
and stored at ~80°C. Virus titration was performed by adding serial dilutions of the virus to
ARPE-19 EC and by immunostaining for immediate early-1 protein (IE1) after 48 h of
incubation (60).

[0060] Antibodies: Mouse monoclonal antibodies (MAb) 182, 54E11, 13B5, and
62-11 as well as peptide-specific rabbit polyclonal antisera to the individual PC subunits
were generated previously (7, 60). Rabbit polyclonal antibodies to vaccinia virus that were
used for MVA titration were purchased from LSBio (LS-C103289). MAb specific for HCMV
IE1 (p63-27) or gH (AP86) were kindly provided by Bill Britt (University of Alabama at
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Birmingham) (2, 43). Hybridoma supernatants of UL128 specific mouse monocional
antibody Z9G11 was a gift from Giuseppe Gerna (Pavia University, ltaly) (18). MAb 19C2
specific for the vaccinia BR5 protein was a kind gift from Berard Moss (NIAID) (42).

[0061] Plasmids: Transfer plasmids for inserting BAC sequences into MVA by
homologous recombination or PC subunits into MVA BAC by En passant mutagenesis (8,
48, 62}, were generated using standard molecular biology cloning technigues. For inserling
BAC sequences into the MVA Thymidine kinase (TK) gene by homologous recombination,
a transfer vector was generated in which pBeloBAC11 sequences — including mini-F
replicon, foxP site, and cos sequences — and a GFP expression cassette with vaccinia P11
late promoter were flanked by DNA sequences homologues to the MVA TK gene locus, as
shown in Figure 1. The pBeloBAC11 vector was obtained from New England Biolabs. TK
homology flanks were derived by PCR amplification of genomic DNA sequences of MVA
1974/NIH clone 1 that corresponded 1o base pairs 68313-70000 and 70001-70703 of MVA
strain Acambis (Accession Nr. AY603355.1). The GFP marker with P11 promoter was
derived by PCR amplification from plasmid pLW73 (83). A unique Avrli restriction site was
intfroduced between the ends of the TK homology flanks to allow linearization of the entire
transfer construct, as shown in Figure 1. For inserting the HCMV PC subunits either all
together into only one insertion site or into two separate insertion sites of MVA-BAC DNA
by En passant mutagenesis (48), plasmid pGEM-T-mHS5 was used as a vector backbone to
generate three different transfer constructs that comprised codon-optimized, P2A-linked PC
subunit subsets of either UL128/130/131A (#1), gH/gL. (#2) or gH/glL with an additional P2A
sequence preceding the gH gene sequence (#3) (62). Generating a transfer vector
comprising P2A-linked sequences of all five PC subunits was not successful. Each of the
PC subunit subsets within the different transfer vectors were flanked upstream with Kozak
and vaccinia mH5 promoter sequences and downstream with a vaccinia transcription
termination signal (TTTTTAT) (82). In addition, kanamycin expression cassettes with
adjacent I-Scel homing endonuclease restriction sites and flanking 50bp gene duplications
were introduced into the PC subunit subsets to allow En passant-mediated BAC insertion
(48, 62). Codon-optimized, P2ZA-linked DNA sequences of the PC subunit were generated
by taking advantage of the GenPFlus Economy Synthesis Service from Genescript. All PC
subunit gene sequences were based on HCMV strain TB40/E (TB40/E-BAC; Accession Nr.
EF999921) (44), which were codon-optimized for vaccinia virus using the online Codon
Optimization Tool from Integrated DNA Technologies (IDT). While retaining vaccinia codon

usage, codon-optimized PC gene sequences were silently mutated to remove runs of more
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than three nucleotides of the same type in a row that are known {0 cause instability within
heterologous DNA sequences inserted into MVA (83). Gene internal Kanamycin/l-Scel
cassettes flanked by 50 bp gene duplications were generated by PCR amplification of
plasmid pEPkan-S using primers that provided 50 bp gene duplications, and insertion of the
resulting PCR products into unique restriction sites within the PC subunit gene sequences
(49). For inserting mRFP expression cassettes into MVA-BAC DNA, an mRFP transfer
construct for En passant mutagenesis was generated within the pGEM-T-mH5 vector
analogous to the transfer constructs for the PC subunits. The mRFP gene sequence with
internal kanamycin expression cassette and a 50 bp gene duplication was derived by PCR
amplification of pEP-mRFP-in (49). Defailed sequence maps generated by Vector NTI
(Invitrogen) for all plasmids are available. All transfer constructs were confirmed by
seqguencing.

{0062] BAC construction: Construction of the novel MVA-BAC with vector
sequences inserted into the TK gene locus, termed MVA-BAC™, was generated by using a
procedure similar to that described previously by Domi and colleagues (13). Briefly, 70-
90% confluent CEF cells were infected with MVA 1974/NIH clone 1 at 0.01 MOI and after 2
h of incubation transfected with 2ug of Avrli-linearized BAC transfer vector using Fugene
HD transfection reagent (Roche) according to the manufacturers instruction.  MVA
recombinants were isolated following six rounds of plaque purification on CEF cells using
GFP expression of the inserted BAC vector as a marker. CEF cells (V0-80% confluent)
were then infected with the isolated MVA recombinants at 5 MOI. After 2 h of incubation,
the infected cells were incubated in growth medium containing 45uM Isatin-p-
thiosemicarbazone (IfT) to inhibit viral hairpin resolution and to promote heat-to-tail
genome concatemerization and circularization (13). Plasmid transfection of pCiCre
expressing Cre recombinase that could have potentially enhanced genome circularization
by recombination of loxP sites within the BAC sequences was not employed due to
unfavorable findings made for MVA BAC generation by others previously (8, 13). After 5 h
of incubation in presence of IBT, DNA was isolated from the infected CEF cells using the
DNAeasy Blood and Tissue genome isolation Kit from Qiagen according to the
manufacturer's instructions, and purified DNA was transformed into DH10B E. cofi cells
(MAX Efficiency DH10B Competent Cells, Invitrogen).

[0063] BAC mutagenesis: HCMV PC subunit subsets and mRFP expression
cassettes were inserted into MVA-BAC DNA by En passant mutagenesis in GS1783

bacteria cells as described previously (48, 62). Briefly, transfer constructs for the HCMV
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and mRFP gene sequences as described above were amplified with primers containing 50

bp extensions homologous to target site (primers shown in Table 1), and inserted into the

MVA genome via an initial Red recombination.

Table 1
: . o Target | Genome
Primer pairs for recombination {5 to 3’ .92 i
site position
ARAAAATATATTATITTTATGITATTTTGTTAAAMATAATCATCGAATACGAAC TAGTATAAARAGGC GCGCC Doz o721
Sl !
GAAGATACCAAMATAGTAAAGATTTIGCTATICAGTGGACTGGATGATTCAAAAATTGAAAATAAATACARAGGTTC .
AATTGTACTTTGTAATATAATGATATATAT TTTCACTTTAICTCATTIGATTTTTATAAAAATTGAAAATAAATACAAAGGTTC - 741
o] &
ATTCCGAAATCTGTACATCATGCAGTGGITAMACAAAACATTTTTATTCCTAGTATAAMAAGGCGCGCC ° °
ATATGAATATGATTTCAGATACTATATTIGTTCCTGTAGATAATAACT AAAAATTTTTATCTAGTATAAABRAGGCGCGCC 5970 6381
/
GGAAAATTTIICATCTCTAMAAAAGAT GTGGTCATTAGAGT TIGAT TTTTATAAAAATTGAAAATAAATACARAGGTTC °
TTGGGGAAATATGAACCTGACATGAT TAAGATTGCTCTTTCGETGGLTGETAAAAAATTGAARATAAATACARAGGTTC
¢ Q34
ACAAMATTATGTATTTTGTTCTATCAACTACCTATAAAACTTTCCAATACTAGTATAAMAAGECGCGCC Bel3 145841
GGITTATTGGATTCGTGTAATCATATATTTTGCATAACATGCATCATTTTTATAARAAT TGAAAATAATACARAGGTTC 8 12800
ACAATTATCCGACGCACCGGITICICTICEIGTICTATGCCATATATIGATTTTTATCTAGTATAAAAAGGCGCGE ' °
GAATATGACTAAACCGATGACCATITAAAAACCCCTCTCTAGCTTTCACTAAAAATTGAAAATAAATACARAGGTTC s B
L '~ o
ATAATGTTTTTATAT TATACATGITCTAAMAGAATAATCGATACAGT TTACTAGTATAAARAGGCGCGCC N '
GTTCGCEGLTAATCECGATAATGTAGCTTCTAGACTIIIGICCTAATTTTTATAAAAAT TGAAAATAAATACARAGGTTC s 25924
A i
CTGGACGACACGGATTTATTAATATCGAAMAGGATATAATTGTATTTTAGTTTTTATCTAGTATAAAAAGGCGCGCC
ATCTAATGGATAAACT GAATCTAACAAAGAGCGACGTACAACTGTTGTAATTTTTATCTAGTATAAAAAGGCGLGE - 18515
LI GAAAGAATGTTT GG T ICAAMACCTACATTTTACGAAGCATAATTTTTATAARAAT TGAAAATAAATACARAGGTTC i
GTTGTTGECCTIGETCE0GCTACTCATCACATIAACTATTTTTTATTACTITATACTATAATT TTTATAAMAATTGAAATAAATACAARGGTTC. | 75008
! F£3U0
TTATGGCAGGTGAGATGTTIGITAGAAGTCAGTCTAGTACTATTATAGTATAATTTTTATCTAGTATAAARAGGCGCGCC
ATAAGATATCTTCTCAAMAGAT CAAGGAAAT GGAAGAAACAGAAGACTTTTAATTTTTATCTAGTATAARMAAGGCGCGCC 50591 8067
GITTAAAAGACAGAT CATAGAAAATATGTTATTGATAAGAATTAATTTTTATAAARATTGAARATAAATACAAAGGTTC .
GITATTTTATGICACCGCATTGGIGITCCGATTTTAGTAATATGGAATAGTTTTTATCTAGTATAAAAGGCGCGCC 99153 83152
h
GCIGITATGGIICCTTACAGGAACATICGTTACCGCATTTATCTAATTTTTATAAAAAT TGAAAATAAATACAAAGGTTC °
AGGATGITATTACGAATCAT TAAMAAAATTAACTGAGGATGATTGATTTTTATAAAAATTGAAAATAAATACARAGGTTC Jp— —
7 )
ACAATCCCGTTATAAAMATACACGAT GETARATTAATTTATATTTICTAATTTTTATCTAGTATAAAAAGGCGCGE ;
TCCATCTAGACTATATTATCAAAAT TTGGAAACTTCAAMAACGATATTAGTTTTTATCTAGTATAAAAAGGCGCGCC 617 J05451
4 ]
AGACTTGATTGTGACAT TTAGAGAACGATATTCGTATAAT TCTAATTTTTATAAAATTGAAAATAAATACARAGGTTC '
ATTGTTTATACTCAAGATATICGTTAACGAATTAAAATTATTTAATTTTTATAAAAATTGAAAATAAATACAAAGGTTC - 7575
AGGAACAGATTAATCCAGACGAT TGITGICTGGATATGGGAATGTATTAATTTTTATCTAGTATAAAAGGCGCGCC “ '
GTTACCTCCGCAGTITTTACGAGCGATTTCACGTTCAGCCTICATGCGICTTTTTATCTAGTATAAAAAGGCGCGLC - 123963
GIGACAGAAGCTAAACCCGATAACGATAAGCGAATTCATGCTATAATTTTTATAAMAAT TGAAAATAAATACAAAGGTTC N e
ATTGATAATATAAATATGAGCATTAGTATTICTGTGGAT TAATAGATTTTTATAAAAATTGAARATAAATACAAAGGTTC “e8i1as 137500
& o [Relt

T ATGAGGTATTTAGAGATTAGAGATGATTAATGATCOCCATACTAGAAATTTTTATCTAGTATAAAAAGGCGCGCC

Undelined sequences indicate 5" primer extensions that mediated recombination.

2Recormbination target sites given either as MVA deletion sites (Dei2, Del3, and Del6) or as intergenic regions between the indicated ORFs of MVA (Accession Nr.

194848},
*Recombinaticn insertion position within the MVA genome (Accession Nr. U94848).

[0064] Subsequently, the kanamycin marker within the gene sequences was

seamlessly removed by a second Red recombination utilizing the engineered 50 bp gene

duplications flanking the marker sequences (49, 62). For inserting P2A-linked PC subunits
into two separate MVA insertion sites (MVA™-PC2A2), the UL128/130/131A and gH/gL

subunit subsets were successively inserted by two subsequent En passant reactions into
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the MVVA Deletion 2 site (Del2) and the intergenic region between MVA genes 69 and 70
(IGRB9/70; Accession Nr. U94848), respectively. For inserting the PC subunits all together
into only one insertion site (MVAT™®-PC2A1 and MVAP®R-PC2A1), the UL128/130/131A
subunits were inserted into the IGR69/70 by a first En passant mutagenesis reaction, and
the gH/gL subunits were subsequently inserted into the UL128/130/131A-containing
IGR69/70 site by a second En passant recombination reaction. All sequences inserted into
the MVA-BAC DNA and sequences that mediated recombination were verified by
sequencing. Detailed sequence maps are available for all engineered recombinant MVA-

BAC constructs.

[0065] Virus reconstitution: Virus reconstitution from BAC DNA was performed as
previously described (8, 80). Briefly, BHK cells were seeded at 1x10° cells per well in a six
well plate and 16-20 h later transfected with ~2-4 ug of BAC DNA that was prepared from
E.coli by alkaline lysis (4). Transfection was performed using X-tremeGENE HP DNA
transfection reagent (Roche) according to manufacturer's instructions. Four hours post-
transfection, BHK cells were infected with FPV at 0.1 MOI to initiate virus transcription.
Virus reconstitution was monitored by GFP expression of the BAC vector, and transfected

BHK cells were re-seeded in a 1:2 ratio until 100% of cells were infected.

[0066] Western Blot: Immunoblot detection of the HCMV PC subunits expressed
from the MVA recombinants was performed by standard procedures. Briefly, 80-80%
confluent BHK cells were infected with the MVA recombinants at MOl 5 and grown
overnight for 16-20 h. Infected cells were harvested, clarified from cell debris by
centrifugation at 300xg, and lysed in SDS sample buffer (2% SDS, 100 mM dithiothreitol
[DTT], and 125 mM Tris-HCI [pH 8.8]). Proteins were boiled, electrophoretically separated
by SDS-PAGE, and blotted to a PVDF membrane. HCMV gl and UL131A were detected
with rabbit polyclonal antisera diluted 1/3000; UL128 and gH were detected with anti-HCMV
UL128 MAb Z9G11 or gH MADb AP86 at a final concentration of 0.1 and 10 pg/mi,
respectively; and UL130 and vaccinia BR5 were detected by using hybridoma supernatants
diluted 1/10. Proteins were visualized with secondary antibodies (anti-rabbit or anti-mouse
IgG antibody, Sigma) coupled to horseradish peroxidase (HRP) and chemiluminescence
detection (Pierce ECL WB substrate, Pierce).

[0067] Fiow Cytometry: Cell surface Flow cytometry staining to detect HCMV PC
subunits expressed from the different MVA vectors by PC-specific NAb was performed as
described previously (7). Briefly, BHK-21 (70-80% confluent) were infected with the MVA

vectors at MOI 5. At 4 h post infection, infected cells were collected, washed in phosphate
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buffered saline (PBS), and incubated for 1 h at 4°C with 10 yg/ml NAb. After washing with
PBS, the cells were incubated with Alexa Fluor 847 goat anti-mouse IgG (Life
Technologies) at a dilution of 1:2,000. The cells were washed again and resuspended in
PBS with 0.1% bovine serum albumin (BSA). Fifteen thousand events were collected using

a Gallios flow cytometer (Beckman Coulter) and analyzed with FlowJo software (Tree Star).

[0068] Replication Kinetics: Multi-step replication kinetics to investigate the growth
properties of MVA-BAC ™ -derived virus (MVATX) in comparison to wild-type MVA (MVAWT,
MVA 1974/NIH clone 1) was performed as follows. CEF cells of 70-90% confluency
seeded in 6-well plates were infected in duplicate-wells per virus and per harvesting time
point with either MVA™ or MVAWT at 0.05 MOI and harvested every 12 h for a period of 72
h. Collected cells were resuspended in 1 ml of Minimum Essential Medium (Corning)
containing 2% Fetal bovine albumin. Virus was released from infected ceils by standard
thawffreeze and sonication techniques. Virus prepared from each well and inoculum virus
used to infect the CEF celis (time point 0) were titrated on BHK cells in duplicates to
determine the titer for each time point based on four independent counts of viral foci per

virus and per time point.

[0069] BAC sequencing: Sequencing of MVA-BAC™ (#1-81) was performed by
lumina sequencing at the Integrative Genomics Core Services of the City of Hope. MVA-
BACT™ DNA (250 ng) was fragmented by using Covaris $220 with the 300 bp peak setting.
The fragmented DNA was end-repaired and ligated to lilumina adaptor oligonucleotides
with TruSeq DNA LT Sample Prep kit (lllumina). Ligation products were purified with 1.0x
Ampure XP beads (Beckman Coulter). The purified products were used for cluster
generation on cBot cluster generation system with HiSeq PE Cluster Kit V3 (lllumina).
Sequencing run was performed in the paired end mode of 101 cycles of read1, 7 cycles of
index read and 101 cycles of read2 using HiSeg2500 platform with HiSeq SBS Kit V3
(llumina). Real-time analysis (RTA) 2.2.38 software was used to process the image

analysis and base cailing.

[0070] Mouse immunization: The Institutional Animal Care and Use Committee
(IACUC) of the Beckman Research Institute of City of Hope approved protocol 98004
assigned for this study. All study procedures were carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals and the Public
Health Service Policy on the Humane Care and Use of Laboratory Animals. Methods of
euthanasia followed “‘Report of the AVMA Panel on Euthanasia”

(hitp:.www avma.org/kbipolicies/documents/euthanasia.pdf). BALB/c mice (Jackson
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Laboratory) were vaccinated twice in three weeks interval via intraperitoneal (i.p.) route with
5x107 PFU of MVA. Blood samples for determining serum NADb titers were collected by eye
bleed.

[0071] Neutralization assay: HCMVY microneutralization assay was performed
similar to published reports (7, 60). Heat-inaclivated sera were serially two-fold diluted in
100 pl volumes using complete growth medium for ARPE-19 EC or MRC-5 FB depending
on the cell type used in the assay. Dilutions ranged from 1:25 to 1:102400. Diluted serum
was mixed with 100 pl of complete growth medium containing approximately 2400 PFU of
HCMV TB40/E. After 2 h incubation, virus/sera mixiures were added in triplicate (50 pl) to
ARPE-19 or MRC-5 cells seeded the day before at 1.5x10% celis/well in a clear bottom
polystyrene 96-well plate (Corning) that contained 50 uyl per well of complete growth
medium. Cells were grown for 48 h and fixed in methanol/acetone. Infected cells were
identified by immunostaining using mouse anti-HCMV IE1 Ab (p83-27) and the Vectastain
ABC kit (VectorLabs). The substrate was 3, 3'-diaminobenzidine (DAB, Vectorlabs).
Plates were analyzed by an automated system using the Axio Observer Z1 inverted
microscope equipped with a linear motorized stage (Carl Zeiss). 1E1 positive nuclei were
counted using ImagePro Premier (Media Cybernetics). For each dilution the average
number of positive nuclei in triplicate was calculated. The percent neutralization titer (NT)
for each dilution was calculated as follows: NT=[1 - (positive nuclei number with immune
sera)/(positive nuclei number with pre-immune sera)}x100. The titers that gave 50%
neutralization (NT50) were calculated by determining the linear slope of the graph plotting
NT versus plasma dilution by using the next higher and lower NT values that were closest

to 50% neutralization.

[0072] Statistics: GraphPad Prism software version 5.0 (GraphPad) was used to
compare NAb titers in the different vaccine groups by statistical analysis using Wilcoxon

matched-pairs test.
Example 2: Construction of a novel MVA-BAC, termed MVA-BAC™

[0073] BAC clones of large viral genomes are powerful tools to generate
recombinant virus by highly-efficient and versatile bacterial-based mutagenesis technigues
(46). For MVA, two different BAC clones have been described (8, 35). One of these BAC,
the original MVA-BAC generated by Cottingham and colleagues (8), has formed the basis
for a previously introduced vaccine concept to stimulate high-titer HCMV NAb in mice and

RM based on co-expression of all five PC subunits from a single MVA vector, termed MVA-
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PC (80). For generating the original MVA-BAC, BAC vector sequences were introduced
into the MVA deletion 3 site (Del3), a commonly used insertion site for stable maintenance
of heterologous DNA sequences (34). To distinguish this BAC from the newly developed
MVA-BAC (MVA-BACT™), the original BAC cione is referred to as MVA-BACP®2, and virus
reconstituted from this BAC is designated with MVAPE  Accordingly, MVA-PC will be
designated herein as MVAPEB.PC to refer to its origin from the original MVA-BACP®® (60).
The strategy disclosed herein to develop a novel MVA-BAC, termed MVA-BAC™ is based
on introduction of the BAC vector into the MVA TK gene locus to retain MVA Del3 and other
commonly used insertion sites (Del2, IGR84/65, IGR69/70 (32, 34, 63) accessible for
transgene insertion while providing the option to generate a seamless self-excisable BAC
vector within the TK gene sequence using techniques as described previously (10, 47, 61).
Based on a procedure recently introduced for the generation of a vaccinia virus BAC by
Domi and colieagues (13), pBeloBAC11 vector sequences together with a GFP expression
cassette were inserted into the TK gene of the MVA genome by homologous recombination
in CEF cells, and circularized genomes of plague purified BAC recombinant virus were
transformed into DH10B E. coli cells, as shown in Figure 1. PCR and restriction enzyme
digestion were used to identify clones potentially harboring full-length MVA genomes with
BAC sequences inserted at the TK gene. Some of these BAC clones were additionally
tested for MVA reconstitution in BHK celis to support the integrity of the cloned MVA
genomes. One BAC clone (#1-81) was ultimately selected as MVA-BAC™.

Example 3 Characterization of MVA-BAC™

[0074] To further evaluate the integrity of the cloned MVA genome of MVA-BAC™
#1-81), MVA-BAC™ DNA was investigated by extensive restriction pattern analysis and
MVA-BAC K -derived virus (MVATX) by multi-step growth kinetics in BHK cells. As shown in
Figure 1B, BAC restriction pattern observed for MVA-BACT™ in vitro were comparable to
those predicted for MVA-BAC™ in silico using Vector NTI. In addition, MVA™ showed
replication kinetics in BHK cells that were similar to those of wiMVA 1574/NIH clone 1
(Figure 1E). Note that overall slightly lower virus titers were observed for wiMVA than for
MVATK which was most likely a result of the slightly lower amounts of inoculum virus of
wtMVA compared to MVATK Based on these findings, the complete MVA-BAC™ #1-81 was
sequenced by shotgun sequencing at 4000-fold coverage, resulting in a single sequence
contig (excluding the flanking MVA repeat regions), and the sequence of the cloned
genome of MVA-BAC™ was found to be identical to the genome sequence of MVA strain
Acambis (Accession Nr. AYB03355.1). Finally, to evaluate whether MVA-BAC™ allowed to
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generate virus recombinants, MVA-BAC™ was transferred to GS1783 E. coli cells that
support En passant mutagenesis, a highly-efficient and versatie BAC manipulation
procedure (10, 48). Using this technique, an mRFP expression cassetie was introduced
into 12 different commonly and non-commonly used insertion sites at different positions of
the MVA genome (Figure 1C). As summarized in Table 1, virus expressing mRFP — and
GFP of the BAC vector (Figure 1D} — was reconstituted in BHK cells by all engineered BAC
recombinants.

[0075] In sum, these results indicate that MVA-BACT™ comprises a full-length, intact
genomic clone of MVA that ailows 1o reconstitute replication-competent and to efficiently

generate virus recombinants.
Example 4: Construction of MVA expressing P2A-cleavable HCMV PC subunits

[0076] MVAPeR.PC was generated by introducing each of the five PC subunits with
its own mH5 promoter into a different commonly used MVA insertion site (Del2, Del3,
IGR64/65, IGR69/70; Figure 1C) to allow equal and high-level expression of the PC
subunits while minimizing the potential risk of intra- or intermolecular homologous
recombination between promoter elements (60, 62). Because of the separate insertion of
the PC subunits, occupancy of commonly used insertion sites, and multiple mHS promoter
elements, insertion of additional HCMV antigens into MVAP®R.PC might render the vector
unstable or replication incompetent. To address this issue, the ribosomal skipping
mechanism mediated by 2A peptides to express polycistronic PC subunits from only one or
two MVA insertion sites was exploited (45). Of the different, commonly used 2A peptide
sequences, the 2A peptide of porcine teschovirus-1 (P2A) has been shown recently to
mediate most effective cleavage of ZA-linked polyproteins (24). Therefore, to allow efficient
and equal processing of all five PC subunits and, hence, potentially their stoichiometric
expression, all signals linking the PC subunits were based on P2A peptides. To prevent
instability by homologous recombination of the P2A ribosomal skipping signals, four
different DNA sequences with varying codon usage were used to encode PZA peptides
linking different PC subunits (Figure 2B). Using En passant-mediated mutagenesis of
MVA-BACT™ codon-optimized, P2A-linked DNA sequences of the five PC subunits were
inserted either all together into the IGRG9/70 insertion site for generating MVA expressing
self-cleavable polyproteins composed of all five PC subunits (MVATS-PC2A1, Figure 2A), or
separately as subunit subsets into the Del2 and IGR89/70 insertion sites to generate MVA
co-expressing self-processing polyproteins composed of UL128/130/131A and gH/gL

(MVATE-PC2A2, Figure 2A). While both insertion sites have been described to allow stable
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transgenes insertion, the G1L/I8R insertion site is known to promote stable propagation of
especially large sequences or antigens with potential cellular tfoxicity such as
transmembrane proteins (53). For comparing NAb induction by self-processing PC
subunits of virus derived from MVA-BAC™ and the original MVA-BACP®3 MVA with all five
PC subunits inserted into IGR69/70 using MVA-BACP®R (MVAP®3.-PC2A1) was also
generated, which was analogously constructed to MVAT-PC2A1 (Figure 2A).

Example 5: Expression and cleavage of P2A-linked HCMV PC subunits encoded by
MVA

[0077] To characterize the expression and cleavage of the P2A-linked HCMV PC
subunits expressed from the polycistronic MVA vectors (MVAT-PC2A1, MVATK-PC2A2,
and MVAPES.PC2A1), Immunoblot analysis was used to detect the PC subunits in whole
cell lysates of BHK cells infected with the different MVA vectors. As controls, MVAPe3.PC
and MVAPeE.gB were included in the Immunblot analysis. As shown in Figure 3, marked
differences in expression of the PC subunits were observed for the different MVA vectors.
While robust expression of all five PC subunits could be confirmed for MVAT™-PC2A2 and
control vector MVAP®S.PC  expression of only four PC subunits (gH, gL, UL128, and
UL130) could be verified for the pentacistronic vectors MVA™-PC2A1 and MVAP®.PC2A1.
UL131A expression of MVATK-PC2A1 and MVAP®S-PC2A1 could not be unambiguously
verified due to high non-specific background using polyclonal antiserum for detection.
Expression levels of the PC subunits were generally higher with MVATK-PC2A2 than with
MVAT-PC2A1 and MVAP®3.PC2A1. Highest expression levels of the PC subunits were
observed with control vector MVAPeR-PC when compared to any of the polycistronic
vectors. This suggests that co-expression of P2A-linked UL128/130/131A and gH/glL
subunits subsets from two separate insertion sites is more efficient than P2A-based
polycistronic expression of all five PC subunits from only one MVA insertion site, and
highest expression is achieved when all five PC subunits are inserted into separate MVA
insertion sites. Notably, all PC subunits of the different MVA vectors were expressed by the

same vaccinia promoter (mH5, Figure 2).

[0078] Most of the detectable PC subunits of the three polycistronic MVA vectors had
higher molecular weight than their counterparts expressed from MVAP®R-PC due to the C-
terminal P2A peptide remnants following cleavage of the PC subunits (Figure 3). Only gH
of all three polycistronic MVA vectors, and UL131A of MVATK-PC2 had similar molecular
weights compared to their counterparts expressed from MVAP®3-PC as they did not contain

C-terminal P2A peptides due to their positioning at the 3' end of the polycistronic expression
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constructs. Importantly, protein bands of sizes higher than the approximate expected
molecular weight of the PC subunits (~85 KDa for gH; ~35 KDa for gl.; ~15 KDa for ULL128;
~35 KDa for UL130; and ~18 KDa for UL131A) that would indicate incomplete P2A-
mediated cleavage were not observed, suggesting that all HCMV PC of the polycistronic
vectors were efficiently processed. The two protein bands of different molecular weight that
were observed for UL128 and gl for all three polycistronic vectors appeared to represent
immature and mature forms of UL128 or gL rather than incompletely cleaved subunits as
the observed protein bands did not match products with molecuiar weight that would resuit
from incomplete cleavage of the PC subunits. Proteins bands that were of lower molecular
weight than the anticipated sizes of the PC subunits as for example observed for UL130
and gL of MVATK-PC2A2 and MVAPR-PC were most likely degradation products, though
they may also have resulted from different expression or replication properties of the MVA

vectors (Figure 3).

[0079] In sum, these results indicate that the P2A-linked PC subunits expressed from
the three polycistronic MVA vectors are efficiently cleaved, though MVAT-PC2A2
expresses all five HCMV PC subunits with higher efficacy than MVAT™®-PC2A1 and MVADPes.
PC2A1.

Example 6: Cell surface detection of MVA-expressed P2A-linked PC subunits by NADb

[0080] A panel of PC-specific NAb from MVAP®R-PC immunized mice that had
antigen recognition pattern and neutralization potency similar {o human NAb isolated from
HCMV* individuals was recently isolated (7, 29). Two of these isolated NAb recognized
guaternary conformational epitopes formed by UL128/130/131A (1B2) or UL130/131A
(54E11), while two other NADb recognized epitopes constituted by UL128 (13B5) or gH
alone (62-11) (29). By taking advantage of these four existing NAb, it was investigated by
cell surface Flow cytometry staining of MVA infected BHK cells whether the PC subunits
expressed from the different polycistronic MVA vectors assembled into complexes and
formed conformational and linear neutralizing epitopes. MVAPBE.PC and MVAP®B
expressing gB were included as confrols in the Flow cytometry analysis. As shown in
Figure 4, BHK cells infected with either of the three polycistronic MVA vectors or control
vector MVAPER.PC were efficiently stained with all four NAb. While the intensity of the BHK
staining with all four NAb was generally comparable for all MVA vectors; slightly iower
staining intensity was observed for the two pentacistronic vectors MVA™-PC2A1 and
MVAPE.PC2A1 and slightly higher staining intensity was observed for MVAT-PC2A2

compared to MVAPS.PC,
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[0081] In sum, these results provide evidence that the P2A-linked PC subunits
expressed from all three polycistronic MVA vectors assemble efficiently and are transported
to the cell surface as five-member protein complexes that present different conformational

and linear neutralizing epitopes.
Example 7: NAb induction by MVA vectors expressing P2A-linked PC subunits

[0082] In order to investigate whether the developed MVA veciors expressing F2A-
linked PC subunits have ability to elicit HCMV specific NAb responses, NADb induction by
the polycistronic MVA vectors in vaccinated Balb/c mice was evaluated. Groups of five or
six Balb/c mice were vaccinated twice in three weeks interval with the MVVA vectors, and
HCMV specific NADb responses in mouse sera were measured against HCMV strain TB40/E
on ARPE-19 EC and MRC-5 FB by microneutralization assay over a period of 6 months. A
two-dose immunization schedule was chosen based on a recent observation that two
immunizations with MVAPe=-PC are sufficient to stimulate high-titer HCMV specific NAb in
mice and RM (80). MVAP®B-PC was included as control in the immunization study. All
polycistronic MVA vectors expressing P2A-linked PC subunits and control vector MVAP®3-
PC stimulated comparable and potent EC and FB specific NAb responses that were
consistent with those observed previously with MVAP®E.PC in mice (60). Robust NAb
responses were induced by all MVA vectors after only one immunization, and these
responses were boosted in all vaccine groups to maximum liters after the second
immunization. [n addition, NAb remained relatively stable in all vaccine groups until the end
of the experiment at week 24 after the booster immunization. Consistent with previous
immunization studies based on the PC and with NAb responses found in HCMV*
individuals, NAb induced by all MVA vectors that were measured on MRC-5 FB were
significantly lower than those measured on ARPE-19 EC (11, 18, 23, 60). While EC
specific NAD titers across all vaccine groups were generally comparable (except at week 24
comparing MVAPB-PC and MVAPeR-PC2A1), FB specific NAD titers were generally slightly
lower in the MVAP®3-PC control vector group than in animal groups immunized with any of
the polycistronic MVA vectors (except at week 24 comparing MVAPE-PC and MVATK
PC2A1). Notably, NAb responses that were measured in this study for control vector
MVAPEB.PC appeared slightly lower than those observed in mice with MVAP®-PC in

previous studies (60).

[0083] In sum, these results indicate that all three MVA vectors expressing P2A-
linked PC subunits (MVA™ PC2A2, MVATKPC2A1, and MVAPe.-PC2A1) have potent and

comparable ability to elicit HCMV NAD responses in mice.
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CLAIMS

What is claimed is:

1. An expression system comprising one or more vectors, each vector
comprising one or more expression cassetie(s), each expression cassette comprising:

a single promoter;

two or more nucleic acid sequences that encode two or more herpesvirus
glycoprotein complex subunits or antigenic fragments thereof, wherein the two or more
herpesvirus glycoprotein complex subunits or antigenic fragments thereof, when expressed
by the expression system, form a herpesvirus glycoprotein complex that is functional and
effectively elicits neutralizing antibody responses;

one or more 2A peptide signal sequences that mediate ribosomal skipping or one or
more internal ribosomal entry sites between each of the two or more nucleic acid
sequences;

wherein the two or more herpesvirus glycoprotein complex subunits or antigenic

fragments thereof are simultaneously expressed by the expression system.

2. The expression system of claim 1, wherein the herpesvirus glycoprotein
complex subunits or antigenic fragments thereof are derived from cytomegalovirus (CMV),
varicella-zoster virus (VZV), Epstein-Barr virus (EBV), Kaposi's Sarcoma-associated
herpesvirus (KSHV), herpes simplex virus type 1 (HSV-1), herpes simplex virus type 2
(HSV-2), human herpesvirus 6 (HHV-8), human herpesvirus 7 (HHV-7}, or any other

herpesvirus that infects vertebrates or invertebrates.

3. The expression system of claim 1 or claim 2, wherein each of the one or more

vectors is a plasmid vector.

4. The expression system of any one of claims 1-3, wherein each of the one or

more vectors is a viral vector,

5. The expression system of any one of claims 1-4, wherein the one or more
vectors comprise pcDNA, pTT5, pCAGGS, a CMV vector, a vaccinia vector, a modified
vaccinia Ankara (MVA) vector, an adenoviral vector, a sindbis virus vector (Alphavirus), or a

related RNA or DNA-based viral vector.

6. The expression system of any one of claims 1-5, wherein the one or more 2A
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signal sequence encode a 2A peplide of foot-and-mouth disease virus (F2A), a 2A peptide
of equine rhinitis A virus (E2A), a 2A peptide of porcine teschovirus-1 (P2A), a 2A peptide
of cytoplasmic polyhedrosis virus (BmCPV 2A), a 2A peptide of flacherie virus (BmiFV 2A),
or a 2A peptide of Thosea asigna virus (T2A).

7. The expression system of any one of claims 1-6, wherein the expression
cassette further comprises a furin cleavage site upstream of each of the one or more 2A

signal sequences.

8. The expression system of any one of claims 1-7, wherein the promoteris a
single promoter sequence located upstream of the subunits or the antigenic fragments

thereof.

9. The expression system of any one of claims 1-8, wherein the promoteris a

vaccinia virus mHS promoter, a pSyn promoter, a p7.5 promoter, or a p11 promoter.

10.  The expression system of any one of claims 1-9, wherein the two or more
herpesvirus glycoprotein complex subunits include gB, gH, gL, UL128, UL130, and
UL131A of CMV, gD of HSV, gp350/220 of EBV, gpK8.1 of KSHV, and accessory

glycoproteins of other herpesviruses.

11.  The expression system of any one of claims 1-10, wherein the nucleic acid
sequence encodes CMV pp65 or 1E1/2, EBV EBNA1 or LMP2, or KSHV LANA, or other

immunodominant antigens or latency associated proteins.

12.  The expression system of any one of claims 1-11, wherein the expression
system comprises:

a first vector comprising a first expression cassette, the first expression cassette
comprising a first promoter, two or more nucleic acid sequences that encode two or more
amino acids herpesvirus glycoprotein complex subunits or antigenic fragments thereof, and
one or more 2A signal sequences between each of the two or more nucleic acid
sequences, wherein the two or more herpesvirus glycoprotein complex subunits or
antigenic fragments thereof, when expressed by the expression system, form a herpesvirus
glycoprotein complex; and

a second vector comprising a second expression cassette, the second expression
cassette comprising a second promoter, two or more nucleic acid sequences that encode

two or more amino acids herpesvirus glycoprotein complex subunits or antigenic fragments
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thereof, and one or more 2A signal sequences between each of the two or more nucleic
acid sequences, wherein the two or more herpesvirus glycoprotein complex subunits or
antigenic fragments thereof, when expressed by the expression system, form a herpesvirus
glycoprotein complex;

wherein the two or more herpesvirus glycoprotein complex subunits or antigenic
fragments thereof of the first and second vectors are simultaneously expressed by the

expression system.

13. The expression system of claim 12, wherein the two or more herpesvirus
glycoprotein complex subunits of the first vector comprise UL128, UL130, UL131A, gL and
gH subunits or antigenic fragments thereof; and the two or more herpesvirus glycoprotein
complex subunits of the second vector comprise pp65, and gB subunits or antigenic

fragments thereof.

14.  The expression system of any one of claims 1-13, wherein each vector further
comprises a second expression cassette comprising:

a second promoter

two or more nucleic acid sequences that encode two or more herpesvirus
glycoprotein complex subunits or antigenic fragments thereof, wherein the two or more
herpesvirus glycoprotein complex subunits or antigenic fragments thereof, when expressed
by the expression system, form a herpesvirus glycoprotein complex;

one or more 2A signal sequences between each of the two or more nucleic acid
sequences;

wherein the two or more herpesvirus glycoprotein complex subunits or antigenic
fragments thereof of the first expression cassette and the two or more herpesvirus
glycoprotein complex subunits or antigenic fragments thereof of the second expression

cassette are simultaneously expressed by the expression system.

15.  The expression system of claim 14, wherein the two or more herpesvirus
glycoprotein complex subunits of the first expression cassette comprise UL128, UL130,
UL131A, gL and gH subunits or antigenic fragments thereof, and the two or more
herpesvirus glycoprotein complex subunits of the second expression cassetie comprise

pp65, and gB subunits or antigenic fragments thereof.

16.  The expression sysiem of any one of claims 1-15, wherein the two or more

nucleic acid sequences are naturally occurring DNA sequences.
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17.  The expression system of any one of claims 1-16, wherein the two or more

nucleic acid sequences are codon-optimized.

18.  An expression system comprising a recombinant bacterial artificial
chromosome (BAC) construct comprising a BAC vector and a viral vector genome, the viral
vector genome comprising at least one expression cassette, wherein each expression
cassette comprises:

a single promoter;

two or more nucleic acid sequences that encode two or more herpesvirus
glycoprotein complex subunits or antigenic fragments thereof, wherein the two or more
herpesvirus glycoprotein complex subunits or antigenic fragments thereof, when expressed
by the expression system, form a herpesvirus glycoprotein complex;

one or more 2A signal sequences between each of the two or more nucleic acid
sequences,

wherein the two or more herpesvirus glycoprotein complex subunits or antigenic

fragments thereof are simultaneously expressed by the expression system.

19.  The expression system of claim 18, wherein the DNA sequences that encode
two or more herpesvirus glycoprotein complex subunits or antigenic fragments thereof are

inseried into one or more insertion sites.

20.  The expression system of claim 19, wherein the insertion site includes MVA
deletion 2 site, MVA TK site, MVA deletion 3 site, MVA IGR64/65 site (IGR3), and MVA IGR
69/70 site (G1L/18R) or any other MVA deletion site, intergenic region, restructured insertion

site, or non-essential gene.

21.  The expression system of claim any one of claims 18-20, wherein the DNA
sequences that encode two or more herpesvirus glycoprotein complex subunits or antigenic

fragments thereof are inserted into a single insertion site.

22. The expression system of any one of claims 18-21, wherein the DNA
sequences that encode two or more herpesvirus glycoprotein complex subunits or antigenic

fragments thereof are inserted into two separate insertion sites.

23.  The expression system of any one of claims 18-22, wherein the herpesvirus
glycoprotein complex subunits or antigenic fragments thereof are derived from

cytomegalovirus (CMV), varicella-zoster virus (VZV), Epstein-Barr virus (EBV), Kaposi's
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Sarcoma-associated herpesvirus (KSHY), herpes simplex virus type 1 (HSV-1), herpes
simplex virus type 2 (HSV-2), human herpesvirus 6 (HHV-6), human herpesvirus 7 (HHV-

73, or any other herpesvirus that infects vertebrates or invertebrates.

24.  The expression system of any one of claims 18-23, wherein the viral vector
genome encodes a CMV vector, a vaccinia vector, a modified vaccinia Ankara (MVA)
vector, an adenoviral vector, a sindbis virus vector, or a related RNA or DNA-based viral

vector.

25.  The expression system of any one of claims 18-24, wherein the one or more
2A signal sequence encode a 2A peptide of foot-and-mouth disease virus (F2ZA), a 2A
peptide of equine rhinitis A virus (E2A), a 2A peptide of porcine teschovirus-1 (P2A), a 2A
peptide of cytoplasmic polyhedrosis virus (BmCPV 2A), a 2A peptide of flacherie virus
(BmiFV 2A), or a 2A peptide of Thosea asigna virus (T2A).

26.  The expression system of any one of claims 18-25, wherein the expression
cassette further comprises a furin cleavage site upstream of each of the one or more 2A

signal sequences.

27.  The expression system of any one of claims 18-26, wherein the promoteris a
single promoter sequence located upstream of the subunits or the antigenic fragments

thereof..

28. The expression system of any one of claims 18-27, wherein the promoteris a

vaccinia virus mH5 promoter, a pSyn promoter, a p7.5 promoter, or a p11 promoter.

29. The expression system of any one of claims 18-28, wherein the two or more
herpesvirus glycoprotein complex subunits include UL128, UL130, UL131A, gl gH, and
aB.

30. The expression system of any one of claims 18-29, wherein the expression
system comprises:

a first vector comprising a first expression cassette, the first expression cassette
comprising a first promoter, two or more nucleic acid sequences that encode two or more
amino acids herpesvirus glycoprotein complex subunits or antigenic fragments thereof, and
one or more 2A signal sequences between each of the two or more nucleic acid
sequences, wherein the two or more herpesvirus glycoprotein complex subunits or

antigenic fragments thereof, when expressed by the expression system, form a herpesvirus
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glycoprotein complex; and

a second vector comprising a second expression cassette, the second expression
cassette comprising a second promoter, two or more nucleic acid sequences that encode
two or more amino acids herpesvirus glycoprotein complex subunits or antigenic fragments
thereof, and one or more 2A signal sequences between each of the two or more nucleic
acid sequences, wherein the two or more herpesvirus glycoprotein complex subunits or
antigenic fragments thereof, when expressed by the expression system, form a herpesvirus
glycoprotein complex;

wherein the two or more herpesvirus glycoprotein complex subunits or antigenic
fragments thereof of the first and second veciors are simultaneously expressed by the

expression system.

31.  The expression system of claim 30, wherein the two or more herpesvirus
glycoprotein complex subunits of the first vector comprise UL128, UL130, UL131A, gl and
gH subunits or antigenic fragments thereof; and the two or more herpesvirus glycoprotein
complex subunits of the second vector comprise pp65, and gB subunits or antigenic

fragments thereof.

32. The expression system of any one of claims 18-32, wherein each vector
further comprises a second expression cassette comprising:

a second promoter;

two or more nucleic acid sequences that encode two or more herpesvirus
glycoprotein complex subunits or antigenic fragments thereof, wherein the two or more
herpesvirus glycoprotein complex subunits or antigenic fragments thereof, when expressed
by the expression system, form a herpesvirus glycoprotein complex;

one or more 2A signal sequences between each of the two or more nucleic acid
sequences;

wherein the two or more herpesvirus glycoprotein complex subunits or antigenic
fragments thereof of the first expression cassette and the two or more herpesvirus
glycoprotein complex subunits or antigenic fragments thereof of the second expression

cassette are simultaneocusly expressed by the expression system.

33.  The expression system of claim 32, wherein the two or more herpesvirus
glycoprotein complex subunits of the first expression cassette comprise UL128, UL130,
UL131A, gL and gH subunits or antigenic fragments thereof, and the two or more
herpesvirus glycoprotein complex subunits of the second expression cassette comprise
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pp65, and gB subunits or antigenic fragments thereof.

34.  The expression system of any one of claims 18-33, wherein the two or more

nucleic acid sequences are naturally occurring DNA sequences.

35, The expression system of any one of claims 18-34, wherein the two or more

nucleic acid seguences are codon-optimized.

36. A vaccine composition for preventing herpesvirus infection comprising a viral
vector capable of co-expressing two or more subunits of a herpesvirus glycoprotein
complex simultaneously; and a pharmaceutically acceptable carrier, adjuvant, additive or
combination thereof.

37. The vaccine of claim 36, wherein the viral vector comprises two or more

nucleic acid sequences that encode the two or more subunits linked by a linking sequence.

38. The vaccine of claim 37, wherein the linking sequence is IRES or a 2A

peptide sequence.

39. A method of preventing herpesvirus entry into a cell comprising infecting the
cell with an effective amount of a viral vector, the viral vector capable of co-expressing two

or more subunits of a herpesvirus glycoprotein complex simultaneously.

40. The method of claim 39, wherein the viral vector comprises two or more

nucleic acid sequences that encode the two or more subunits linked by a linking sequence.

41. A method of preventing or treating herpesvirus infection in a subject
comprising administering a prophylactically or therapeutically effective amount of a
herpesvirus vaccine {o the subject, wherein the herpesvirus vaccine comprise a viral vector
capable of co-expressing two or more subunits of a herpesvirus glycoprotein complex
simultaneously, and a pharmaceutically accepiable carrier, adjuvant, additive or
combination thereof.

42. The method of claim 41, wherein the viral vector comprises two or more

nucleic acid sequences that encode the two or more subunits linked by a linking sequence.
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