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ABSTRACT As human cytomegalovirus (HCMV) is a common cause of disease in new-
borns and transplant recipients, developing an HCMV vaccine is considered a major
public health priority. Yet an HCMV vaccine candidate remains elusive. Although the
precise HCMV immune correlates of protection are unclear, both humoral and cellular
immune responses have been implicated in protection against HCMV infection and dis-
ease. Here we describe a vaccine approach based on the well-characterized modified
vaccinia virus Ankara (MVA) vector to stimulate robust HCMV humoral and cellular im-
mune responses by an antigen combination composed of the envelope pentamer com-
plex (PC), glycoprotein B (gB), and phosphoprotein 65 (pp65). We show that in mice,
multiantigenic MVA vaccine vectors simultaneously expressing all five PC subunits, gB,
and pp65 elicit potent complement-independent and complement-dependent HCMV
neutralizing antibodies as well as mouse and human MHC-restricted, polyfunctional T
cell responses by the individual antigens. In addition, we demonstrate that the PC/gB
antigen combination of these multiantigenic MVA vectors can enhance the stimulation
of humoral immune responses that mediate in vitro neutralization of different HCMV
strains and antibody-dependent cellular cytotoxicity. These results support the use of
MVA to develop a multiantigenic vaccine candidate for controlling HCMV infection and
disease in different target populations, such as pregnant women and transplant recipi-
ents.

IMPORTANCE The development of a human cytomegalovirus (HCMV) vaccine to
prevent congenital disease and transplantation-related complications is an unmet
medical need. While many HCMV vaccine candidates have been developed, partial
success in preventing or controlling HCMV infection in women of childbearing age
and transplant recipients has been observed with an approach based on envelope
glycoprotein B (gB). We introduce a novel vaccine strategy based on the clinically
deployable modified vaccinia virus Ankara (MVA) vaccine vector to elicit potent hu-
moral and cellular immune responses by multiple immunodominant HCMV antigens,
including gB, phosphoprotein 65, and all five subunits of the pentamer complex.
These findings could contribute to development of a multiantigenic vaccine strategy
that may afford more protection against HCMV infection and disease than a vaccine
approach employing solely gB.

KEYWORDS ADCC, HLA, cytomegalovirus, glycoprotein B, neutralizing antibodies,
pentamer, phosphoprotein 65, polyfunctional T cells, vaccines, vaccinia

uman cytomegalovirus (HCMV) is the leading infectious cause of permanent birth
defects in newborns and complications in transplant recipients (1). Yet despite the
recognition of HCMV as a major public health concern (2, 3), a vaccine candidate that
could prevent HCMV infection and disease remains elusive. While many HCMV vaccine
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approaches have been developed over the past 5 decades (4), the live-attenuated
HCMV vaccine strain Towne and a glycoprotein B subunit vaccine formulated with
MF59 adjuvant (gB/MF59) have been tested most extensively for clinical efficacy (5).
Towne showed efficacy in reducing disease in solid-organ transplant recipients and in
protecting healthy volunteers from low-dose challenge with HCMV strain Toledo (6, 7),
but it failed to provide protection against high-dose Toledo challenge (7) and did not
prevent primary HCMV infection in mothers whose children attended day care (8). More
encouraging were the findings with the gB/MF59 subunit vaccine. In phase Il clinical
trials, gB/MF59 showed efficacy in reducing HCMV viremia and need for antiviral
therapy in solid-organ transplant recipients and provided partial protection (40 to 50%)
against primary HCMV infection of postpartum women and adolescents (9-11). While
the immune mechanisms of protection mediated by Towne and gB/MF59 remain
unclear, the clinical experience obtained with these vaccine candidates provides evi-
dence for vaccine-mediated protection against HCMV infection and disease.

Early HCMV vaccine development focused primarily on gB due to its recognition as
a central mediator in HCMV entry and major target of neutralizing antibodies (NAb)
based on in vitro studies using fibroblasts (FB) and laboratory HCMV strains, such as
Towne and AD169 (12). However, more recent studies with “clinical-like” HCMV strains,
such as TB40/E, TR, and VR1814, have shown that the envelope pentamer complex (PC)
composed of gH, gL, UL128, UL130, and UL131A is the major target of NAb preventing
in vitro HCMV infection of various non-FB cell types, including epithelial cells (EC),
endothelial cells, and monocytes/macrophages (13, 15, 19). In contrast to the clinical-
like strains, Towne and AD169 are deficient in expressing an intact PC due to mutations
in the UL128/130/131A genes, which greatly restricts their host cell tropism and ability
to stimulate NAb (16-18). Importantly for vaccine design, NAb targeting predominantly
conformational epitopes formed by the UL128/130/131A subunits of the PC are unable
to block FB infection, though they are exceptionally potent in preventing HCMV
infection of cell types such as EC (19, 20). Based on these discoveries, many preclinical
vaccine strategies have been developed to elicit potent NAb by the PC, which is
promoted by the assembly of all five PC subunits (21-23). These include strategies
based on viral vectors (21, 23, 24), purified protein (22, 23, 25), mRNA vaccines (26), and
a conditionally replication-defective AD169-derived vaccine strain (V160) with repaired
PC expression that has recently completed phase | clinical evaluation (18, 27).

Major challenges in HCMV vaccine development include the absence of animal
models susceptible to HCMV infection, poorly understood protective HCMV immune
correlates, and the imperfect protection by naturally acquired HCMV immunity (28-30).
Despite the ill-defined protection by natural HCMV immunity, both humoral and
cellular immune responses have been implicated in controlling HCMV infection (30, 31).
Clinical and surrogate animal studies indicate that the prevention of congenital HCMV
infection involves antibodies to different envelope glycoprotein complexes, including
gB, gH/gL, and the PC as well as T cells to immunodominant antigens such as
phosphoprotein 65 (pp65) (32-39). High-titer NAb, PC-specific NAb, and pp65-specific
CD4+ T cells have been associated with reduced risk of intrauterine virus transmission
following primary maternal HCMV infection (33, 36, 39-41). In addition, the importance
of antibodies in preventing or controlling congenital HCMV infection may be supported
by clinical trials with hyperimmunoglobulins (42), although this remains controversial
(43). Both humoral and cellular immune responses appear to also be important to
control HCMV infection in transplant recipients (44). While T cell responses to pp65 and
other immunodominant antigens, such as the immediate early 1 and 2 (IE1 and IE2)
proteins, are well known to control HCMV reactivation during transplantation (45),
recent findings with the gB/MF59 subunit vaccine in solid-organ transplant recipients
indicate an important role of gB-specific antibodies in controlling HCMV viremia (11,
46). These findings suggest that vaccine-mediated prevention of HCMV-associated
disease in either newborns or transplant recipients may depend on stimulation of both
humoral and cellular immunity.

Modified vaccinia virus Ankara (MVA) is a highly attenuated poxviral vector that is widely
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used to develop vaccines for infectious disease and cancer due to its excellent safety record,
capacity to express multiple antigens, and ability to elicit potent antigen-specific humoral
and cellular immunity (47-49). MVA is unable to productively infect most mammalian cells
as a consequence of a late block in virus assembly, allowing robust DNA replication and
antigen expression without producing infectious progeny (50). We have used MVA previ-
ously to express different HCMV antigens, including gB, the PC subunits, or a combination
of pp65 and a IE1/2 fusion protein (21, 24, 51, 52). The vector coexpressing pp65 and [E1/2
(MVA-pp65/IE), also known as Triplex, has recently completed clinical phase | evaluation
and showed robust expansion of T cells in HCMV-seronegative and -seropositive healthy
volunteers (53). In this study, we have used a recently developed novel MVA bacterial
artificial chromosome (BAC) clone to construct MVA vectors coexpressing gB, pp65, and all
five PC subunits (54). We show that in mice, these MVA vectors elicit robust HCMV humoral
and cellular immune responses, including complement-independent and complement-
dependent NAb blocking FB and EC infection, humoral responses promoting antibody-
dependent cellular cytotoxicity (ADCC), and mouse and human major histocompatibility
complex (MHQ)-restricted, polyfunctional T cells. In addition, we show that the PC/gB
antigen combination of these vectors can enhance the induction of antibodies promoting
neutralization of different HCMV strains and ADCC. These findings support the use of MVA
to develop a multiantigenic vaccine strategy that could prevent or reduce HCMV infection
and associated disease in different target populations, such as newborns and transplant
recipients.

RESULTS

Construction of multiantigenic MVA vectors coexpressing the PC subunits, gB,
and pp65. Using the original MVA BAC generated by Cottingham et al. (55), we previously
constructed recombinant MVA (rMVA) vectors with expression constructs for all five PC
subunits inserted into separate insertion sites (21, 24). These first-generation MVA-PC
vectors stimulated robust HCMV NAb responses in mice and rhesus macaques that ex-
ceeded those measurable for HCMV-seropositive individuals (21). In order to simplify the
vaccine construction and to reduce the number of expression cassettes and insertion sites
needed to accommodate the PC subunits, we constructed a novel MVA BAC, termed
MVABAC-TK, with the BAC cassette inserted into the thymidine kinase (TK) gene (54). By
exploiting this novel BAC in addition to the ribosomal skipping mechanism mediated by 2A
peptides of picornavirus (56, 57), we generated MVA vectors expressing the PC subunits via
polycistronic expression constructs inserted into only one or two MVA insertion sites (54).
These second-generation MVA-PC vectors were as potent as our first-generation MVA-PC
vectors in stimulating HCMV NAb responses in mice (54).

Building on these second-generation MVA-PC vectors, we used MVABAC-TK to generate
various multiantigenic MVA vectors that coexpressed all five PC subunits together with gB
and pp65. Two concepts of vector construction were employed. The first concept of vector
construction used to generate MVAB-7Ag1 and MVAB-7Ag2 (the superscript B indicates that
these vectors contained the BAC cassette) was based on the insertion of the seven HCMV
antigens into four separate insertion sites. In both MVAB-7Ag1 and MVAB-7Ag2, the
UL128/130/131A subunits, gH/gL, and pp65 were inserted as P2A-linked polycistronic and
single antigen expression constructs into the intergenic regions (IGR) between MVA 64L
and 65L (64/65) and MVA 69R and 70L (69/70) and the MVA deletion 3 (Del3) site (Fig. 1A
and Table 1). All of these MVA insertion sites are commonly used insertion sites that have
been shown to allow stable antigen expression (24, 52, 58, 59). In contrast, gB was inserted
in MVAB-7Ag1 and MVAB-7Ag2 into two different, noncommonly used MVA insertion sites
to identify an additional insertion site that would allow stable antigen expression. While gB
was inserted in MVAB-7Ag1 into the IGR between MVA 044L and 045L (44/45), it was
inserted in MVAB-7Ag2 into the IGR between MVA 148R and 149L (148/149) (Fig. 1A). The
commonly used MVA deletion 2 (Del2) site was not used for the vector construction
because of previous observations showing frequent antigen instability at this site (52).

The second concept of vector construction used to generate the vectors MVAB-7Ag3
and MVAB-7Ag4 (Fig. 1B) was based on the insertion of the seven HCMV antigens in
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FIG 1 Construction of MVA expressing multiple HCMV antigens. (A and B) Vector construction. Utilizing MVABAC-TK, P2A-linked polycistronic and single antigen
expression constructs of the PC subunits (gH, gL, UL128, UL130, and UL131A), gB (without TM), and pp65 were inserted as indicated into different intergenic regions
(44/45, 64/45, 69/70, and 148/149), the deletion 3 site (Del3), or a restructured Del3 site (Del3 res.) to generate MVAB-7Ag1, MVAB-7Ag2, MVAB-7Ag3, and MVAB-7Ag4.
Different P2A codon sequences (P2A1 to P2A5) were used to link the antigens. mH5, modified H5 promoter; B, BAC vector. (C) P2A codon sequences. The lower 5 lines
indicate the different P2A codon sequences with mutated nucleotides (marked in colors) that were used for the vector construction as shown in panels A and B. The
upper line shows the amino acid sequence of the P2A peptide. (D and E) BAC removal. A genomic duplication (blue in panel D) was utilized to seamlessly remove
the BAC sequences (cat, OriS, sopA, RFP, and GFP) of the different MVA vectors by homologous recombination, resulting in MVA-7Ag1, MVA-7Ag2, MVA-7Ag3, and
MVA-7Ag4. TK, thymidine kinase gene; P11, vaccinia virus P11 promoter. Primers P1 and P2 flanking the TK gene and primers specific for cat and sopA were used to
confirm the restoration of the TK gene and absence of residual BAC sequences via PCR in DNA isolated from BHK cells infected with rMVA. BHK cells infected with
MVAB-7Ag1 containing the BAC vector or parental MVA as well as uninfected cells were analyzed for controls.

only two MVA insertion sites. In both MVAB-7Ag3 and MVAB-7Ag4, all five PC subunits
were inserted together as P2A-linked polycistronic expression constructs into IGR
69/70. Additionally, pp65 and gB were inserted in both MVAB-7Ag3 and MVAB-7Ag4 as
P2A-linked polycistronic expression constructs; however, while the pp65/gB expression
construct was inserted in MVAB-7Ag3 into the traditional Del3 site, it was inserted in
MVAB-7Ag4 into a restructured Del3 site (Del3 res.), which was generated by deleting
the MVA genome sequence between the two essential MVA genes 163R and 167R (Fig.
1B and Table 1). Such a restructured Del3 site has been proposed to promote antigen
stability within MVA (60).

All HCMV gene sequences used for vector construction were codon optimized for
vaccinia virus to enhance their stability within MVA (58). In addition, all 2A signal
sequences were based on the 2A peptide of porcine teschovirus 1 (P2A), as this 2A
signal sequence has been shown to mediate highly efficient polyprotein cleavage in
different mouse and human cell lines as well as different animal models (56). Different
coding sequences were used for the P2A signal sequences between different antigens
to prevent homologous recombination (Fig. 1C) (54). In all constructs, gH was inserted
with its transmembrane (TM) domain to express a membrane-tethered PC, since we
have shown previously that this form of the PC when expressed by MVA is more
immunogenic than a soluble form of the PC without gH TM, at least when considering
the numbers of immunizations required to elicit robust NAb (21, 61). In contrast, gB was
inserted in all vectors without its TM (gBATM), as there is evidence that a soluble form
of gB provides enhanced immunogenicity compared to full-length gB (51). Another
consideration for including gB without its TM was to eliminate its fusogenic function,
as this may potentially be associated with cellular cytotoxicity (51). The used gBATM
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TABLE 1 Primer pairs for recombination

Journal of Virology

Primer pair (5'-3')2

Insertion site?

Genome position®

GAATATGACTAAACCGATGACCATTTAAAAACCCCTCTCTAGCTTTCACTAAAAATTGAAAATAAATACAAAGGTTC
ATAATG ATATTATACATGTTCTAAAAGAATAATCGATACAGTTTACTAGTATAAAAAGGCGCGCC

AATTGTACTTTGTAATATAATGATATATA CACTTTATCTCATTTGA ATAAAAATTGAAAATAAATACAAAGGTTC
ATTCCGAAATCTGTACATCATGCAGTGGTTAAACAAAAACA ATTCCTAGTATAAAAAGGCGCGCC

ATATGAATATGATTTCAGATACTATATTTGTTCCTGTAGATAATAACTAAAAA ATCTAGTATAAAAAGGCGCGCC
GGAAAA CATCTCTAAAAAAAGATGTGGTCATTAGAGTTTGA ATAAAAATTGAAAATAAATACAAAGGTTC

ATTGATAATATAAATATGAGCATTAGTATTTCTGTGGATTAATAGA ATAAAAATTGAAAATAAATACAAAGGTTC
TTATGAGGTATTTAGAGATTAGAGATGATTAATGATCCCCATACTAGAAA ATCTAGTATAAAAAGGCGCGCC

TTGGGGAAATATGAACCTGACATGATTAAGATTGCTCTTTCGGTGGCTGGTAAAAAATTGAAAATAAATACAAAGGTTC
ACAAAATTATGTA GTTCTATCAACTACCTATAAAACTTTCCAAATACTAGTATAAAAAGGCGCGCC

GGAAAGAATCTACTCATCTAAACGATTTAGTAAACTTGACTAAATCTTAA ATAAAAATTGAAAATAAATACAAAGGTTC

TAAA AAG ACGTGGTAAG AATATTTAACTAATACATTAGCTAGTATAAAAAGGCGCGCC

441/45L

64L/65L

69R/70L

148R/149L

Del3

Del3 res. (163R/167R)

37331

56742

63812

137504

149342

148381- 151019

aUnderlined sequences were used to mediate recombination.
blnsertion sites and genome positions based on GenBank accession no. U94848.

gene encodes 698 amino acids (aa) of the gB N terminus, a portion of the gB protein
that contains the antigenic domains AD1, AD2, AD4, and AD5 but does not contain AD3
(62). While all of these gB antigenic domains are known as targets of humoral immunity,
only antibodies targeting gB AD2 have been correlated with protection (46, 63).

All seven-antigen MVA vectors (MVAB-7Ag1, MVAB-7Ag2, MVAB-7Ag3, and MVAB-
7Ag4) (Fig. 1A and B) were further modified by removing the BAC sequences via
homologous recombination of a genomic duplication (Fig. 1D and E) to generate
MVA-7Ag1, MVA-7Ag2, MVA-7Ag3, and MVA-7Ag4 without any unwanted bacterial
vector sequences (no superscript B, indicating the removal of the BAC sequences)
(64-66). For controls, MVA vectors were generated that expressed all five PC subunits
together with gB (MVAB-PC/gB), the PC subunits together with pp65 (MVAB-PC/pp65),
or only the PC subunits (MVAB-PC), gB (MVAB-gB), or pp65 (MVAB-pp65) using identical
MVA insertion sites and expression constructs as used for the construction of MVAB-
7Ag1 (Fig. 1A).

Characterization of HCMV antigen expression by multiantigenic MVA vectors.
To characterize the expression of the PC subunits, gB, and pp65 when simultaneously
expressed by MVA, we compared HCMV antigen expression by MVAB-7Ag1 and the
control vectors in infected chicken embryo fibroblasts (CEF) via immunoblotting. As
expected, while MVAB-7Ag1 expressed all seven HCMV antigens, the control vectors
expressed only antigen subsets (PC/gB, PC/pp65, or PC) or single antigens (gB or pp65)
(Fig. 2A). The detectable protein sizes of the individual HCMV antigens appeared
consistent with published molecular weight values (gH, ~85 kDa; gL, ~35 kDa; UL128,
~15 kDa; UL130, ~38 kDa; UL131A, ~18 kDa [67]; gBATM, ~110-kDa precursor protein
and ~35-kDa C-terminal cleavage product [51]; pp65, ~65 kDa [68]), factoring in that
some of the expressed antigens contained C-terminal P2A peptide remnants (~2 kDa).
Similar to previous observations with a monoclonal antibody (MAb) specific for the
C-terminally located gB AD1 (21, 51), gBATM was primarily detected as a full-length
~110-kDa precursor form and in minor amounts also as an ~35-kDa C-terminal furin
cleavage product that contained only AD1. The detected gB protein species of inter-
mediate size most likely represents degradation products or immature forms of the gB
precursor proteins (Fig. 2A).

The levels of expression of the individual HCMV antigens by MVAB-7Ag1 and all
control vectors were comparable to one another, indicating that coexpression of the PC
subunits, gB, and pp65 by MVA does not significantly impact the expression of the
individual HCMV antigens (Fig. 2A). In addition, baby hamster kidney (BHK) cells
infected with MVAB-7Ag1 and the control vectors were efficiently stained with a panel
of previously isolated NAb specific for the UL128/130/131A subunits and gH (Fig. 2B)
(20), suggesting that the PC subunits when coexpressed with gB and pp65 by MVA
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FIG 2 HCMV antigen expression by multiantigenic MVA vectors. (A and B) Immunoblot (A) and flow cytometry (B) analyses were used to compare
the HCMV antigen expression by MVAB-7Ag1 and the control vectors (MVAB-PC/gB, MVAB-PC/pp65, MVAB-PC, MVAB-gB, and MVAB-pp65).
Monoclonal (gH, UL130, gB, and pp65) and polyclonal (gL, UL128, and UL131A) antibody preparations were used to detect the HCMV antigens
in whole-cell lysates of MVA-infected CEF via immunblotting (A). NAb specific for epitopes formed by UL128/130/131A (1B2 and 12E2),
UL130/131A (54E11), UL128 (13B5), or gH (21E9 and 62-11) were used to detect cell surface expression of the PC subunits on live, nonperme-
abilized BHK cells infected with rMVA (B). (C to E) Immunoblot analysis as described for panel A was used to evaluate the HCMV antigen expression
by MVAB-7Ag1 following 10 (lanes 0 to 10) virus passages in CEF (C), by MVA-7Ag1, MVA-7Ag2, MVA-7Ag3, and MVA-7Ag4 following BAC vector
removal (D), and by MVA-7Ag1 and MVA-7Ag3 following 10 virus passages in CEF (E). Vaccinia virus BR5 was detected in panels A and C to E for
loading control. Arrows in panels A and C to E indicate the precursor protein (PP) and C-terminal cleavage product (CT) of gB. CEF infected with
MVA expressing the fluorescence marker Venus (MVA-Venus) or uninfected cells (Ctrl.) were analyzed as additional controls for panels A and C
to E. The x axis in B represents the log,, of fluorescence intensity, and the y axis represents cell count.

retain the ability to efficiently assemble into protein complexes that form neutralizing
epitopes. Moreover, all HCMV antigens of MVAB-7Ag1 were expressed to comparable
levels following 10 virus passages in CEF (Fig. 2C), indicating that all seven HCMV
antigens are stably maintained in MVAB-7Ag1.
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Following BAC removal, we confirmed that all multiantigenic vectors (MVA-7Ag]1,
MVA-7Ag2, MVA-7Ag3, and MVA-7Ag4) expressed the seven HCMV antigens (Fig. 2D).
However, HCMV antigen expression of MVA-7Ag3 and MVA-7Ag4, especially UL131A,
appeared lower than antigen expression of MVA-7Ag1 and MVA-7Ag2, although this has
not been investigated in detail. Moreover, we confirmed that all seven HCMV antigens of
MVA-7Ag1 and MVA-7Ag3 were expressed at comparable levels following 10 virus pas-
sages in CEF (Fig. 2E), suggesting that the seven HCMV antigens are stably maintained in
these vectors following BAC vector removal. The two protein bands detected for UL128 for
all multiantigenic MVA vectors and for UL131A for MVA-7Ag3 and MVA-7Ag4 have been
observed previously with our second-generation MVA-PC vectors and appear to be spe-
cifically associated with the P2A-linked polycistronic expression constructs (54). These
results in sum indicate that all five PC subunits, gB, and pp65 of HCMV can be efficiently and
stably coexpressed by MVA.

Enhanced HCMV NAb induction in C57BL/6 mice by MVA-vectored PC/gB
antigen combination. To characterize the immunogenicity of the PC subunits, gB, and
pp65 when coexpressed by MVA, HCMV humoral and cellular immune responses
induced by MVAB-7Ag1 and the control vectors were compared following immuniza-
tion of C57BL/6 wild-type mice. As an additional control to better gauge the magnitude
of the T cell responses, we included the clinically evaluated MVA-pp65/IE vector (53).

Because gB-specific antibodies are known to mediate neutralization in part through
complement (69, 70), NAb induced by the different MVA vectors in C57BL/6 mice were
measured in heat-inactivated immune sera in the absence or presence of an exogenous
source of complement. EC-specific NAb titers were evaluated on ARPE-19 cells against
the clinical-like HCMV strains TB40/E and TR (71). As shown in Fig. 3A and B, MVAB-7Ag1
and all control vectors expressing the PC subunits (MVAB-PC/gB, MVAB-PC/pp65, and
MVAB-PC) stimulated potent and comparable complement-independent EC-specific
NAb responses against both TB40/E and TR that dramatically exceeded those elicited by
the MVAB-gB control vector. Complement-independent EC-specific NAb induced by
MVAB-gB were of only very low potency. While complement did not enhance the
potency of EC-specific NAb elicited by MVAB-7Ag1 and all control vectors expressing
the PC subunits, it substantially enhanced the potency of EC-specific NAb induced by
MVAEB-gB. Yet EC-specific NAb induced by MVAB-gB that interfered with TB40/E and TR
infection in the presence of complement did not reach the potency of EC-specific NAb
elicited by MVAB-7Ag1 and all control vectors expressing the PC subunits. These results
suggest that MVA coexpressing the PC subunits, gB, and pp65 can elicit potent
EC-specific NAb responses in C57BL/6 mice that appear to be dominated by the
potency of complement-independent NAb that target the PC.

FB-specific NAb responses induced by the different MVA vectors in C57BL/6 mice
were measured on MRC-5 cells against HCMV TB40/E and TR and additionally against
the laboratory strains Towne and AD169. As shown in Fig. 3C to F, MVAB-7Ag1 and all
control vectors expressing the PC subunits (MVAB-PC/gB, MVAB-PC/pp65, and MVAB-
PC) elicited comparable complement-independent FB-specific NAb responses against
all HCMV strains that exceeded those induced by the MVAB-gB control vector. Similar
to the observations with EC, complement-independent FB-specific NAb induced by
MVAB-gB were only very low or undetectable. In the presence of complement, NAb
elicited by MVAB-7Ag1 and the control vectors expressing gB (MVAB-PC/gB and MVAB-
gB) showed significantly enhanced potency against FB infection by all HCMV strains. In
contrast, while complement enhanced the potency of NAb elicited by the control
vectors expressing the PC subunits without gB (MVAB-PC/pp65 and MVAB-PC) to
interfere with FB infection by HCMV strain TR, it did not enhance their potency to
prevent FB infection by HCMV TB40/E, AD169, or Towne. NAb responses induced by
MVAB-7Ag1 and the control vectors expressing gB (MVAB-PC/gB and MVAB-gB) that
inhibited FB infection by the HCMV strains in the presence of complement were
generally comparable to each other, and they exceeded those induced by the control
vectors expressing the PC subunits without gB (MVAB-PC/pp65 and MVAB-PC). The only
exception were the complement-dependent FB-specific NAb responses measured with
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FIG 3 HCMV NAb induction by MVAB-7Ag1 and control vectors in C57BL/6 mice. C57BL/6 mice (n = 4 or 5) were immunized three times in 4-week intervals
by the intraperitoneal (i.p.) route with MVAB-7Ag1 or the control vectors (VVAB-PC/gB, MVAB-PC/pp65, MVAB-PC, MVAB-gB, or MVAB-pp65) and HCMV immune
responses were evaluated 1 week postimmunization. MVA-pp65/IE and MVA-Venus were used as additional controls. NAb titers (NT,,; geometric mean titer)
were measured in mouse immune sera on ARPE-19 or MRC-5 cells against HCMV strain TB40/E (A and C), TR (B and D), Towne (E), or AD169 (F) in the absence
(=) or presence (+) of 5% guinea pig complement (abbreviated C). Dotted lines indicate the lowest serum dilution analyzed. Bars represent geometric means
with 95% confidence intervals. Statistical significance of differences between NAb titers were calculated using two-way ANOVA, followed by Sidak’s
multiple-comparison test.

HCMV TR, where NAb induced by MVAB-7Ag1 and all control vectors expressing the PC
subunits (MVAB-PC/gB, MVAB-PC/pp65, and MVAB-PC) were similar to each other but
higher than those induced by MVAB-gB. These results overall demonstrated that
MVAB-7Ag1 and the MVAB-PC/gB control vector elicited comparable NAb responses
that inhibited FB infection by the different HCMV strains more potently and consistently
than NAb induced by the control vectors expressing the PC subunits without gB
(MVAB-PC/pp65 and MVAB-PC) or only gB (MVAB-gB). These results for C57BL/6 mice
suggest that MVA coexpressing the PC subunits, gB, and pp65 can stimulate potent
FB-specific NAb responses against different HCMV strains, which appear to be en-

hanced by the antigen combination of the PC subunits and gB.
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FIG 4 ADCC and T cell stimulation by MVAB-7Ag1 and control vectors in C57BL/6 mice. The induction of
ADCC (A and B), antigen-specific binding antibodies (C and D), and mouse MHC-restricted T cells (E and
F) was evaluated in mice immunized with MVAB-7Ag1 or the control vectors (MVAB-PC/gB, MVAB-PC/
pp65, MVAB-PC, MVAB-gB, or MVAB-pp65) as described in the legend to Fig. 3. (A and B) Serial dilutions
of the mouse immune sera were tested for activity to promote ADCC following antibody binding to
ARPE-19 cells infected with TB40/E (A) or TR (B) using an ADCC surrogate reporter assay. Bars represent
SDs of duplicates. (C and D) PC-specific (C) and gB-specific (D) binding IgG endpoint titers were evaluated
via ELISA using purified gB and PC protein. Dotted lines indicate the minimum serum dilution analyzed.
Bars represent geometric means with 95% confidence intervals. (E and F) Ex vivo T cell responses were
determined by IFN-vy ELISpot assay utilizing previously described mouse H2-b-restricted immunoreactive
peptides of pp65 (E) and the PC subunits (F). Horizontal lines represent median values with interquartile
ranges. Statistical significance of differences comparing each group in panels C to F was calculated using
one-way analysis of variance (ANOVA) followed by Tukey’s multiple-comparison test (NS, P > 0.05). SFCs,
spot-forming units. Note that in panel F the measured IFN-y responses, with only a single exception,
were higher than the threshold, and therefore, differences could not be evaluated.

Improved ADCC induction in C57BL/6 mice by MVA-vectored PC/gB antigen
combination. Since ADCC in addition to antibody-mediated neutralization could be
an important humoral immune function to provide protection against HCMV (70),
we evaluated the immune sera of the immunized C57BL/6 mice for potency in
promoting ADCC using a commercially available, surrogate reporter assay. Using
this assay, the potency of the immune sera antibodies in mediating ADCC was
measured using ARPE-19 cells infected with TB40/E or TR. As shown in Fig. 4A and
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B, MVAB-7Ag1 and the control vector MVAB-PC/gB stimulated antibody responses
that showed higher potency in promoting ADCC against TB40/E and TR than
antibodies induced by the control vectors expressing the PC subunits without gB
(MVAB-PC/pp65 and MVAB-PC) or only gB (MVAB-gB). While antibodies induced by
MVAB-7Ag1 and MVAB-PC/gB showed comparable potencies in promoting ADCC
against TB40/E, antibodies stimulated by MVAB-7Ag1 appeared slightly less potent
in mediating TR-specific ADCC than antibodies induced by MVAB-PC/gB. This
suggests that the incorporation of pp65 in MVAB-7Ag1 interferes to a minor extent,
and dependent upon HCMV strain, with the immunogenicity of the PC subunits and
gB to induce antibodies that promote ADCC. In addition, antibodies induced by the
control vector MVAB-PC/pp65 did not show measurable potency in promoting
ADCC, which may support the notion that pp65 can interfere in some instances with
the immunogenicity of the PC to elicit ADCC-promoting antibodies. Importantly,
MVAB-7Ag1 and the control vectors stimulated comparable levels of PC-specific and
gB-specific binding antibodies (Fig. 4C and D), indicating that coexpression of the
HCMV antigens by MVAB-7Ag1 does not substantially influence the immunogenicity
of the PC and gB in eliciting humoral immunity. Only slightly lower gB-specific
binding antibodies were induced by MVAB-7Ag1 than by the control vectors
MVAB-PC/gB and MVAB-gB, yet this did not reach statistical significance. These
observations with C57BL/6 mice show that MVA coexpressing the PC subunits, gB,
and pp65 can induce HCMV humoral immune responses that promote ADCC, and
the PC/gB antigen combination has an additive effect on ADCC stimulation.

Potent stimulation of pp65- and PC-specific T cells by multiantigenic MVA in
C57BL/6 mice. Taking advantage of previously described mouse H2-b-restricted
immunodominant peptides (72), we evaluated by gamma interferon (IFN-v)
enzyme-linked immunosorbent spot (ELISpot) assay whether the C57BL/6 mice
immunized with MVAB-7Ag1 and the control vectors developed antigen-specific T
cell responses. As shown in Fig. 4E and F, MVAB-7Ag1 and the control vectors
expressing pp65 (MVAB-PC/pp65 and MVAB-pp65) showed comparable potencies in
eliciting H2-b-restricted pp65-specific T cell responses. In addition, H2-b-restricted
pp65-specific T cell responses elicited by MVAB-7Ag1 were similar to those induced
by the clinically evaluated MVA-pp65/IE vector (53). Only slightly lower pp65-
specific T cell responses were elicited by MVAB-7Ag1 and MVAB-pp65 than by
MVAB-PC/pp65 and MVA-pp65/IE, although this was not significant considering the
limited number of animals. Interestingly, although the PC subunits are not known
as dominant T cell targets (73), mice immunized with MVAB-7Ag1 and all PC-
expressing control vectors showed exceptionally high and comparable levels of
H2-b-restricted T cells specific for the PC subunits. We also evaluated gB-specific T
cell stimulation by the MVA vectors using H2-b-restricted immunodominant pep-
tides of gB, yet results were ambiguous due to high-level background responses
(data not shown). In sum, these results suggest that the individual HCMV antigens
of MVA coexpressing the PC subunits, gB, and pp65 can be efficiently processed in
C57BL/6 mice to stimulate antigen-specific T cell responses.

Stimulation of potent NAb and T cell responses by multiantigenic MVA in
BALB/c mice. Following BAC removal, we evaluated the potency of the multiantigenic
MVA vectors to stimulate NAb and T cell responses in BALB/c mice, which we com-
monly use to evaluate antigen-specific immunity elicited by rMVA. To investigate the
durability of NAb induced by MVA coexpressing the PC subunits, gB, and pp65, HCMV
NAb responses induced in BALB/c mice by immunization with MVA-7Ag1 in either
standard or low dose were evaluated over a period of 30 weeks. As controls, BALB/c
mice were immunized (in the standard dose) with MVAB-PC or MVA-Venus. NAb titers
were measured in the absence or presence of complement against TB40/E on MRC-5
and ARPE-19 cells. As shown in Fig. 5A and B, MVA-7Ag1, in standard and low doses,
and the MVAB-PC control vector stimulated robust FB- and EC-specific NAb responses
that remained relatively stable during the entire 30-week period. Potent NAb responses
were detectable after only one or two immunizations with either MVA-7Ag1 or MVAB-
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FIG 5 HCMV immune stimulation by multiantigenic MVA vectors in BALB/c mice. BALB/c mice were immunized three times i.p. in 4-week intervals
(triangles) with the multiantigenic MVA vectors, and HCMV NAb and T cell responses were evaluated. HCMV NADb titers were measured at the indicated
time points against HCMV TB40/E on ARPE-19 cells in the absence of complement, and on MRC-5 cells in the absence or presence of 5% guinea pig
complement. T cell responses were determined ex vivo by IFN-y ELISpot assay utilizing pp65 and gB peptide libraries. Panels A to C show NAb and T
cell responses of BALB/c mice (n = 4 or 5) immunized with MVA-7Ag1 in either standard dose (5 X 107 PFU) or low dose (LD; 1 X 107 PFU) or control
vectors MVA-PC and MVA-Venus in standard dose. NAD titers shown in panels A and B were measured over a period of 30 weeks. Ex vivo T cell responses
shown in panel C were measured at week 31 after an additional booster immunization at week 30. Panels D to F show NAb and T cell responses of BALB/c
mice (n = 8) immunized with MVA-7Ag1 that was derived before (P0) and after (P10) 10 virus passages on CEF. Panels G to | show NAb and T cell
responses of BALB/c mice (n = 6 or 7) immunized with MVA-7Ag2, MVA-7Ag3, or MVA-7Ag4. Bars in panels A, B, D, E, G, and H represent geometric means
with 95% confidence intervals. Bars in panels C, F, and | represent median values with interquartile ranges. Statistical significance of differences
comparing each group in panels A, B, D, E, G, and H was calculated using ANOVA followed by Sidak’s multiple-comparison test. Differences between
vaccine groups in panels C, F, and | were calculated by multiple t test (NS, P > 0.05).

PC, and these responses remained at comparable levels after an additional booster
immunization with the vectors. While NAb induced by MVA-7Ag1 (standard and low
doses) and MVAB-PC showed similar potencies in preventing EC and FB infection in the
absence of complement, NAb induced by MVA-7Ag1 inhibited FB infection in the
presence of complement significantly more potently than NAb induced by MVAB-PC.
These observations for BALB/c mice are consistent with those for C57BL/6 mice and
suggest that the antigen combination of the PC subunits and gB in MVA-7Ag1
enhances HCMV NAb induction.

After an additional booster immunization of the BALB/c mice at week 30 with
MVA-7Ag1 and the control vectors (MVAB-PC and MVA-Venus), ex vivo T cell responses
were evaluated at the peak effector phase by IFN-y ELISpot assay using pp65 and gB
peptide libraries. As shown in Fig. 5C, BALB/c mice immunized with MVA-7Ag1 in either
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standard or low dose developed robust levels of pp65-specifc T cell responses. Sur-
prisingly, slightly lower pp65-specifc T cell responses were detected in mice immunized
with the standard dose of MVA-7Ag1 than in mice immunized with a low dose of
MVA-7Ag1, although this did not reach statistical significance given the limited number
of animals. In contrast, gB-specific T cells were detected at low levels only in mice
immunized with the standard dose of MVA-7Ag1, whereas they were undetectable in
mice immunized with a low dose of MVA-7Ag1. This may suggest that the pp65- and
gB-specific T cell responses induced by MVA-7Ag1 can differ in dependence on
immunization dose. As expected, MVAB-PC and MVA-Venus did not induce measurable
pp65- or gB-specific T cells.

In a follow-up experiment, we verified that MVA-7Ag1 derived before and after 10
virus passages on CEF stimulated comparable NAb and T cell responses in BALB/c mice
(Fig. 5D to F), suggesting that the HCMV antigens in MVA-7Ag1 retain their immuno-
genicity following extensive vector propagation. In addition, EC- and FB-specific NAb
and pp65- and gB-specific T cell responses similar to those induced in BALB/c mice by
MVA-7Ag1 were stimulated in BALB/c mice by MVA-7Ag2, MVA-7Ag3, and MVA-7Ag4
(Fig. 5G to I), suggesting that the different seven-antigen MVA vectors have similar
potencies in eliciting HCMV immunity. Only slightly lower pp65 and gB-specific T cell
responses were measured for the MVA-7Ag3 and MVA-7Ag4 vaccine groups than for
the MVA-7Ag2 vaccine group, yet this did not reach significance. These results for
BALB/c mice support that MVA simultaneously expressing all five PC subunits, gB, and
pp65 can stimulate robust HCMV humoral and cellular immunity.

Potent HCMV-specific T cell stimulation by multiantigenic MVA in HLA trans-
genic mice. To address whether pp65 when coexpressed together with gB and the PC
subunits by MVA can efficiently stimulate T cells to epitopes presented by human MHC
class 1 molecules, T cell induction by MVA-7Ag1 was evaluated in A2 and B7 human
leukocyte antigen (HLA) transgenic mice. These transgenic mice are deficient in expressing
mouse MHC class | molecules and contain transgenes of the commonly expressed HLA-
A*0201 (A2) or HLA-B*0702 (B7) class | molecules (74, 75). When studying cellular immune
responses to HCMV, these transgenic mice are an invaluable tool to evaluate HLA class
I-restricted T cell responses because of their capacity to efficiently process and present
immunodominant epitopes of pp65 and other HCMV proteins in the context of HLA alleles
(59, 76-78). A2 and B7 transgenic mice were immunized with MVA-Venus as a control. T cell
responses were evaluated by IFN-y ELISpot assay using pp65 and gB peptide libraries, A2-
and B7-restricted immunodominant peptide epitopes of pp65, and H2-b-restricted pep-
tides of gB and the PC subunits. As shown in Fig. 6, T cell responses were detected in
MVA-7AgT1-immunized A2 and B7 mice with all peptide stimuli, although particularly high
levels of T cell responses were detected with the pp65 peptide library. The observed
H-2b-restricted responses may represent CD4™ T cells stimulated by mouse MHC class |l
presentation, or they may represent CD8" T cells stimulated via residual mouse MHC class
I molecule expression (74).

Since polyfunctionality of T cells has been implicated in preventing HCMV infection (79),
we evaluated whether the antigen-specific T cells induced by MVA-7Ag1 in A2 and B7 mice
were polyfunctional. A2 and B7 mice were immunized with MVA-7Ag1 or the control
vectors MVAB-pp65 and MVA-Venus, and T cell responses were evaluated by IFN-vy, tumor
necrosis factor alpha (TNF-a), and interleukin 2 (IL-2) intracellular flow cytometry staining
using HLA-A*0201- and HLA-B*0702-restricted pp65 peptide epitopes and pp65 and PC
peptide libraries. As shown in Fig. 7A to C, MVA-7Ag1 and MVAB-pp65 stimulated IFN-y-,
TNF-a-, and IL-2-producing pp65-specific T cell responses in B7 mice, with the largest
amounts of pp65-specific T cells producing IFN-y and the smallest amounts of pp65-
specific T cells producing IL-2. Generally, pp65-specific T cells were detected at higher levels
in MVA-7Ag1-immunized B7 mice than in MVAB-pp65-immunized B7 mice (Fig. 7A to F),
although this was not significant. In contrast, the proportion of polyfunctional pp65-specific
T cells producing two or three cytokines appeared slightly reduced in MVA-7Ag1-
immunized B7 mice compared to MVAB-pp65-immunized B7 mice (Fig. 7G). Interestingly,
MVA-7AgT1-immunized B7 mice also developed IFN-y-, TNF-a-, and IL-2-producing PC-
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FIG 6 Human MHC-restricted T cell responses elicited by MVA-7Ag1. Transgenic C57BL/6 mice (n = 5) expressing HLA-A*0201 (A2)
(A) or HLA-B*0702 (B7) (B) class | molecules were immunized two times in a 4-week interval with MVA-7Ag1 or control vector
MVA-Venus. One week following the booster immunization, antigen-specific T cell responses were determined by IFN-y ELISpot assay
using pp65- and gB-specific peptide libraries, HLA-A*0201- or HLA-B*0702-restricted immunodominant peptide epitopes of pp65, or
pools of mouse H-2b-restricted peptides of gB or the PC. Bars represent median values with interquartile ranges. Significance of the
difference between the groups was calculated using two-way ANOVA followed by Sidak’s multiple-comparison test.

specific T cells (Fig. 7A to F), and approximately half of the PC-specific T cells stimulated by
MVA-7Ag1 in B7 mice were polyfunctional (Fig. 7G).

IFN-y-, TNF-a-, IL-2-producing pp65-specific T cell responses induced by MVA-7Ag1
in A2 mice were lower than the pp65-specific T cell responses induced by MVA-7Ag1
in B7 mice and generally lower than those induced by MVAB-pp65 in A2 mice (Fig. 8A
to F), although the difference was not significant with the number of animals evaluated.
Yet unlike the pp65-specific T cells induced by MVA-7Ag1 and MVAB-pp65 in B7 mice,
the pp65-specific T cells induced by these vectors in A2 mice were mainly polyfunc-
tional (Fig. 8D to G). Most strikingly, however, were the impressive levels of IFN-vy-,
TNF-a-, and IL-2-producing PC-specific T cells induced by MVA-7Ag1 in A2 mice,
reaching up to 45% of the total CD8™" T cell population (Fig. 8A to F). In addition, more
than half of these high-level PC-specific T cells induced MVA-7Ag1 in A2 mice were
polyfunctional (Fig. 8G). These results for transgenic mice suggest that pp65 and the PC
subunits expressed by MVA-7Ag1 can be efficiently processed and presented by
different HLA molecules to stimulate polyfunctional T cell responses.

DISCUSSION

Although the precise HCMV immune correlates of protection remain unclear,
vaccine-mediated prevention of HCMV disease in newborns and transplant recipients
may depend on the stimulation of both antibody and T cell responses (31, 44). While
subunit vaccine design has primarily focused on the immunodominant antigens gB,
pp65, and IE1/2 (5, 10, 80), more recent attention has been given to the PC due to its
recognition as a major target of NAb preventing in vitro HCMV infection of many cell
types that are thought to be important for HCMV natural history (21-24). However, a
multiantigenic vaccine candidate that combines all five PC subunits with gB, pp65,
and/or the IE1/2 proteins has been introduced only recently by an approach based on
mRNA vaccines (26). In addition, the recently developed conditionally replication-
defective AD169-derived vaccine strain V160 with restored PC expression provides the
possibility to stimulate HCMV immunity by all relevant antigens that are potentially
involved in the protection against HCMV infection (27). In this study, we have intro-
duced a novel vaccine approach based on a recently developed BAC of the well-
characterized and clinically deployable MVA vaccine vector to stimulate robust HCMV
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FIG 7 HLA-B*0702-restricted polyfunctional CD8* T cells elicited by MVA-7Ag1. HLA-B*0702 (B7) transgenic mice were immunized two times in 4-week
intervals with MVA-7Ag1, MVAB-pp65 (n = 5), or MVA-Venus (n = 1). One week postimmunization, antigen-specific T cell responses were evaluated by
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Significance of the difference between the groups was calculated using multiple t test.

humoral and cellular immune responses by an antigen combination composed of the
PC, gB, and pp65 in different strains of mice (54).

One major advantage in utilizing MVA as a vaccine platform is its versatile expres-
sion system and large capacity to accommodate foreign DNA sequences, allowing
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FIG 8 HLA-A*0201-restricted polyfunctional CD8* T cells elicited by MVA-7Ag1. HLA-A*0201 (A2) transgenic mice were immunized two times in 4-week
intervals with MVA-7Ag1, MVAB-pp65 (n = 5), or MVA-Venus (n = 1). One week postimmunization, antigen-specific T cell responses were evaluated by
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epitope. (A to C) Shown are the percentages of CD8* T cells secreting IFN-y (A), TNF-a (B), or IL-2 (C) following stimulation of splenocytes from A2
immunized mice with different stimuli. (D to F) Frequency of antigen-specific CD8* T cells producing all combinations of IFN-y, TNF-e, and IL-2 cytokines
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indicated in the color key. Significance of the difference between the groups was calculated using multiple t test.

simultaneous expression of multiple antigens by a single MVA vector (21, 49). By taking
advantage of these traits of MVA in addition to highly efficient and markerless manip-
ulation by BAC technology (21, 54, 55), two main concepts of MVA vector construction
were exploited to generate different rIMVA vectors simultaneously expressing the seven
HCMV antigens via P2A-linked polycistronic and single antigen expression constructs
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inserted into four (MVAB-7Ag1 and MVAB-7Ag2) or only two (MVAB-7Ag3 and MVAB-
7Ag4) MVA insertion sites. In addition, using a procedure based on homologous
recombination of genomic duplication (66), the BAC vector sequences of these recom-
binant multiantigenic MVA vectors could be removed without leaving behind any
bacterial vector sequences, which may simplify the investigational new drug process
and approval of these vectors for human use. All of the multiantigenic vectors showed
expression of the seven HCMV antigens, and we confirmed that the PC subunits
polycistronically expressed by MVAB-7Ag1 efficiently assembled into complexes that
formed a variety of neutralizing epitopes. We did not find any evidence that coexpres-
sion of the PC subunits, gB, and pp65 by MVA influences the expression of the
individual HCMV antigens. In addition, MVA-7Ag1 and MVA-7Ag3 with removed BAC
vector showed stable HCMV antigen expression during extensive virus passaging in
CEF, suggesting that both concepts of MVA vector construction allow stable coexpres-
sion of the PC subunits, gB, and pp65 in a cell type that is acceptable by the Food and
Drug Administration for MVA vaccine production.

While all of the multiantigenic MVA vectors showed potent and comparable abilities
to elicit NAb and T cell responses in BALB/c mice, MVAB-7Ag1 and its vector-free
derivative MVA-7Ag1 were exploited most extensively to characterize the immunoge-
nicity of the PC subunits, gB, and pp65 when coexpressed by MVA. Using MVAB-7Ag1/
MVA-7Ag1, we demonstrated in different mouse strains (C57BL/6, BALB/c, and A2 and
B7 HLA transgenic mice) that MVA coexpressing the seven HCMV antigens can stimu-
late robust complement-independent and complement-dependent EC-specific and
FB-specific NAb responses, humoral immune responses promoting ADCC, and mouse
and human polyfunctional MHC-restricted T cell responses by the individual HCMV
antigens. In addition, compared to control vectors expressing only the PC subunits or
gB, MVAB-7Ag1 showed substantially enhanced potency to elicit antibodies that pro-
mote in vitro neutralization of different HCMV strains and ADCC. These observations
suggest that a PC/gB antigen combination when expressed by MVA can augment the
induction of cross-NAb responses, a finding that may be of general importance for
HCMYV vaccine development considering that the NAb responses observed in the recent
gB/MF59 phase Il trial in postpartum HCMV-seronegative women were only very weak
and particularly ineffective against heterologous HCMV strains (63). Moreover, recent
observations indicate an important role of non-NAb responses in the protection
mediated by gB/MF59 in postpartum women, which may suggest a beneficial vaccine
effect through enhanced ADCC stimulation by a PC/gB antigen combination. Particu-
larly intriguing were the high-level PC-specific T cell responses induced by MVA-7Ag1
in C57BL/6 and HLA transgenic mice, since the PC subunits have not been described as
dominant T cell targets in HCMV-seropositive individuals (73). Polyfunctional CD8* T
cells able to secrete multiple effector cytokines have been associated with immuno-
logical control of different pathogens. In addition, polyfunctional CD8* T cells, espe-
cially those directed toward pp65 and IE1, have been associated with control of HCMV
viremia (81, 82). Consequently, it will be important to investigate the implications of the
unusual PC-specific T cell responses in more detail.

In contrast to the recently introduced multiantigenic mRNA vaccines (26), we
observed only minimal interference of in vivo immunogenicity of the PC subunits, gB,
and pp65 when coexpressed by MVA. More specifically, we did not observe a dramatic
reduction in pp65-specific T cell stimulation through interference with the PC subunits,
as observed recently for the mRNA vaccine approach (26). We rather observed a
differential intensity of recognition of the PC using two different HLA transgenic mouse
strains. In A2 mice, the slightly decreased CD8 response to pp65 in MVA-7Ag1-
immunized mice compared to the response to pp65 in MVAB-pp65-immunized mice
may have been the consequence of the extraordinary response to the PC accounting
for up to 45% of the total CD8* T cell compartment. In contrast, in B7 mice the
response to the PC was not as strong as in A2 mice, which may explain why the
pp65-specific T cell responses induced by MVA-7Ag1 in B7 mice were similar to or even
of higher magnitude than those induced by MVAB-pp65. A possible explanation for the
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disparities in the level of recognition of the same antigens between the two transgenic
strains may be the intrinsic differences of the genetic background of the two strains of
transgenic mice (74, 75). The most notable indication for antigen interference was the
apparent reduced ability of MVAB-7Ag1 to stimulate ADCC-promoting antibody re-
sponses compared to the control vector MVAB-PC/gB, whereas this appeared to
depend on the targeted HCMV strain. This suggests that pp65 may have a marginal
impact on the immunogenicity of the PC and/or gB to stimulate HCMV humoral
immunity upon MVA-vectored coexpression. Compared to the pp65-specific T cell
responses induced by all multiantigenic MVA vectors, we generally observed only
low-level gB-specific T cell stimulation by these vectors, which may be associated with
epitope competition, but it may also be consequence of the chosen antigenic form of
the gB protein. One way to overcome potential antigen interference of the multianti-
genic MVA vectors could be prime-boost immunization strategies with single-antigen
MVA vectors, although such strategies may complicate the translatability of the mul-
tiantigenic vaccine approach. In addition, vector-specific immunity may potentially limit
the ability of the MVA vaccine approach to stimulate or boost HCMV immune responses
by repeated immunization or antigen codelivery using separate vectors (51, 83).

A major challenge in HCMV vaccine development remains the quandary of imper-
fect protection by naturally acquired HCMV immunity (28). Congenital HCMV infection
can occur following primary infection in HCMV-seronegative women, but it can also be
a consequence of nonprimary infection in HCMV-seropositive women, resulting from
either reinfection or virus reactivation (84). Because of the imperfect protection by
natural HCMV immunity, it is argued that a vaccine candidate capable of eliciting HCMV
immune responses similar to those induced during natural infection may not signifi-
cantly alter the outcome of congenital infection and disease, particular in populations
with high HCMV seroprevalence (28). Based on a single controversial study, HCMV
immunity acquired through natural infection is suggested to reduce the risk of con-
genital infection in future pregnancies by 69% (28, 29). In addition, while intrauterine
HCMV transmission following primary maternal infection is estimated to occur with a
frequency at 30 to 40%, intrauterine transmission following nonprimary maternal
infection is estimated to occur with a frequency of only 1 to 2% (85). Besides reducing
the risk of intrauterine transmission, preconceptional natural HCMV immunity is also
considered to reduce the severity of congenital disease (86), although this remains
controversial (28). Hence, despite being imperfect, the protection afforded by preex-
isting HCMV immunity against congenital infection and disease appears to be substan-
tial. Based on this premise, it can be hypothesized that the incidence of congenital
infection and severity of congenital disease may be reduced by a vaccine candidate
able to stimulate robust HCMV humoral and cellular immune responses in women
without preexisting naturally acquired HCMV immunity.

While antibody responses are generally considered the primary immune component
involved in the prevention of infection/reinfection, T cell responses are well known as
the primary immune response mediating suppression of viral replication and reactiva-
tion. This general concept of protection by HCMV immunity may suggest that vaccine-
mediated prevention of congenital infection in HCMV-seronegative women depends
primarily on the induction of antibody responses to envelope glycoprotein complexes
such as the PC and gB (33, 36, 41). Preexisting antibody responses may provide
protection against congenital HCMV infection through immune mechanisms that
include prevention of maternal HCMV acquisition at mucosal membranes, virus dis-
semination to the placenta, or intrauterine virus transmission at the fetal-maternal
interface (20, 30, 38, 41). While antibody-mediated protection against HCMV infection
may primarily involve NAb responses that interfere with virus entry or promote
complement-dependent viroloysis, it may also involve non-NAb that promote ADCC
and complement-dependent cytotoxicity as recently suggested (63). However, consid-
ering the imperfect protection provided by naturally acquired HCMV immunity, anti-
body responses will most likely not provide complete protection against HCMV infec-
tion of either the mother or the developing fetus. Vaccine-mediated stimulation of T
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cells may therefore be particularly important as a secondary immune response to
protect against congenital infection in HCMV-seronegative women by promoting
antibody production and maturation and enhancing virus containment and clearance
once HCMV acquisition has occurred at mucosal membranes.

Since most cases of congenital infection, in particular in populations with high
HCMV seroprevalence, occur following nonprimary maternal infection (86), HCMV-
seropositive women in addition to HCMV-seronegative women may potentially benefit
from vaccination prior to pregnancy. Vaccination of HCMV-seropositive women may
boost or augment immune responses induced during natural infection, thereby poten-
tially improving protection against congenital infection as a consequence of nonpri-
mary maternal infection. Because congenital HCMV infection following nonprimary
maternal infection can result from either reinfection or virus reactivation (28, 84),
vaccine-mediated protection against congenital infection in HCMV-seropositive women
may equally depend on the stimulation of humoral and cellular immune responses.
While the induction of antibodies may be primarily required to protect against con-
genital infection as a result of maternal reinfection, the induction of T cells may be
primarily required to prevent congenital infection as a result of maternal virus reacti-
vation. Hence, the protection against congenital infection in HCMV-seropositive
women may be at least in part mediated though immune mechanisms that resemble
those mediating protection against HCMV infection in transplant recipients. In this
context it is important to note that HCMV antigens expressed from plasmids or viral
vectors such as MVA may provide the possibility to stimulate immune responses that
are quantitatively or qualitatively different from those elicited by HCMV during natural
infection. This hypothesis may be supported by our finding that MVA-7Ag1 can
stimulate exceptionally high and polyfunctional PC-specific T-cell responses in HLA
transgenic mice that are not known to be present in HCMV-seropositive individuals (73).

In sum, we have generated different multiantigenic MVA vaccine vectors simulta-
neously expressing the PC subunits, gB, and pp65 that stimulate robust HCMV humoral
and cellular immune responses in mice. These observations support the use of MVA to
develop a multiantigenic vaccine approach to protect against congenital HCMV infec-
tion and HCMV-associated disease in transplant recipients. Because MVA has an excel-
lent safety record and proven ability to stimulate antigen-specific humoral and cell-
mediated responses in animals and humans, these multiantigenic MVA vectors may
form the basis of a vaccine candidate to prevent or control HCMV infection in different
target populations.

MATERIALS AND METHODS

Cells and viruses. BHK, ARPE-19, and MRC-5 cells were purchased from the American Type Culture
Collection (ATCC). Chicken embryo fibroblasts (CEF) were obtained from Charles River. All rMVA vectors
were derived from MVABAC-TK using BAC technology (54), with the exception of MVA-Venus and
MVA-pp65/IE, which were constructed previously by homologous recombination using traditional
transfection/infection method (52). All MVA virus stocks were prepared following virus propagation on
CEF (21, 51). HCMV TB40/E was derived from TB40/Ewt-GFP BAC DNA (87), a kind gift from Thomas Shenk
(Princeton University). HCMV TR expressing green fluorescent protein (GFP) was obtained from Jay
Nelson (Oregon Health & Science University). HCMV Towne (RC2940) was a kind gift from Edward
Mocarski (88). HCMV AD169 was obtained from John Zaia (City of Hope). TB40/E and TR virus stocks were
prepared following propagation on ARPE-19 cells, whereas Towne and AD1609 virus stocks were prepared
following propagation in MRC-5 cells (21).

Recombinant MVA vectors. MVABAC-TK-derived rMVA expressing HCMV antigens were generated
via en passant mutagenesis in GS1783 Escherichia coli cells using specific transfer constructs and
site-specific primers for homologous recombination (24, 54, 89, 90). Table 1 shows the primers that were
used to mediate the gene insertion by en passant mutagenesis as well as the genome positions of the
used MVA insertion sites. HCMV gene sequences encoding the PC subunits or pp65 were based on HCMV
strain TB40/E (TB40/E-BAC; GenBank accession no. EF999921). The gene sequence expressing a truncated,
form of gB in which the TM had been deleted (JBATM) encoded the N-terminal 698 amino acids (aa) of
gB of HCMV strain Merlin (GenBank accession no. AY446894.2). All HCMV gene sequences were codon
optimized for vaccinia virus expression using the Codon Optimization Tool from Integrated DNA
Technologies (IDT), and runs of more than three of the same nucleotide type in a row were subsequently
silently mutated to enhance the stability of the antigen sequences within MVA (58). Codon-optimized
and P2A-linked HCMV gene sequences were synthesized by Genescript. Detailed sequence maps of all
transfer plasmids and BAC constructs were generated by Vector NTI (Invitrogen). All recombinant BAC
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vectors were verified by PCR and restriction fragment length analysis, and all inserted HCMV gene
sequences were verified by sequencing. Virus reconstitution from the recombinant BAC vectors was
performed with BHK cells as described using fowl pox virus as a helper virus (24, 55).

BAC vector removal. BAC removal of MVABAC-TK-derived rMVA by homologous recombination of
a genomic duplication was performed similarly to a previously described procedure (64-66). Using en
passant mutagenesis (89, 90), an ~1.4-kbp genomic duplication of bp 69313 to 70703 of MVA (GenBank
accession no. AY603355.1) that was homologous to ~0.7-kbp sequences on either site of the BAC vector
was inserted in direct orientation between the chloramphenicol resistance marker (cat) and the mini-F
replicon (OriS, repE, sopA/B/C, cos, loxP) (Fig. 1) (54). A red fluorescent protein (RFP) marker was inserted
along with the genomic duplication into the BAC vector so that each vector sequence (cat and mini-F
replicon) separated by the genomic duplication contained a florescence marker (either RFP or GFP) (Fig.
1), whereby the GFP marker originated from the construction of MVABAC-TK (54). Upon virus reconsti-
tution, virus with removed BAC sequences was identified by the absence of RFP and GFP expression.
Plaque purification was performed to eliminate residual virus containing remaining vector sequences and
to obtain pure rMVA vectors without BAC sequences. Confluent CEF in a 96-well plate format were
infected with 20 PFU of MVA per plate. At 3 to 5 days postinfection, virus from wells showing viral foci
without signs of RFP and GFP expression was prepared by standard freeze-thaw technique and expanded
on CEF into larger virus amounts. Expanded virus was tested by PCR using primers (5'-TGG ATG ACA ACT
CAA ACA TCT GC-3' and 5'-TTTCCTCCTCGTTTGGATCTCAC-3’) that flank the TK insertion to confirm the
complete removal of the BAC vector sequences (Fig. 1). Primers specific for bacterial resistance marker
cat (5'-TGC CAC TCA TCG CAG TAC TG-3" and 5'-AGG CAT TTC AGT CAG TTG CTC-3’) or the sopA element
of the mini-F replicon (5’-TTA ACT CAG TTT CAA TAC GGT GCA G-3' and 5’-TGGGGTTTCTTCTCAGGCTA
TC-3') were used to confirm the absence of residual vector sequences (Fig. 1). PCR fragments amplified
from the TK site were sequenced to verify the restoration of the MVA TK gene locus (64, 66).

Immunoblotting. HCMV antigens in whole-cell lysates of rMVA-infected CEF cells were detected by
Immunoblot using standard methods (21). HCMV gL and UL131A were detected using peptide-specific
rabbit polyclonal antisera (21), UL128 was detected using rabbit polyclonal antiserum raised against
glutathione S-transferase (GST)-tagged UL128 (PTA-8474; ATCC), and gH, gB, and pp65 were detected
using MAb AP86 (91), MAb p7-17 (92), and MAb 28-103 (68), respectively, kindly provided by William Britt
(University of Alabama at Birmingham). UL130 was detected using MAb 3C5 (17), a kind gift from Thomas
Shenk (Princeton University). Vaccinia virus BR5 was detected using MAb 19C2 (93).

Flow cytometry. Cell surface flow cytometry analysis of rMVA-infected BHK cells by NAb was
performed as described previously (20). Briefly, BHK cells (70 to 90% confluent) were infected with rMVA
at a multiplicity of infection (MOI) of 5. At 4 h postinfection, rMVA-infected BHK cells (live, nonperme-
abilized) were stained with 25 ng/ml of NAb and secondary antibody Alexa Fluor 647 goat anti-mouse
IgG (Life Technologies) at a dilution of 1/2,000. Fifteen thousand events were collected using a BD
FACSCelesta flow cytometer (BD) and analyzed with FlowJo software (Tree Star).

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 (94) and the Public Health Service Policy on the Humane Care and Use of Laboratory
Animals (95). BALB/c and C57BL/6 mice were purchased from the Jackson Laboratory. HLA-A*0201 HHD
Il H-2Db/B2 microglobulin double-knockout (74) (A2) and HLA-B*0702 H-2KbDb double-knockout (75)
(B7) transgenic mice on a C57BL/6 background were obtained from F. Lemonnier (Institut Pasteur,
France) and bred at the City of Hope Animal Research Center. Mice were vaccinated two or three times
in 4-week intervals with the rMVA vectors by the intraperitoneal (i.p.) route with either 5 X 107 PFU or
1 X 107 PFU (low dose). Blood samples for humoral immune analysis were collected by retro-orbital
bleeding. Splenocytes for cellular immune analysis were isolated by standard procedure, whereby red
blood cells (RBSs) were removed using RBC lysis buffer (BioLegend).

HCMV neutralization. NAb titers at which 50% HCMV infection was inhibited (NT,,) were deter-
mined by microneutralization assay performed similarly to previous descriptions (20, 21). Briefly, heat-
inactivated immune sera with or without the addition of 5% guinea pig complement were serially 2-fold
diluted in 75-ul volumes using complete growth medium for ARPE-19 or MRC-5 cells depending on the
cell type used in the assay. Dilutions ranged from 1:25 to 1:204,800. Diluted serum was mixed with 75
ul of complete growth medium containing approximately 2,400 PFU of HCMV. After 2 h of incubation,
virus-serum mixtures were added in duplicate (50 ul) to ARPE-19 or MRC-5 cells seeded the day before
at 1.5 X 10%/well in a clear-bottom polystyrene 96-well plate (Corning) that contained 50 ul per well of
complete growth medium. Cells were grown for 48 h and fixed in methanol-acetone. Infected cells were
stained by immunostaining using mouse anti-HCMV IE1 Ab (p63-27 [96]; kindly provided by William Britt)
and the Vectastain ABC kit (Vector Laboratories). The substrate was 3,3’-diaminobenzidine (DAB; Vector
Laboratories). Plates were analyzed by an automated system using an DMi8 inverted microscope
equipped with a linear motorized stage (Leica). IE1-positive nuclei per field of view using a 5X objective
were counted using ImagePro Premier (Media Cybernetics). For each dilution the average number of
positive nuclei in duplicate was calculated. The percent neutralization titer for each dilution was
calculated as follows: NT = [1 — (number of positive nuclei with immune sera/number of positive nuclei
with preimmune sera)] X 100. The titers that gave 50% neutralization 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.

Surrogate ADCC reporter assay. ADCC was measured by mouse FcyRIV (mFcyRIV) reporter bioassay
(Promega). This reporter assay allows measurement of ADCC without the need to isolate NK cells from
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peripheral blood mononuclear cells (PBMCs) and without variability in mFcyRIV amounts (97). mFcyRIV is the
main receptor involved in ADCC in mice and is most closely related to human FcyRllla, the primary Fc receptor
involved in ADCC in humans (98). ARPE-19 cells were infected with HCMV at an MOI of 5 for 24 h, and infected
cells were transferred to white, flat-bottomed 96-well plates. After 24 h, pooled heat-inactivated serum from
immunized mice was 2-fold diluted in assay buffer (RPMI supplemented with 4% low-IgG serum) and added
to the target cells. Engineered mFcyRIV cells expressing a luciferase reporter driven by a nuclear factor of
activated T cells response element were added to each well and incubated for 6 h, following which Bio-Glo
reagent was added. Plates were developed using a BioTeck Cytation3 luminometer. Fold induction was
calculated relative to luciferase activity in the absence of serum.

ELISA. PC and gB binding antibodies in immune sera of rMVA-immunized mice were quantified by
enzyme-linked immunosorbent assay (ELISA) using purified PC or gB protein that was derived by
expression from plasmids (PC) or rMVA (gB) in mammalian cells (51, 61). ELISA microtiter wells (Costar)
were coated with 1 pg/ml of purified protein and blocked with 1% bovine serum albumin (BSA)-
phosphate-buffered saline (PBS), and 2-fold serum dilutions were added in duplicates. Microtiter plates
were developed using anti-mouse IgG horseradish peroxidase conjugate (Sigma-Aldrich), followed by
addition of 3,3',5,5'-tetramethylbenzidine (Thermo-Fisher). Absorbance at 450 nm was measured using
a FilterMax F3 microplate reader (Molecular Devices). Endpoint titers were calculated as the highest
serum dilution to produce an absorbance higher than the geometric mean plus three times the standard
deviation of the absorbance obtained using serum from 5 naive mice that was diluted 100 times.

Peptides. Peptide libraries of pp65 and gB were composed of 15-mers with an 11-aa overlap. The
pp65 peptide library was obtained from NIH (AIDS Reagent Program, Division of AIDS, NIAID). The gB
peptide library was purchased from JPT Peptide Technologies GmbH (Berlin, Germany). Peptide libraries
of gH, gL, UL130, and UL131A were composed of 15-mers with a 9-aa overlap and purchased from
Genscript. The UL128 peptide library was composed of 15-mers with an 11-aa overlap and produced at
the City of Hope Core Facility (99). Equal amounts of peptides of the individual PC subunits were used
to create the PC peptide library. The human MHC class I-restricted immunodominant peptides HLA-
A*0201 pP65 495 503 and HLA-B*0702 pp65 ,¢s_ 5,5 Were described previously (100). To detect mouse
H2-b-restricted pp65-specifc T cells, a mixture of previously identified 11 immunoreactive peptides was
used (72). To detect mouse H-2b-restricted PC-specific T cells, a mixture of gH (PHGWKESHTTSGLHR and
TQGVINIMYMHDSDD), gL (LIRYRPVTPEAANSV), UL128 (NKLTSCNYNPLYLEA), UL130 (KLTYSKPHDAATFYC),
and UL131A (LNYHYDASHGLDNFD) immunodominant peptides was used (72). All H-2b-restricted pep-
tides were synthesized at City of Hope Core Facility.

ELISpot assay. T cell detection by ELISpot assay was performed according to the manufacturer’s
instructions (Millipore). Briefly, Millipore Multiscreen-IP filter plates were coated with capture antibody (mouse
IFN-vy ELISpot development module; R&D Systems) and blocked with 1% BSA-5% sucrose in PBS. Splenocytes
(~5 X 10% to 2 X 10°) in RPMI medium were added to each well and incubated overnight at 37°C in the
presence of 2 ug/ml of peptides and 1 pug/ml of CD28 and CD49d costimulatory Ab (Biolegend). After 24 h,
plates were incubated overnight at 4°C with detection antibody and developed using ELISpot blue color
module (R&D Systems). Spots were counted using an AID EliSpot reader. The number of spots obtained in
wells in which 2 ul of dimethyl sulfoxide (DMSO) was added was subtracted from each well. An arbitrary
number of 3,000 spots was assigned to wells in which the number of spots was too high to be counted.

Intracellular cytokine staining. Multicolor intracellular cytokine staining (ICS) was performed according
to standard protocol. Briefly, 2.5 X 10° splenocytes were stimulated with peptides (1 ug/ml), 0.1% DMSO, or
phorbol myristate acetate (PMA)-ionomycin (BD Biosciences) for 1.5 h at 37°C. Anti-mouse CD28 and CD49d
antibodies (1 ug/ml; BioLegend) were added as costimulation. Brefeldin A (3 ug/ml; eBioscience) was added,
and the cells were incubated for additional 16 h at 37°C. Cells were fixed using Cytofix buffer (BD Biosciences)
and surface staining was performed using fluorescein isothiocyanate (FITC)-conjugated anti-mouse CD3,
BV650 anti-mouse CD8a, and peridinin chlorophyll protein (PerCP)-Cy5.5 anti-mouse CD4 (BD Biosciences).
Following cell permeabilization using Cytoperm buffer (BD Biosciences), ICS was performed using allophy-
cocyanin (APC)-conjugated anti-mouse IFN-y, phycoerythrin (PE)-conjugated anti-mouse TNF-o, and PE-
CF594 anti-mouse IL-2 (BD Biosciences). Events were acquired using a BD FACSCelesta flow cytometer (2 X
10°cells/tube). Analysis was performed using FlowJo. Percentages of polyfunctional subsets were calculated
by applying FlowJo Boolean combination gating.

Statistics. GraphPad Prism software version 5.0 (GraphPad) was used for statistical analysis. NAb
titers and IFN-y-secreting T cells in each group were compared using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple-comparison test, while differences between NAb titers were
calculated using two-way ANOVA followed by Sidak’s multiple-comparison test.
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