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ABSTRACT Human cytomegalovirus (HCMV) represents a major cause of clinical
complications during pregnancy as well as immunosuppression, and the licensing of
a protective HCMV vaccine remains an unmet global need. Here, we designed and
validated novel Sendai virus (SeV) vectors delivering the T cell immunogens IE-1 and
pp65. To enhance vector safety, we used a replication-deficient strain (rdSeV) that
infects target cells in a nonproductive manner while retaining viral gene expression.
In this study, we explored the impact that transduction with rdSeV has on human
dendritic cells (DCs) by comparing it to the parental, replication-competent Sendai
virus strain (rcSeV) as well as the poxvirus strain modified vaccinia Ankara (MVA). We
found that wild-type SeV is capable of replicating to high titers in DCs while rdSeV
infects cells abortively. Due to the higher degree of attenuation, IE-1 and pp65 pro-
tein levels mediated by rdSeV after infection of DCs were markedly reduced com-
pared to those of the parental Sendai virus recombinants, but antigen-specific re-
stimulation of T cell clones was not negatively affected by this. Importantly, rdSeV
showed reduced cytotoxic effects compared to rcSeV and MVA and was capable of
mediating DC maturation as well as secretion of alpha interferon and interleukin-6.
Finally, in a challenge model with a murine cytomegalovirus (MCMV) strain carrying
an HCMV pp65 peptide, we found that viral replication was restricted if mice were
previously vaccinated with rdSeV-pp65. Taken together, these data demonstrate that
rdSeV has great potential as a vector system for the delivery of HCMV immunogens.

IMPORTANCE HCMV is a highly prevalent betaherpesvirus that establishes lifelong
latency after primary infection. Congenital HCMV infection is the most common viral
complication in newborns, causing a number of late sequelae ranging from impaired
hearing to mental retardation. At the same time, managing HCMV reactivation dur-
ing immunosuppression remains a major hurdle in posttransplant care. Since options
for the treatment of HCMV infection are still limited, the development of a vaccine
to confine HCMV-related morbidities is urgently needed. We generated new vaccine
candidates in which the main targets of T cell immunity during natural HCMV infec-
tion, IE-1 and pp65, are delivered by a replication-deficient, Sendai virus-based vec-
tor system. In addition to classical prophylactic vaccine concepts, these vectors
could also be used for therapeutic applications, thereby expanding preexisting im-
munity in high-risk groups such as transplant recipients or for immunotherapy of
glioblastomas expressing HCMV antigens.
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uman cytomegalovirus (HCMV) infects the majority of the human population and

establishes lifelong latency with periodic reactivations. It represents one of the
most common congenital infections worldwide, with an estimated prevalence of 0.64%
at birth, and contributes significantly to morbidity and mortality in immunocompro-
mised individuals (1, 2). Currently, no vaccine is available, and treatment options with
antiviral agents such as ganciclovir are limited due to side effects and the emergence
of drug-resistant virus strains (3-5). Of the numerous candidate vaccines that were
developed over recent decades, only a few made it past the early stages of clinical trials
(6). However, modest efficacies have previously been reported in phase Il studies for
both prophylactic as well as therapeutic approaches (7, 8). While these results are
encouraging and imply that the development of an HCMV vaccine is feasible, they also
underline the necessity to explore novel, alternative vaccine concepts.

Since clear immunological correlates of protection from HCMV infection have not
been defined yet, vaccine candidates should ideally induce both humoral and cell-
mediated immune responses (9). Several different glycoprotein complexes are ex-
pressed on the virion surface, all of which are targets for neutralizing humoral immu-
nity. Until recently, subunit vaccines designed for the induction of protective antibody
responses mostly focused on the fusion protein gB. The discovery of the pentameric
complex (consisting of gH/gL and UL128/UL130/UL131a) as a crucial component for the
infection of epithelial and endothelial cells revealed a new target for such vaccine
concepts (10). Indeed, inclusion of the pentameric complex into subunit vaccines or
attenuated virus led to promising results in animal models (11, 12).

At the same time, cell-mediated immunity plays a crucial role in controlling viral
latency and limiting virus spread. This is well illustrated by the successful restoration of
HCMV-specific cytotoxic T lymphocyte responses and concomitant virus control in
immunocompromised patients through adoptive T cell transfer (13, 14). T cell re-
sponses are directed against a variety of viral epitopes, with the tegument protein pp65
and the transcriptional regulator IE-1 representing major targets (15, 16).

Viral vectors are a favored tool for the delivery of heterologous antigens, in part
owing to their capability to efficiently prime T cell responses during vaccination (17).
Several vectors, like the poxvirus strain modified vaccinia Ankara (MVA), are currently
being evaluated as therapeutic vaccine candidates in clinical trials, although their
efficacy has yet to be demonstrated (18, 19). However, repeated administration of an
antigen by a given vector is impeded by the development of immunity to its backbone,
which can be avoided by heterologous prime/boost immunizations (20). Hence, novel
vectors should still be developed and assessed for their capacity to deliver HCMV
immunogens. For such approaches, Sendai virus (SeV) might be a useful alternative. It
is a nonsegmented, negative-strand RNA virus that belongs to the family Paramyxo-
viridae and causes respiratory infections in mice. A number of advantageous features
have led to broad usage of SeV as a viral vector, including exclusive replication in the
host cell cytoplasm, efficient transduction of both dividing and nondividing cells, broad
target cell tropism, and replication to high titers in cell culture (21). Importantly, it is
also considered to be nonpathogenic in humans (22, 23). Sendai virus is currently being
tested as a Jennerian vaccine for human parainfluenza virus (with the first efforts on this
concept dating back to the 1960s [24]) and as a viral vector for the delivery of human
respiratory syncytial virus antigens (25-27). In appreciation of its many favorable
characteristics, SeV is also emerging as a vector for the delivery of immunogens (e.g.,
Gag) from unrelated pathogens, such as HIV-1 (28, 29).

The aim of this study was to explore whether a highly attenuated, replication-
defective Sendai virus strain might be a suitable vector for the delivery of HCMV
antigens. SeV strains expressing |E-1 and pp65 were generated, as well as variants that
were rendered replication deficient through partial deletion of the viral P gene, thus
further contributing to vector safety (26, 30, 31). These new SeV strains were compared
with recombinant MVA viruses expressing the same antigens in a series of ex vivo
assays. The work is focused on the impact that transduction with these strains has on
dendritic cells (DCs), partly because of their crucial role in initiating adaptive immune
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FIG 1 Sendai virus is capable of replicating in moDCs. (A) Schematic representation of viral genomes highlighting transgene insertion
sites (not to scale; N, nucleoprotein; P, phosphoprotein; M, matrix protein; F, fusion protein; HN, hemagglutinin-neuraminidase; L, large
protein). The modified SeV P gene is highlighted as Pmut. For MVA, letters refer to genome fragment sizes after Hindlll digestion (66).
(B) Western blot analysis of transgene expression 48 h postinfection (hpi) of Vero cells at an MOI of 1 with replication-competent
(rcSeV) or replication-deficient (rdSeV) Sendai virus strains expressing the indicated genes, IE-1, pp65, or GFP. (C) Titration of cell
culture supernatants at different time points after infection of human monocyte-derived dendritic cells (moDCs) with rcSeV-GFP or
rdSeV-GFP at an MOI of 1. rdSeV was also used to infect the Vero cell line V3-10 (trans-complementing a full-length version of the viral
P gene) at the same MOI. Three h postinfection, cells were washed once with medium and an aliquot was collected to determine
baseline virus levels (residual virions that did not enter target cells and were not removed by washing). Viral titers are given as cell
infectious units (CIU) per ml (bd, below detection limit).

responses. In addition, DCs pulsed with HCMV antigens could be readily applied as a
therapeutic vaccine, a strategy which is currently being employed with some success in
clinical studies for the treatment of glioblastoma (32). Using monocyte-derived den-
dritic cells (moDCs), we found that Sendai virus vectors exhibit favorable features with
regard to transduction rates, cytotoxicity, DC maturation, and antigen presentation.
Importantly, immune responses elicited after vaccination of mice with replication-
deficient SeV vectors are capable of limiting MCMV replication in vivo. Collectively,
these data indicate that the pp65- and IE-1-expressing SeVs are promising candidates
to be further assessed regarding their suitability for preventive and therapeutic vacci-
nation purposes.

RESULTS

No case of symptomatic SeV infection in humans has been reported to date.
Nevertheless, we wanted to achieve further vector attenuation, since next to HCMV-
negative young women, possible target groups for an HCMV vaccine also include
immunocompromised patients such as transplant recipients. We chose a previously
described strain in which amino acids 2 to 77 of the viral P gene are deleted (31). Partial
deletion of this gene prevents switching of the viral RNA-dependent RNA polymerase
(vRdRp) from mRNA synthesis to genome replication, ultimately inhibiting the gener-
ation of progeny virus (33). This strain, here referred to as replication-deficient SeV
(rdSeV), served as the backbone for the insertion of the HCMV antigens IE-1, pp65, or,
as a control, green fluorescent protein (GFP) (Fig. 1A). For comparison, the same
transgenes were inserted into the genome of the parental strain containing the
full-length P gene, hence termed replication-competent SeV (rcSeV), and into the
genome of the poxvirus strain MVA. Expression of all transgenes could be readily
detected by Western blot analysis after successful transduction of Vero cells (Fig. 1B). To
test whether partial deletion of the viral P gene in rdSeV is sufficient to prevent
replication in human moDCs, we determined viral titers in the cell culture supernatant
over a period of 48 h after infection. Whereas rcSeV was capable of replicating to high
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FIG 2 SeV efficiently infects moDCs with rcSeV, eliciting higher transgene expression than rdSeV. MoDCs from 3 different HCMV seronegative blood donors were
infected at the indicated MOIs, and the intracellular presence of the transgenes GFP, IE-1, and pp65 was quantified via flow cytometry after 24 (A and B) and
48 h (C and D) (nd, not determined). (A and C) Results are presented as the percentage of cells positive for a given antigen, with connected lines indicating
values that were obtained using cells from an individual donor. (B and D) Median fluorescence intensity (MFI) values were normalized to the signals obtained
from uninfected cells, with bars representing the means and standard deviations of values from all donors.

titers in moDCs, the amount of infectious particles was considerably below the baseline
level after 24 h and was undetectable after 48 h for rdSeV, indicating that no virus was
produced de novo (Fig. 1C). When a functional P gene was provided in trans by a Vero
cell-based helper cell line (V3-10), rdSeV replication was restored and was similar to that
of rcSeV in moDCs.

We next wanted to assess whether expression of the heterologous antigens IE-1,
pp65, and GFP is induced in dendritic cells upon infection with the different SeV strains.
moDCs were generated by ex vivo differentiation of monocytes and infected at different
multiplicities of infection (MOlIs) with each vector. The percentage of antigen-positive
cells was determined after 24 and 48 h by flow cytometry (Fig. 2). IE-1 and pp65 were
stained intracellularly using labeled antibodies prior to the measurement (in contrast to
GFP). In accordance with previously published data, we found that rcSeV is capable of
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efficiently infecting moDCs (34). For the GFP-carrying vectors, the percentage of
antigen-positive cells was generally MOI dependent and at a similar level for rcSeV and
MVA. Whereas median fluorescence intensity (MFI) levels were slightly higher for MVA
at low MOlIs, peak expression levels were highest with rcSeV at an MOI of 10 and 100,
respectively. The percentage of GFP-positive cells as well as the monitored MFI were,
however, clearly lowest when using rdSeV, showing that partial deletion of the P gene
has a negative influence on overall transgene production. Nevertheless, the capacities
to transduce dendritic cells and mediate transgene expression are preserved. Com-
pared to GFP, intracellular detection of IE-1 and pp65 was altogether less sensitive for
want of suitable flow cytometry antibodies. Consequently, expression of both IE-1 and
pp65 was below the limit of detection for rdSeV, and signals were significantly lower
than those obtained after infection with the corresponding rcSeV or MVA vector
carrying GFP.

In addition to the vector-mediated expression of IE-1 and pp65 in dendritic cells,
processing of the antigen and major histocompatibility complex (MHC) presentation
are other critical prerequisites for the initiation or expansion of adaptive immune
responses. As a surrogate marker for this process, we wanted to compare the tested
vectors for their capacity to restimulate antigen-specific T cell clones after infection of
dendritic cells. At 24 h after infection at various MOls, we cocultivated HLA-matched
moDCs with IE-1- or pp65-specific T cell clones (recognizing IE-155_os on HLA-B8 and
PP65,415_426 ON HLA-B7, respectively) and measured T cell reactivation by determining
the intracellular presence of IFN-vy after another 6 h. All vectors efficiently restimulated
T cells, with the maximum (approximately 80% of cells IFN-y positive) reached at an
MOI of 1 for MVA and 10 for both Sendai virus vectors (Fig. 3A). Whereas T cell
responses were decreasing at higher MOIs when MVA was used, no such decrease in T
cell restimulation was observed for the SeV vectors. Interestingly, rdSeV was equally as
capable of eliciting moDC-driven T cell restimulation as rcSeV despite hardly detectable
antigen levels in moDCs in flow cytometry (Fig. 2). Apart from minor differences,
presumably reflecting differences in T cell receptor avidity of the clones used, the same
trends were observable for [E-1 and pp65. To verify that the detected responses were
antigen specific, moDCs were also infected with rcSeV-GFP, rdSeV-GFP, and MVA-GFP,
followed by cocultivation with IE-1- or pp65-specific T cell clones. As expected, IFN-y
secretion was not above background levels at any MOI (data not shown).

Despite efficient transduction of moDCs ex vivo, professional antigen-presenting
cells will likely not be the main cell type producing antigenic proteins after in vivo
administration of SeV vectors (e.g., via the intramuscular route). Thus, priming of CD8*
T cells requires secondary uptake and cross-presentation of antigens by DCs. We
therefore wanted to test whether SeV-transduced cells or vesicles from those cells are
internalized by moDCs and whether MHC-I presentation of antigens takes place. For
this, an in vitro cross-presentation assay was performed. Hela cells were infected at
various MOlIs with rdSeV-pp65, and 24 h postinfection (hpi) cells were added to moDCs,
followed by cocultivation for 24 h. After this period, a pp65-specific T cell clone, HLA
matched to the moDCs, was added, and after another 6 h, T cell restimulation was
assessed by intracellular IFN-y staining as described above. Direct presentation of
pp65-derived peptides by Hela cells can be ruled out in this experimental setup due to
an HLA mismatch with the T cell clone used. rcSeV and MVA were not included in this
experiment, since their replication in Hela cells, and therefore also direct infection of
moDCs during coculture, could not be excluded. Before addition of infected Hela cells
to moDCs, they were washed multiple times to remove residual extracellular rdSeV
particles that might infect dendritic cells. The supernatants from those washing steps
were separately incubated for 24 h with moDCs, followed by addition of T cell clones
and assessment of IFN-y production after 6 h to verify efficient removal of extracellular
virions. Four washing steps proved sufficient to reduce the level of T cell reactivation
to background levels (Fig. 3B). T cell restimulation as a result of cross-presentation did
occur in this assay setup but was generally lower than that of direct infection of DCs
(Fig. 3C, approximately 20% of T cells IFN-vy positive at an MOI of 10). However, the level
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FIG 3 Infection with both Sendai vectors leads to efficient restimulation of T cells by infected moDCs. (A)
Direct presentation assay. moDCs from 3 different HCMV seronegative blood donors were infected at the
indicated MOIs with IE-1- or pp65-expressing vectors. At 24 hpi, antigen-specific T cell clones were added
at an effector/target ratio of 1:1. After 6 h of cocultivation in the presence of brefeldin A (BFA), cells were
stained for CD8 and intracellular IFN-y and analyzed via flow cytometry. (B) Removal of extracellular
virions before cross presentation: HelLa cells were transduced at an MOI of 10 with rdSeV-pp65. At 24 hpi,
the supernatant from the overnight culture (lane 0) as well as 4 subsequent washing steps with cell
culture medium (lanes 1 to 4) was collected and added to moDCs. Twenty-four h later, a pp65-specific,
HLA-matched T cell clone was added to moDCs at an effector/target ratio of 1:1. After 6 h in the presence
of BFA, CD8/IFN-vy staining and flow cytometry analysis were performed. (C) Cross-presentation assay.
Hela cells were transduced at the indicated MOlIs with rdSeV-pp65. At 24 hpi, cells were washed 4 times
and added to moDCs from 3 individual donors at a 1:1 ratio. After 24 h of cocultivation, an antigen-
specific T cell clone was added for a HeLa/DC/T cell ratio of 1:1:1. T cell restimulation was measured after
6 h as described for panel A. Bars represent the means and standard deviations of values from all donors
(A and C) or 3 independent experiments (B) (nd, not determined).

of cross-presentation mediated by rdSeV at this MOI was still considerably higher than
that of adenovirus 5 (Ad5), which was recently published in an identical experimental
setting (35).

For efficient priming or expansion of T cell responses, SeV-infected DCs should
exhibit a certain degree of longevity in vivo, which would otherwise hamper possible
applications as a therapeutic vaccine. Sendai virus has long been known to cause
strong cytopathic effects upon infection and was recently identified as a mediator of
necroptotic cell death (36, 37). We hypothesized that the attenuation of rdSeV reduced
undesired induction of cell death in dendritic cells. To test this, we infected moDCs at
various MOIs with IE-1- or pp65-expressing virus strains and performed annexin V/7-
aminoactinomycin D (7-AAD) staining after 24 and 48 h, respectively. All tested vectors
caused cell death in an MOI-dependent manner and irrespective of the transgene, with
MVA evidently being the most toxic variant (Fig. 4). Although IE-1 was previously
described to inhibit apoptosis by activating the phosphatidylinositide 3’-OH kinase
(PI3K) prosurvival pathway (38), we found that the amount of toxicity mediated by IE-1-
and pp65-expressing vectors was comparable. At 24 h after infection, the percentage
of annexin V/7-AAD-positive cells for a given MOl was comparable between both
Sendai vectors. However, after 48 h, the proportion of healthy cells was further
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FIG 4 Attenuated rdSeV is less cytotoxic than rcSeV. moDCs from 3 different HCMV seronegative blood donors were infected at the indicated
MOIs with IE-1- or pp65-expressing vectors. After 24 or 48 h, samples were costained with annexin V/7-AAD, and cells positive for one or both
markers were quantified by flow cytometry. Bars represent the means and standard deviations (SD) of values from all donors (nd, not determined).

decreased when rcSeV was used, while it remained constant for rdSeV, confirming that
this vector is clearly less toxic than the original strain or MVA.

It is well established that priming of naive T cells by dendritic cells requires the latter
to be in a fully mature state and that immature or only partially matured DCs are likely
to induce tolerance or anergy in vivo (39). Phenotypically, maturation coincides with
increased expression of surface molecules, such as CD80, CD83, CD86, and MHC-II. To
assess whether any of these markers were upregulated in response to infection with
SeV or MVA vectors, surface expression was measured via flow cytometry after 24 and
48 h (Fig. 5). We found that at an MOI of 0.1, MVA-IE-1 and MVA-pp65 induced
upregulation of CD86 and HLA-DR, while CD80 upregulation was evident only after 48
h, and the expression of CD83 was largely unaltered at both time points. At higher
MOIs, marker expression was generally lower than that of uninfected cells, with CD86
and HLA-DR being affected the most. In contrast, after infection with the SeV vectors,
markers were upregulated in a time- and MOI-dependent manner, except for some
downregulation of CD80 and CD83 when rcSeV-IE-1 was used. Especially at higher
MOIs, SeV vectors were clearly superior to MVA in mediating maturation, with rdSeV
inducing the highest overall upregulation. It is worth noting that SeV-induced matu-
ration seemed less pronounced for IE-1-carrying vectors, which possibly reflects immu-
nomodulatory properties of this protein. The observed tendencies were mostly more
pronounced after 48 h than after 24 h.

Along with the upregulation of costimulatory molecules on the surface of dendritic
cells, secretion of distinct cytokines is also critical for T cell priming and definition of the
induced effector phenotype. To explore the cytokine release profile of moDCs in
response to infection with SeV or MVA, we measured secretion of various cytokines in
a cytometric bead multiplex assay. We found that all vectors induced production of
interleukin-6 (IL-6), while the presence of the anti-inflammatory cytokine IL-10 was
hardly detectable and did not surpass the level produced by uninfected cells (Fig. 6).
IFN-a responses were above background for all vectors at an MOI of 1 and, at an MOI
of 10, were only detectable when rdSeV was used. In contrast, tumor necrosis factor
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FIG 5 SeV induces maturation of dendritic cells. moDCs from 3 different HCMV seronegative blood donors were infected at the indicated MOIs with IE-1- or
pp65-expressing vectors. After 24 or 48 h, samples were stained for CD80, CD83, CD86, or HLA-DR and analyzed via flow cytometry. Obtained median
fluorescence intensity (MFI) values were normalized to those of uninfected cells. Log, values which represent the means (+ standard deviations) from all donors
are displayed in a heatmap indicating upregulation (blue) or downregulation (red) of a given marker (nd, not determined).

(TNF) secretion was lowest for rdSeV, and IL-18 release was only detectable after MVA
infection. The observed trends were similar irrespective of the transgenes carried by the
respective vectors, indicating that insertion of IE-1 or pp65 has no major influence on
the cytokine profile of infected moDCs.

We also tested whether other immune cells besides DCs can be infected by Sendai
vectors for other potential gene delivery applications. Hence, we used rcSeV-GFP to
infect human peripheral blood mononuclear cells (PBMCs) as a whole, and the amount
of GFP-positive cells in different leukocyte populations was determined after 24 h to
identify permissive cell types (Fig. 7). Except for B cells, all addressed subpopulations
(NK cells, monocytes, and CD4" and CD8™" T cells) exhibited GFP expression, although
to varying degrees. Since partial deletion of the P gene likely has no influence on target
cell tropism, rdSeV might be capable of transducing these cells as well. Monocytes were
infected most efficiently, with approximately 80% of cells being GFP positive, followed
by NK cells (50%) and T cells (20%), at an MOI of 10. Similar trends were observed at an
MOI of 1, albeit with lower overall infection rates. These results suggest that Sendai
virus could be a useful tool for transduction of a variety of immune cells.

Finally, we wanted to assess to what extent vaccination with rdSeV is capable of
limiting cytomegalovirus infection in vivo. The strict species specificity of betaherpes-
viruses hampers preclinical testing of HCMV vaccine candidates in animals, so we
turned to a novel, recently published mouse model to assess the efficacy of our rdSeV
vectors in the context of an MCMV infection (40, 41). This model takes advantage of the
strong T-cell immunogenicity of the HLA-A*0201 (HLA-A2.1)-restricted HCMV epitope
PP65,495_503 NLVPMVATV (here referred to as NLV). After vaccination of HLA-A2 trans-
genic mice with vaccine candidates containing HCMV pp65, challenge is performed
with an MCMV strain (designated MCMV-NLV), in which the entire NLV peptide coding
sequence had been inserted into the IE-2 gene along with its natural flanking amino
acids. Murine T cell responses to the NLV peptide that were primed by preceding
immunizations may then restrict the course of MCMV infection (40).

For proof of principle, A2Kb mice were immunized 3 times at weeks 0, 3, and 6 via
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FIG 6 SeV infection induces secretion of IL-6 and IFN-a. moDCs from 3 different HCMV seronegative blood donors were infected with either GFP-, IE-1-, or
pp65-expressing vectors. At 48 h after infection, the presence of 13 different cytokines in the conditioned cell culture medium was assessed by a bead-based
multiplex immunoassay. Uninfected cells that were untreated or stimulated with LPS (1 pg/ml) served as controls. Selected cytokine concentrations are depicted
with bars representing the means and standard errors of the means (SEM) of 3 measurements from the same donor (performed in one experiment). Levels were
not reproducibly above the limit of detection for IL-13, IFN-v, IL-12p70, IL-17A, IL-23, and IL-33, and no significant differences in secretion were detected for

MCP-1 and IL-8 (data not shown).

the intranasal route with rdSeV-pp65. Eight weeks after the initial immunization,
animals were challenged intravenously with MCMV-NLV, and after 4 more days, the
infectious viral load was measured in homogenates of spleen, liver, and lungs by plaque
assay and viral genome load was determined in parallel by quantitative PCR (qPCR).
Compared to a nonimmunized control group, viral titers were markedly reduced in the
liver and lungs after vaccination with rdSeV (Fig. 8). A similar, although not significant,
trend was observed in the spleen. Likewise, viral genome numbers were reduced in the
spleen and liver, but, interestingly, not in the lungs at the tested time point. Taken
together, these data strongly indicate that immune responses primed by immunization
with rdSeV-pp65 limit the course of systemic MCMV infection.

DISCUSSION

In recent years, four different vaccine concepts utilizing viral vectors for the delivery
of HCMV antigens have made it into clinical trials (reviewed in reference 18). Of those,
a vector based on MVA containing pp65, as well as an exon of IE-1 and [E-2 each
(HCMV-MVA triplex), is the only one currently being tested in phase II. The results from
phase |, investigating safety and immunogenicity in a small cohort of healthy adults in
a homologous prime/boost regimen, were recently published (19). While strong and
durable T cell responses were induced upon priming, the booster immunization hardly
showed an additional benefit. At the same time, anti-MVA immunity was detectable. In
a different setting, however, it was previously reported that immune responses elicited
by the closely related vaccinia strain NYVAC could be increased in a heterologous
prime/boost regimen employing a DNA prime compared to the level for the NYVAC-
alone group (42). Thus, it is likely that the immunogenicity of MVA could be improved
upon by likewise combining it in a heterologous prime/boost regimen with secondary
delivery modalities, such as the Sendai virus vectors described here.

Live attenuated virus vectors often pose residual health risks when administered as
a vaccine, but usually they exhibit superior immunogenicity compared to inactivated
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FIG 7 SeV is capable of infecting T cells, NK cells, and monocytes. (A) Gating strategy for discriminating different leukocyte populations. PBMCs from 3 different
HCMV seronegative blood donors were infected at an MOI of 1 or 10 with rcSeV-GFP. (B) At 24 hpi, the amount of GFP-positive cells in the indicated populations
was determined by flow cytometry. Bars represent the means and standard deviations (SD) of values from all donors.

virions. Although SeV has not been reported to cause disease in humans, clinical trials
so far have only been conducted with healthy individuals. Thus, for immunocompro-
mised individuals, which are the main target group for therapeutic HCMV vaccines,
higher safety measures might have to be implemented. In order to increase the safety
of the described Sendai virus-based HCMV vaccine candidates, we chose a replication-
deficient SeV strain with a partial deletion of the P gene. This deletion interrupts the
interaction between the viral P and N proteins and, as a consequence, renders the viral
RNA-dependent RNA polymerase (VRdRp) incapable of switching from mRNA synthesis
(using the negative-strand viral RNA genome as the template) to the de novo synthesis
of minus-strand viral genomes from viral plus-strand mRNAs (33). Expression of SeV
genes is mostly monocistronic. In this regard, however, the P locus is an exception,
since it also encodes accessory proteins (C’, C, Y1, and Y2) that are translated through
leaky ribosome scanning (43). Moreover, mRNA editing yields two additional viral
proteins, termed V and W. Although all of these proteins seem to be dispensable for
viral growth in cell culture, they were shown to promote pathogenicity in mice, for
example, by counteracting interferon signaling (44). Partial deletion of the P gene in
rdSeV presumably results in the production of truncated versions of V. and W (whose
translation is initiated from the same start codon as P) and C’' (which uses a non-AUG
initiation site upstream of this locus) (45). At the same time, translation of C, Y1, and Y2
is abrogated entirely since the respective start codons are not present in rdSeV. The lack
of these accessory proteins might contribute to the attenuated phenotype of rdSeV,
thus further improving its safety profile without abrogating the capability to elicit
protective immune responses (26). Further research will be required to determine to
what extent the truncation or lack of these accessory proteins impacts the immuno-
genicity of rdSeV.

We demonstrated in this study that human dendritic cells are permissive for
replication of SeV, which underlines the requirement for further attenuation to limit
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FIG 8 Vaccination with rdSeV-pp65 limits viral replication after MCMV-NLV challenge in mice. HLA-A2 transgenic mice were separated into two groups of 5
animals each and immunized intranasally at weeks 0, 3, and 6 with rdSeV-pp65 (6 X 10¢ CIU per dose) or an equivalent volume of PBS as a negative control.
Two weeks after the last immunization, mice were challenged intravenously with 5 X 10° PFU of MCMV-NLV. (A) Viral infectivity was quantified in the indicated
organ homogenates 4 days after challenge infection by plaque assay. (B) Viral genome load was quantified in the same samples by qPCR. P values were

calculated after log transformation by using unpaired, two-sided t test with Welch’s correction.

proliferation during a state of immunosuppression in vivo. In this regard, the N-terminal
truncation of the phosphoprotein already proved to be sufficient to inhibit the gener-
ation of viral progeny upon infection of DCs. However, after entry of rdSeV into a cell,
mRNA synthesis as well as protein translation still take place, thus preserving the
advantages of live attenuated vectors to some extent. Although the deletion that was
introduced into the genome of rdSeV mechanistically precludes the formation of
progeny virus in any given cell type, it will be important to experimentally confirm this,
for example, by using cells that were obtained from patients suffering from various
types of innate or acquired immunodeficiency. Furthermore, vector safety could also be
assessed more deeply in immunosuppressed animals such as NSG mice. While trans-
gene expression is initiated in moDCs after SeV infection, we found that the overall
amount of transgenic protein is markedly reduced when using rdSeV rather than the
parental strain. Although reduced mRNA synthesis as a result of partial P deletion has
been observed before, the underlying molecular mechanism has not been elucidated
yet (30). This might be explained by the inability of the vRdRp complex from rdSeV to
switch to genome replication. During infection with wild-type SeV strains, newly
generated genome copies could serve as additional templates for subsequent rounds
of mRNA synthesis, thereby amplifying overall gene expression. Importantly, despite
decreased transgene levels, restimulation of antigen-specific T cells was hardly affected,
which is in accordance with previously published data suggesting that the intracellular
quantity of a given immunogen is not connected to the amount of MHC presentation
on the cell surface (46).

All vectors that were compared in this study caused cell death in an MOI- and, with
the exception of rdSeV, time-dependent manner. It is possible that cells which were
negative for cell death markers after 24 h initially remained uninfected and that
secondary infections by newly released virions, concomitant with induction of apop-
tosis, account for the increase in dying cells between 24 and 48 h. Because MVA was
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previously reported not to produce viral progeny in moDCs (47), such an effect is only
conceivable for replication-competent SeV, which might explain why the proportion of
dead cells remained constant over the observed time period for rdSeV. Information on
the duration of paramyxovirus replication in cell culture is scarce (48), but we found
that viral titers were above the baseline level already at 24 h after infection of moDCs
with rcSeV (Fig. 1C), showing that the replication cycle can be completed in this time
frame. Thus, one or more rounds of infection would be possible within 48 h. Never-
theless, an increase in dead cells over time was also evident for the replication-
competent vectors at higher MOIs (10 and 100). Under these conditions, few cells
should initially remain uninfected, which indicates that replication deficiency alone is
an unlikely explanation for the reduced cytotoxicity of rdSeV. The discrepancy might
also be explained by the different patterns of cytokines released after infection with the
different vectors. For instance, secretion of TNF, a potent inducer of cell death (49),
could be the cause of the toxicity observed here. In fact, the amounts of TNF produced
upon infection mirror the degree of toxicity of the three vectors.

Priming of T cells in vivo requires a finely tuned combination of signals from
dendritic cells, the main constituents of which are (i) processing and MHC presentation
of a given peptide, (ii) presence of costimulatory molecules on the DC surface, and (iii)
cytokine secretion (50). Already at low MOIs, CD8*F T cell clones were efficiently
restimulated by moDCs after infection with all vectors tested, indicating no major viral
interference with the antigen-processing and presentation machinery. However, the
restimulatory capacity of MVA-infected DCs was diminished at higher MOls, a phenom-
enon that was not observed for the SeV vectors and which may be linked to the higher
cytotoxicity of the poxvirus strain. Reduced T cell stimulation by MVA may also be the
result of a noticeable downregulation of costimulatory receptors from MOIs 1 to 100 as
part of a previously described immune evasion mechanism (51). In contrast, maturation
markers tended to be upregulated in an MOI-dependent manner by both SeV vectors
with only a few exceptions, which is in accordance with findings by other groups
describing Sendai virus as a potent inducer of DC maturation (52, 53). However, it was
striking that upregulation of maturation markers after SeV infection was generally less
pronounced for IE-1-expressing vectors than for their pp65-containing counterparts,
with CD83 even being downregulated to some extent. During HCMV infection, |E-1
plays a central role in suppressing various innate immune response pathways (reviewed
in reference 54) and may therefore also counteract DC maturation when expressed by
heterologous vectors. The immediate-early protein IE-2 of HCMV was recently found to
induce proteasomal degradation of CD83 (55), an immune evasion strategy that is
similarly employed by other herpesviruses, such as herpes simplex virus 1 (56). Since
IE-1 and IE-2 are alternative splicing products from the same gene locus with the first
85 amino acids being identical due to the shared usage of two exons, it is conceivable
that IE-1 could likewise be capable of inducing CD83 degradation, but further research
will be necessary to assess this. Such detrimental influences on DC maturation and
function may be avoided by using a functionally inactivated IE-1 protein, as previously
proposed by Tang and colleagues (57). Irrespective of a given transgene, SeV-infected
DCs might indeed be capable of undergoing full maturation without the need for
further components (like adjuvants) when taking into account that in addition to the
upregulation of maturation markers, the Sendai vectors are also capable of inducing
secretion of proinflammatory cytokines such as IL-6 and IFN-a.

Vaccination of HLA-A2 transgenic mice with rdSeV-pp65 limited MCMV-NLV repli-
cation compared to that of nonimmunized animals, as evidenced by reduced viral titers
in the liver and lungs as well as lowered MCMV genome copy numbers in the spleen
and liver. Reduced MCMV replication in organs other than the lung despite immuni-
zation via the intranasal route suggests that systemic immunity was elicited by the
rdSeV vaccination. Given that HCMV is capable of spreading to a multitude of different
organs, vaccine-mediated induction of immune responses that are not locally restricted
is desirable, especially in therapeutic settings. Interestingly, although the amount of
infectious virus was clearly reduced in the lungs of immunized animals, viral genome

August 2018 Volume 92 Issue 15 e00569-18

Journal of Virology

jviasm.org 12


http://jvi.asm.org

Attenuated Sendai Virus Vectors as Novel HCMV Vaccine

numbers were similar in both groups. This could be due to delayed clearance of viral
genomes from the lung tissue even if the release of infectious virus has been limited
already. Since the HCMV pp65-derived, HLA-A2-restricted NLV peptide represents the
only antigenic overlap between the SeV vaccine strain and the MCMV challenge strain,
NLV-specific CD8 T cells most likely are critical for the restricted viral replication that
was observed in this experiment. As demonstrated by adoptive T cell transfer experi-
ments, limitation of MCMV-NLYV replication has clearly been attributed to NLV-specific
T cells (40). Given that the chosen A2Kb mice still express endogenous H-2° molecules,
it is possible that human and murine MHC molecules compete for the priming of
pp65-specific T cell responses during vaccination with rdSeV-pp65, thereby impeding
the priming of NLV-specific, HLA-A2-restricted T cells. Thus, usage of different animal
models, such as humanized mice or nonhuman primates (reviewed by Crawford et al.
[58] and Itell et al. [59]), might provide additional insights concerning the immunoge-
nicity of rdSeV-pp65 and allow preclinical efficacy testing of IE-1-expressing vectors as
well. It might also be promising to combine the rdSeV vectors introduced in this study
with vaccine strategies that include B cell immunogens to induce both humoral and
cell-mediated immunity.

Finally, we could demonstrate that SeV exhibits a broad target cell tropism. In
addition to human moDCs, T cells, NK cells, and monocytes are efficiently infected by
Sendai virus as well. This opens up a variety of possible gene delivery applications in
basic research and gene therapy.

In conclusion, the favorable immunological characteristics of Sendai virus in com-
bination with the enhanced safety profile of rdSeV emphasize the potential of this
vector system. Thus, further testing of SeV as a vaccine platform in general and as an
HCMV vaccine candidate in particular is warranted.

MATERIALS AND METHODS

Ethics statement. The collection of blood donations from volunteers was approved by the ethics
committee of the University of Regensburg (file reference 16-101-0347). Samples were taken from
healthy adults who gave written informed consent beforehand. All animal experiments were approved
by the ethics committee of the Landesuntersuchungsamt Rheinland-Pfalz, permit number 23177-07/
G11-1-004.

Cells and viruses. Baby hamster kidney (BHK-21; ATCC CCL-10) and Vero cells (ATCC CCL-81) were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 100 U/ml penicillin, 100
ng/ml streptomycin (all from PAN-Biotech), and 10% fetal calf serum (FCS). Peripheral blood mononu-
clear cells (PBMCs) were purified according to density using Ficoll-Paque (GE Healthcare) and subse-
quently cultured in RPMI 1640 supplemented with 2 mM L-glutamine (PAN-Biotech), 100 U/ml penicillin,
100 pg/ml streptomycin, and 10% FCS. Primary monocytes were isolated via magnetic activated cell
sorting (MACS) using anti-CD14 beads (Miltenyi Biotech) according to the manufacturer’s instructions.
Monocytes were differentiated to monocyte-derived dendritic cells by culturing them over a period of 5
to 6 days in RPMI medium containing 10% FCS, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM
L-glutamine, 1% nonessential amino acids, 1% MEM vitamins, 1 mM sodium pyruvate, 10 uM
B-mercaptoethanol (all from Gibco), 1,000 U/ml IL-4, and 1,000 U/ml granulocyte-macrophage colony-
stimulating factor (GM-CSF) (both from Miltenyi Biotech). After 2 days, cells were given fresh RPMI
medium containing all of the aforementioned supplements. Differentiation of monocytes to moDCs was
verified via flow cytometry by checking the downregulation of CD14 and the upregulation of CD1a. The
CD8* T cell clones 4G6 (recognizing the pp65-derived peptide TPRVTGGGAM on HLA-B7) and 1C3
(recognizing the IE-1-derived peptide QIKVRVDMV on HLA-B8) were a kind gift from Dirk Busch (TU
Munich). They were cultivated in RPMI 1640 with 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 10% FCS. The strain MVA-GFP was kindly provided by Mariano Esteban (CSIC Madrid),
while all the SeV strains are based on the isolate D52 (ATCC VR-105). Primary mouse embryonic
fibroblasts (MEF) were prepared from embryos of C57BL/6 mice (purchased from Janvier Labs) on day 14
of gestation by standard methods (60) and maintained in minimal essential medium (MEM) supple-
mented with 100 U/ml penicillin, 100 wg/ml streptomycin, and 10% FCS (all from Gibco). The chimeric
bacterial artificial chromosome (BAC)-derived virus MCMV-NLV was described previously (40). In short, 69
nucleotides of HCMV open reading frame UL83 (n119,567 to n119,499; GenBank accession no. X17403)
encoding 23 amino acids, including the pp65,,s 505 epitope and its natural flanking regions, were
integrated into ORFM128 of the MCMV genome. Virus stocks of MCMV-NLV were prepared from infected
C57BL/6 MEF by sucrose gradient ultracentrifugation as described previously (61).

Mice. Mice were bred at the animal facility in the Central Laboratory Animal Facilities at the
University Medical Center Mainz and maintained under specific-pathogen-free conditions. Transgenic
A2Kb mice (a gift of Hakim Echchannaoui 3rd Medical Clinic, University Medical Center, Mainz, Germany)
have been previously described (62) and express the human HLA-A2.1 molecule and mouse H-2K° and
H-2D9 molecules.
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Generation of recombinant MVA vectors. The recombinant poxvirus strains MVA-IE-1 and MVA-
pp65 were generated by inserting the respective genes under the control of a synthetic early/late
promoter (63) into the viral thymidine kinase (TK) locus J2R via homologous recombination, followed by
plaque purification (64). Briefly, IE-1 (accession no. AAR31448.1) or pp65 (accession no. P06725.2) was
cloned into the transfer vector pLZAW1 targeting the TK locus. BHK-21 cells were simultaneously
transfected with the respective plasmid and infected with MVA-GFP. Isolation of recombinant MVA
strains from BHK-21 cells as well as subsequent removal of the reporter gene lacZ were achieved over
several rounds of plaque purification combined with blue-white screening. Complete separation of newly
generated virus strains from the parental MVA strain and absence of the lacZ gene were verified by PCR
screening. In addition, Western blot analysis as well as Sanger sequencing of the TK locus were
performed to confirm correct integration of the transgenes. Virus stocks were produced by large-scale
infection of BHK cells. Infected cells were lysed through 3 freeze/thaw cycles, and virus particles were
purified from cell lysates through two ultracentrifugation rounds over a 30% sucrose cushion.

Generation, propagation, and titration of recombinant SeV strains. All recombinant Sendai virus
variants were generated from a cDNA template located on plasmid DNA. cDNA templates of rcSeV-GFP
and rdSeV-GFP were generated previously (30). The new constructs rcSeV-IE-1, rcSeV-pp65, rdSeV-IE-1,
and rdSeV-pp65 were cloned by exchanging the GFP transgene from the above-named GFP-expressing
cDNA constructs against the respective transgenes (IE-1 and pp65) via Notl restriction digestion.

Recombinant viruses were recovered through virus rescue experiments from transfected BSR-T7 cells
as described before (33), with slight modifications. FUGENEG6 (Roche) was used as the transfection reagent
at 2.0 pl/ug DNA. Virus was harvested from the supernatant and amplified in Vero cells (replication-
competent SeV) or in the helper cell line V3-10 (26) (replication-deficient SeV vector). Virus preparations
were titrated as previously described (26), and titers are given as cell infectious units per milliliter
(ClU/ml). The integrity of the various SeV vector genomes was confirmed by reverse transcription-PCR
(RT-PCR) and sequencing.

Infection of monocyte-derived dendritic cells. On day 5 or 6 after monocyte isolation, the culture
medium of moDCs was replaced with RPMI 1640 devoid of any supplements. Virus suspensions were
likewise diluted in RPMI 1640 and added to the cells. After 3 h, medium was removed and infected cells
were cultivated in RPMI 1640 with 2 mM L-glutamine, 100 U/ml penicillin, 100 wg/ml streptomycin, and
10% FCS for the desired amount of time.

Western blot analysis. Cell extracts from Vero cells infected with various SeV strains were separated
by SDS-PAGE and blotted onto nitrocellulose membranes. Proteins were detected using anti-IE-1 (clone
IE1.G10; Abcam), anti-pp65 (ab49214; Abcam), or anti-GFP (sc-8334; Santa Cruz) antibodies and anti-
mouse lgG-horseradish peroxidase (HRP) (Jackson ImmunoResearch) or anti-rabbit IgG-HRP (Dako)
conjugates as secondary antibodies.

Intracellular antigen staining. Twenty-four or 48 h after infection, moDCs were washed twice with
phosphate-buffered saline (PBS) containing 1% FCS and 1 mg/ml NaN, (wash buffer), treated for 30 min
with PBS supplemented with 4% (wt/vol) paraformaldehyde (PFA) and 1% (wt/vol) Saponin (Cytofix/
Cytoperm), and washed twice with PBS containing 0.1% (wt/vol) Saponin (Perm/Wash). Cells were
stained for 30 min with the following primary antibodies (diluted 1:50 in Perm/Wash): anti-IE-1 (clone
IE1.G10; Abcam) and anti-pp65 (ab53489; Abcam). Cells were then washed twice with Perm/Wash
solution, stained for 30 min with phycoerythrin (PE)-goat anti-mouse IgG (poly4053; diluted 1:50 in
Perm/Wash; BioLegend), and washed 2 more times afterwards. Samples infected with GFP-expressing
vectors were only washed twice with wash buffer prior to measurement. Flow cytometry analysis was
performed using a FACSCanto Il device (BD Biosciences).

Restimulation of T cell clones and intracellular cytokine staining. At 24 h after infection of
moDCs, T cells were added at an effector/target cell ratio of 1:1 along with brefeldin A (BFA; 1 ug/ml).
After 6 h of coincubation, cells were washed twice with wash buffer, treated for 30 min with Cytofix/
Cytoperm solution, and washed two more times with Perm/Wash solution. Samples were then stained
for 30 min with anti-CD8a-fluorescein isothiocyanate (clone RPA-T8; diluted 1:60 in Perm/Wash; BD
Biosciences) and anti-IFN-y-allophycocyanin (APC) (clone 4S.B3; diluted 1:60 in Perm/Wash; BioLegend)
and finally washed twice with Perm/Wash. Data acquisition was performed on a FACSCanto Il device (BD
Biosciences). moDCs and T cells were first differentiated according to their forward scatter/side scatter
(FSC/SSC) properties and further gated for CD8-positive cells. From those cells, a gate for IFN-y-positive
events was set that just excludes cells from an uninfected sample.

Cross presentation assay. At 24 h after transduction of Hela cells with rdSeV-pp65, they were
washed 4 times with RPMI 1640 and detached from cell culture plates with trypsin-EDTA solution
(PAN-Biotech). HelLa cells were added to moDCs at a 1:1 ratio, and after 24 h of coincubation, T cells were
added along with BFA (1 png/ml) at a moDC/T cell ratio of 1:1. After 6 h of coincubation, cells were stained
for CD8 and IFN-y and analyzed as described above.

Annexin V/7-AAD cytotoxicity assay. To determine the amount of viable cells 24 or 48 h after
infection, the APC Annexin V apoptosis detection kit with 7-AAD (BioLegend) was used according to the
manufacturer’s instructions. Flow cytometry analysis was performed using an Attune NxT flow cytometer
(Life Technologies). Doublets were first excluded in an FSC-A/FSC-H plot, and cells debris was excluded
according to FSC/SSC properties.

Analysis of DC maturation. To assess the expression of maturation markers on the cell surface,
moDCs were washed twice with wash buffer and incubated for 30 min with 4% (wt/vol) PFA in PBS. After
two more washing steps with wash buffer, samples were stained for 30 min with anti-CD80-fluorescein
isothiocyanate (clone L307.4; BD Biosciences), anti-CD83-PE-Cy7 (clone HB15e; BioLegend), anti-CD86-
V450 (clone FUN-1; BD Biosciences), and anti-HLA-DR-APC (clone L243; all antibodies were diluted 1:60
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in PBS; BioLegend). Finally, cells were washed twice with wash buffer and analyzed on a FACSCanto I
device (BD Biosciences).

Cytokine profile. At 48 h after infection, cell culture supernatants were collected and stored at

—20°C until analysis. For cytokine quantification, the Legendplex human inflammation panel (13-plex kit;
BioLegend) was used according to the manufacturer’s instructions. Data acquisition was performed using
an Attune NXT device (Life Technologies), and cytokine concentrations were determined using the
software provided with the kit.

Leukocyte tropism. PBMCs were infected with GFP-expressing vectors, and 24 hpi cells were washed

twice with wash buffer and stained for 30 min with the following antibodies: anti-CD3-APC-Cy7 (clone
SK7; BioLegend), anti-CD4-BV421 (clone RPA-T4; BioLegend), anti-CD8-AmCyan (clone SK1; BD Biosci-
ences), anti-CD14-PE (clone 63D3; BioLegend), anti-CD19-APC (clone HIB19; BioLegend), and anti-CD56-
peridinin chlorophyll protein (clone HCD56 [BioLegend]; all antibodies were diluted 1:60 in PBS). After
staining, cells were washed twice with wash buffer and analyzed on a FACSCanto Il device (BD
Biosciences).

Immunization and MCMV challenge. Ten- to 16-week-old anesthetized A2Kb mice were primed

with 6 X 10° CIU of rdSeV-pp65 or PBS with 0.1% BSA in two 25-ul steps, each via the intranasal route
as described previously (65). Boost immunizations were performed equally on day 21 and day 42
postpriming. On day 56 postpriming all groups were infected intravenously with 5 X 105 PFU MCMV-
NLV. Four days postinfection, in vivo infectivity was determined from homogenates of spleen, lungs, and
liver by plaque assay on MEF under conditions of centrifugal enhancement of infectivity (61). Viral
genomes present in the respective organ lysates were quantitated by M55 (encoding gB)-specific gPCR
normalized to cell number by pthrp-specific qPCR (61). Statistical analysis for group differences between
two independent groups was performed after log transformation using Student’s t test (unpaired, two
sided; a P value of <0.05 was considered significant), with Welch’s correction, with GraphPad Prism 6.04
(GraphPad Software, San Diego, CA, USA).
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