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Abstract: Reverse genetics is a technology that allows the production of a virus from its comple-
mentary DNA (cDNA). It is a powerful tool for analyzing viral genes, the development of novel
vaccines, and gene delivery vectors. The standard reverse genetics protocols are laborious, time-
consuming, and inefficient for negative-strand RNA viruses. A new reverse genetics platform was
established, which increases the recovery efficiency of the measles virus (MV) in human 293-3-46
cells. The novel features compared with the standard system involving 293-3-46 cells comprise (a)
dual promoters containing the RNA polymerase II promoter (CMV) and the bacteriophage T7 pro-
moter placed in uni-direction on the same plasmid to enhance RNA transcription; (b) three G nu-
cleotides added just after the T7 promoter to increase the T7 RNA polymerase activity; and (c) two
ribozymes, the hairpin hammerhead ribozyme (HHRz), and the hepatitis delta virus ribozyme
(HDVrz), were used to cleavage the exact termini of the antigenome RNA. Full-length antigenome
cDNA of MV of the wild type IC323 strain or the vaccine AIK-C strain was inserted into the plasmid
backbone. Both virus strains were easily rescued from their respective cloned cDNA. The rescue
efficiency increased up to 80% compared with the use of the standard T7 rescue system. We assume
that this system might be helpful in the rescue of other human mononegavirales.

Keywords: measles virus; reverse genetics; negative-strand RNA virus; recombinant virus; multi-
valent vaccines; oncolytic vectors; mononegavirales

1. Introduction

The measles virus (MV) is an enveloped, non-segmented, negative-sense, single-
stranded RNA virus. It carries a single copy of the genome, which is 15,894 bp in length.
The genome of MV encodes six major structural proteins, i.e., nucleocapsid protein (N),
phosphoprotein (P), matrix protein (M), fusion protein (F), hemagglutinin (H), and the
large protein (L). Two additional nonstructural proteins, V and C, are produced from the
P gene by RNA editing. The viral genome is encapsidated by N, P, and L proteins forming
the ribonucleoprotein complex (RNP), surrounded by M protein. H and F proteins medi-
ate virus attachment and fusion, respectively [1]. Attenuated MV is one of the most effec-
tive and safe vaccines available. Many laboratories worldwide are intensively researching
MYV as a safe vector candidate for developing multivalent vaccines and highly promising
oncolytic vectors in cancer therapy. The reasons for the increased interest in MV are
plenty; for example, its proven safety and efficacy in humans for over 60 years, its lack of
genotoxicity (it replicates only in the cytoplasm and does not integrate into the genome
of host cells), its long-lasting immunogenicity, its high genetic stability compared to other
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RNA viruses, its oncolysis in tumor cells, and the many technological opportunities of-
fered by MV reverse genetics [2].

Reverse genetics is a molecular biology method for creating a new virus from its
cloned cDNA. This technique facilitates the understanding of viral biology and encour-
ages the further development of novel vaccines and vectors for gene delivery. The first
recovery of a non-segmented negative-strand RNA virus entirely from cloned cDNA was
achieved in 1994 for the rabies virus [3]. Since then, other non-segmented negative-strand
RNA viruses have been recovered from cloned cDNA [4-6].

The original reverse genetics system for rescuing the MV is based on the co-transfec-
tion of two plasmids, the full-length cDNA plasmid p(+) MV323-eGFP and the helper
plasmid for the expression of the large (L) protein pEMC-La, into the helper cell 293-3-46,
which stably expresses the MV proteins N, P, and the T7 RNA polymerase [7]. The viral
antigenomic RNAs and the viral N, P, and L RNA are transcribed by T7 RNA polymerase
in the cytoplasm. The antigenomic RNAs are then encapsidated by N, which associates
with the viral polymerase L and its co-factor P to form biologically active ribonucleopro-
tein (RNP) complexes. These RNP complexes can be used for transcription and replica-
tion, ultimately resulting in the rescue of infectious viruses [7]. This original reverse ge-
netics system allows repeated recovery of MV vaccine strains [8], wild-type [9], and even
gene-deleted virus [10,11]. However, this method is inefficient. Several attempts were
made to increase the efficiency of MV rescue. These include modifying the use of other
susceptible cells (CHO-hSLAM) [12], following the use of recombinant modified vaccinia
virus Ankara (MAV-T7) [13,14] or vaccinia virus Lister vaccine strain [15] to increase suf-
ficient T7 RN A polymerase expression, or involving the use of host polymerase I promot-
ers (CMV) to drive viral RNA synthesis [16,17]. However, the efficiency of the recovery
remained relatively low, and there is a need for improvement. Rescue efficiencies in the
systems with T7-expressing vaccinia virus are high, though laborious cleaning steps are
required. Improvement of the reverse genetics system can involve different strategies,
such as using multiple promoters to improve the efficiency of viral RNA expression in the
nucleus and cytoplasm [18]. In this system for recovery of the influenza A virus, two pro-
moters—the RNA polymerase II promoter (CMV) and the T7 promoter—are used. The
CMV promoter is used for the transcription in the nucleus, whereas the T7 promoter is
responsible for the transcription in the cytoplasm [18]. The exact 3’ and 5’ ends of the an-
tigenome RNA are critical for successfully assembling the first ribonucleoprotein (RNP)
complexes. More recently, optimized ribozyme sequences with an enhanced cleavage ac-
tivity were developed [19]. These ribozymes are the autocatalytic activity of an 85-nucle-
otide-long hepatitis delta virus ribozyme (HDVrz) and an autocatalytic Hammerhead ri-
bozyme (HHrz), which truncate the exact termini of the rabies virus antigenome RNA.
They showed that the combination of the optimized HHrz and HDVrz increased rabies
virus rescue efficiency more than 100-fold. Today, there is no existent reverse genetics
plasmid system for MV that uses both combinations: dual promoters on the same template
and high cleavage activity ribozymes HHrz and HDVrz at both ends of the RNA [19].

In the present study, we constructed a plasmid platform that uses two promoters, the
RNA polymerase II promoter (CMV) and the bacteriophage T7 promoter, in a uni-direc-
tion. In this construct, three G nucleotides were added just after the T7 promoter to en-
hance the T7 RNA polymerase activity, and two optimized ribozymes HHrz and HDVrz
sequences were used to cut the exact termini of the antigenome RNA of MV. Full-length
antigenome cDNA of MV, either the wild type IC323 strain or the vaccine AIK strain, was
inserted into this plasmid backbone. Both virus strains were rescued efficiently from their
cloned cDNA. This reverse genetics platform can increase the rescue efficiency up to 80%
compared to the standard T7 rescue system.
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2. Materials and Methods
2.1. Cells and Plasmids

Vero cells expressing human SLAM (Vero/hSLAM) [9] and the helper cell line 293-3-
46 [7] constitutively expressing T7 RNA polymerase as well as measles N and P proteins
were maintained in DMEM medium supplemented with 10% fetal calf serum (FCS), pen-
icillin-streptomycin (100 U/mL) (Gibco, Waltham, MA, USA), and geneticin G418 (0.5
mg/mL) (Biochrome, Berlin, Germany), respectively.

The plasmid p(+)MV323-eGFP [20,21] was used as a template for generating MV wild
type (MV wt) antigenome sequence. The plasmid p(+)MVAIK-eGFP [8,22] was used as a
template for producing the MV AIK-C antigenome sequence.

2.2. Construction of the Vector Backbone Plasmid pT-HHrz-HDVrz

The plasmid pCi-neo-CAV1 [23] was used as the template for the PCR with the for-
ward primer trailer_HDVrz-pCi-s and the reverse primer T7_HHrz_leader_as (Table S1).
The PCR amplificates were gel-purified and blunt-end ligated with T4 ligase and then
transformed into E. coli NEB-5-alpha. The resulting plasmid pCi-T7-HHrz-HDVrz was
then subcloned into a low-copy plasmid piRFP [24] by digestion of the plasmid pCi-HHrz-
HDVrz with restriction enzymes Sall and Sacl (Figure S1B). The fragment containing the
cassette CMV-intron-t7-HHrz-HDVrz was gel-purified. Similar restriction enzymes Sall
and Sacl were used to digest the low copy plasmid piRFP (Figure S1C). The vector back-
bone fragment was gel-purified. The two gel-purified fragments (the piRFP backbone
DNA fragment and the cassette chimeric intron-t7-HHrz-HDVrz fragment) were ligated.
The upcoming plasmid piRFP-HHrz-HDVrz (Figure S1D) was next digested with re-
striction enzymes Nhel and HindlIIl, and the remaining vector backbone fragment (4470
bp) was gel-purified, overhangs were trimmed with T4 DNA polymerase, and the blunt
ends of the plasmid were ligated using T4 ligase.

2.3. Construction of Full-Length MV cDNA

The DNA fragment of the vector backbone plasmid pT-HHrz-HDVrz was produced
by a PCR using primer pair: MV_Trailer_s and MV_Leader_as (Table S1). This PCR frag-
ment was gel-purified and used for inserting the MV antigenome. The plasmid
p(+)IMV323-eGFP [19] or pMVAIK-GFP [20], which contain the full-length antigenome
cDNA of MV IC-B or MV AIK-C, was used as the template for the generation of the MV
antigenome fragments. The primers were designed for covering the whole antigenome of
MV (Table S1), and three PCRs fragments (F1, F2, and F3) were amplified using corre-
sponding primer pairs (Table S1 and Figure S2). These three PCR fragments were gel-
purified and assembled sequentially in the vector backbone plasmid pT-HHrz-HDVrz
fragment between the HHrz and the HDVrz ribozymes by using Gibson Assembly kit
(NEB, Frankfurt am Main, Germany).

2.4. Rescue of the MV from Cloned cDNA

Recombinant MV 1C323-eGFP and MV AIK-eGFP were recovered from the full-
length cDNA original plasmids p(+) MV323-eGFP and p(+) MVAIK-eGFP or the newly
cloned plasmids pT(+)MV323-eGFP and pT(+)MVAIK-eGFP using the reverse genetics
method as reported previously with a modification [7,9,25]. Briefly, 2 x 105 helper cells
293-3-46 in each well of a 6-well plate were transfected with 5 pg full-length-genome plas-
mids and two helper plasmids, 10 ng of pPEMC-La plasmid expressing the measles large
(L) protein [7] and 250 ng of pCIANO1 plasmid expressing the measles N protein [8] using
calcium phosphate transfection. One day after transfection, the cells were heat-shocked in
a water bath at 44 °C for 1 h. Next, 24 h after the heat-shock, the helper cells were overlaid
onto Vero/hSLAM cells in a 6-well plate.
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2.5. Growth Analysis

A multiple-step growth kinetics study was performed to assess the difference in rep-
lication of the viruses rescued from cloned cDNA plasmids (origin and new).
Vero/hSLAM cells (2 x 105/well) in 6-well plates were infected with MV at a MOI of 0.01
for 2 h at 37 °C. The supernatant was removed and replaced with an equal volume of fresh
medium. Virus titers were determined on Vero/hSLAM cells by 50% tissue culture infec-
tive dose (TCIDso) titration [26].

2.6. Detection of Viral Proteins

Immunohistochemistry assays were used for the detection of MV N antigens in trans-
fected cells. Vero/hSLAM cell monolayers grown on glass coverslips were infected with
MYV at a MOI of 0.01. Two days post-infection (dpi), the cells were fixed in 4% paraform-
aldehyde for 10 min, washed with PBS, and blocked for 1 h at RT with 10% normal goat
serum (Jackson Immuno Research, Baltimore, MD, USA) in PBS—0.2% triton X-100. After
blocking, the coverslips were incubated with primary antibodies F227 mouse-anti-MV-N
((F227/3, produced in-house), 1:5 dilution in PBS 0.3% triton X-100, overnight at 4 °C. The
glass coverslips were washed three times with PBS 0.2% triton X-100 and incubated with
fluorescence-labeled secondary antibodies (Alexafluor 546 donkey-anti-mouse, Invitro-
gen, Waltham, MA, USA) 1:500 dilution in PBS 0.2% triton X-100 for 1 h. After washing,
the glass coverslips were mounted using Entellan fluorescence mounting medium (Merck,
Darmstadt, Germany) and viewed under a fluorescent microscope.

3. Results
3.1. Construction of the Vector Backbone Plasmid and Cloning of the Full-Length cDNA of MV

The vector backbone pT-HHrz-HDVrz was generated by molecular cloning methods
through several steps as schematically described in Figure 1. The aim was to create a cas-
sette of two promoters and the ribozymes at both ends of the inserted MV antigenome.
For this purpose, the plasmid pCi-neo-CAV1 contains a cassette of CMV promoter and
the intron and was used as the template for the PCR with the designed primers containing
the ribozymes and MV’s leader and trailer sequences. The resulting plasmid (Figure 1,
step 1) was named pCi-T7-HHrz-HDVrz and was then used to be subcloned into a low
copy plasmid piRFP by digestions of both plasmids with restriction enzymes Sall and SacI
(Figure 1, step 2). The resulting plasmid clone (Figure 1, step 3) was named piRFP-HHrz-
HDVrz and confirmed by sequencing. In the plasmid piRFP-HHrz-HDVrz, there is a par-
tial fragment of the iRFP gene left (Figure S1D). The plasmid piRFP-HHrz-HDVrz was
digested with restriction enzymes Nhel and HindIII to remove the remaining iRFP frag-
ment (408 bp). The resulting remaining vector backbone was ligated into a new plasmid
pT-HHrz-HDVrz (Figure 1, step 4) and confirmed by sequencing. This pT-HHrz-HDVrz
plasmid contains a cassette of two promoters CMV and T7, where three G residues were
placed directly downstream of the T7 promoter sequences. The HHrz sequences were de-
signed according to the leader sequences of MV, where the hairpin structures promote
correct folding and exact cleavage at the 5" end of the MV sequences. At the 3" end of the
cassette, the HDVrz provides exact cleavage at the 3" end of the RNA [17]. The HDVrz was
placed between the MV trailer sequences and the SV40-polyA-terminator (Figure S1E).

This vector backbone pT-HHrz-HDVrz was used as a vector backbone for inserting
the full-length cDNA antigenome of MV between the HHrz and HDVrz sequences in the
next step.

As shown in Figure 2A, PCR products V of the vector backbone with expected sizes
were verified (4478 bp). The full-length cDNA of either the MV IC323 strain or the MV
AIK-C vaccine strain was generated by three PCR runs. These three PCR fragments (F1 =
5672 bp, F2 = 3682 bp and F3 = 7510 bp) of full-length MV antigenome were gel-purified
and analyzed by Agarose gel electrophorese (Figure 2B). The fragments were used as com-
ponents of the Gibson Assembly. The resulting plasmid was confirmed by sequencing
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with the primers listed in table S2 and restriction digestion analysis (Figure 2C) and des-

ignated as pT(+)MV323-eGFP or pT(+)MVAIK-eGFP.
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Figure 1. Cloning schemata of the vector backbone plasmid pT-HHrz-HDVrz.
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Figure 2. Schematic diagrams of construction of full-length antigenome MV plasmids. (A) The vector backbone V was
generated from the PCR using shuttle plasmid template and primers MV_Trailer-s and MV_Leader-as. (B) Full-length MV
plasmid was cloned by ligation of vector backbone V and three PCRs fragments generated from the donor full-length MV
antigenome template plasmid p(+)MV323-eGFP or p(+)MVAIK-eGFP. (C) The plasmid pT(+)MV323-eGFP and

pT(+)MVAIK-eGFP clone were analyzed by restriction digestion with BamHI.

3.2. Efficient Recovery of Recombinant MV

To test whether the newly constructed plasmids can improve virus rescue efficiency,
recombinant MVs were rescued from four plasmids: two were original plasmids, and the
other two were constructed in this paper. The helper cells 293-3-46 were transfected with
each of the full-length plasmids listed in Table 1, together with the helper plasmids coding
for N and L proteins, using the standard reverse genetics protocol (Figure 3a) as described
in the method. At 3 to 5 days after the overlay, one or more green syncytia cells could be
visualized under the fluorescent microscope due to eGFP expression. The green syncytia
were evaluated under a fluorescence microscope and by immunofluorescence assays. The
green eGFP syncytia corresponded with the red fluorescent MV N proteins (Figure S3).
Therefore, each green-positive syncytia was considered to represent a positive rescue
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event. The numbers of syncytia were counted under a fluorescent microscope in each well
of a 6-well plate to estimate the number of recovery events.

Helper plasmids
FulHlength anligenome MV plasmid Iper plasmi

/-77-‘\ /";;mn\\. TR 107
( ) \ ) ) - pMVIC323
oo | poianot )| pEMC-La | .
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Figure 3. Rescuing the MV from cDNA and growth curve kinetic: (a) Schemata of the reverse genetics protocol as described
in the method; (b) multiple-step growth kinetics of four recombinant MVs in Vero/hSLAM. pT_IC323 (rescued from plas-
mids pT(+)MVIC323-eGFP), pT_AIK (rescued from pT(+)MVAIK-eGFP), IC323 (rescued from p(+)MV323-eGFP), and AIK
(rescued from p(+)MVAIK-eGFP) were analyzed on Vero/hSLAM at different time points.

Table 1. Comparison of recovery of MV from different plasmids. Four plasmids were used to rescue
MYV using the standard reverse genetics protocol. Five independent reverse genetics experiments
were done every plasmid using 293-3-46 cells on 6-well plates for transfections and Vero/hSLAM
for overlay and co-culture. Syncytia were counted on Vero/hSLAM to estimate the number of re-
covery events.
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The rescue event of the MV from the original plasmid was rare if any. Only one res-
cue event was found in one well after five independent rescue experiments (total 30 wells,
Table 1). In contrast, the newly constructed plasmids generated more rescue events (2 to
6 events/well) and boosted the rescue efficiency up to 80% (Table 1). To rule out the pos-
sibility that variable rescue efficiency is due to defects in the virus genome, the growth
kinetics of the rescued MVs in Vero/hSLAM cells were compared in multiple-step growth
kinetics (Figure 3b). Infection of Vero/hSLAM cells at a MOI of 0.01 revealed identical
growth kinetics. This showed that the improved rescue efficiency was due to the enhanced
components in our plasmid.

4. Discussion

We developed a reverse genetics plasmid platform that follows several improve-
ments to enhance the recovery of MV in the human cells: (1) the RNA polymerase II
(CMV) promoter and the bacteriophage T7 RNA polymerase promoter were placed on
the same plasmid to increase viral RNA transcription. (2) An intron was inserted down-
stream of the CMV promoter to stabilize the RNA and transport it to the cytoplasm. (3)
Three G nucleotides were added directly downstream of the T7 promoter to enhance T7
RNA polymerase. (4) Two ribozymes, HHrz and HDVrz, flanking the full-length cDNA
termini, were used for cleavage, leading to exact antigenome RNA termini.

The transcription of the full-length antigenomic MV RNA and three helper proteins
N, P, and L in the standard reverse genetics system was carried out under the control of
T7 RNA polymerase. The source of the T7 RNA polymerase was the helper cell line 293-
3-46, which constitutively expressed T7 RNA polymerase, MV N, and P proteins [7]. Alt-
hough this standard method led to the rescue of MV from the cDNA, we noted that the
rescue efficiency was low (Table 1 and [12]). There are three main reasons for this low
recovery efficiency in the standard reverse genetics system. First, the helper cell line 293-
3-46 may only express a low level of T7 RNA polymerase, which leads to insufficient tran-
scription of the antigenome RNA and the MV N and P proteins. Second, the lack of the
three G nucleotides just after the T7 promoter leads to lower T7 RNA polymerase activity.
Third, the 3' end of the full-length RNA may not be effectively cleaved by the standard
HDVrz.

To improve transcription of the viral RNA, two promoters, the cellular RNA poly-
merase I and RNA polymerase II promoter, were used to transcribe the viral RNA. These
two promoters could raise the chance of transcriptions of the virus gene by cellular RNA
polymerase I and II in a single cell [27-29].

In our novel plasmid platform, two promoters, the cytomegalovirus (CMV) and the
T7 promoter, were used. We first constructed a rescue system with only the CMV pro-
moter [30] and compared it with the original plasmid p(+)MV323-eGFP, which only had
the T7 promoter. The result of the rescue system with CMV promoter only was as weak
as the original plasmid p(+)MV323-eGFP. Therefore, we built an additional T7 promoter
downstream of the CMV promoter. The transcription and replication of MV RNA occur
mainly in the cytoplasm, so the RNAs transcribed by T7 polymerase were directly used
for forming the RPN complex. However, the viral RNA expressed by the cellular RNA
polymerase II in the nucleus should be transported from the nucleus to the cytoplasm. To
address this problem, an intron sequence downstream of the CMV promoter was inserted
to ensure splicing and capping, thus enabling efficient export to the cytoplasm and a sta-
bilization of the RNA [29-33].

To increase the efficiency of T7 RNA polymerase transcription, three guanidine resi-
dues were added just after the T7 promoter sequence. These three guanidine residues
formed an optimal initiation sequence for T7 RNA polymerase [33-35]. However, adding
three extra nonviral G nucleotides could violate the rule of six [36] and hamper the RNP
formation. One strategy used to cope with this problem in the past has been the insertion
of a hammerhead ribozyme (HHrz) after the GGG of the T7 promoter, creating an exact 5’
end and improving the rescue efficiency [37,38].
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The critical factor for efficient recovery of the negative-strand RNA virus is the exact
termini of the resulting transcribed full-length RNA. More recently, Ghanem et al. de-
signed an optimized HDVrz ribozyme with an enhanced cleavage activity compared with
the standard HDVrz ribozyme [19]. They added two ribozymes at both ends of the cDNA
sequences, which could produce exact termini of viral antigenome RNA and increased
rabies virus rescue efficiency by more than 100-fold. Our paper followed a similar strategy
as published by Seki et al. [39], who also used Hammerhead ribozyme (HHRz) and HDV
ribozyme (HDVrz) to determine the exact size of full-length viral RNA. However, Seki et
al. used the reverse genetics system based on only the T7-Promoter and the hamster BHK-
T7 cell line. When the authors used the original plasmid p(+)MV323-eGFP and the plasmid
containing the SI strain rSI-AcGFP to rescue the virus by the reverse genetics system re-
ported by Radecke et al. [7], as in our work, it failed to function until they used the vaccinia
virus to express the T7 RNA polymerase [39]. Beaty et al. applied the same strategy with
the optimized T7 promoter and the two ribozymes at both ends of the transcribed RNA,
but this system was only tested with the rescue cell types BSR-T7/5 cells, which were de-
rived from the hamster cell lines BHK-21 [40]. It has not been tested with other rescue cell
types, such as 293-3-46 cells, so the reverse genetics system may only work with those
rescue cell types. With the same hamster rescue cell types BSR-T7/5, the research group of
Muioz-Alia et al. used two promoters, CMV and T7, which led to higher efficiency of
virus rescue [41]. Our result matches that of Mufioz-Alia et al. but using the human rescue
cell types 293-3-6. Moreover, the rescue cell types BHK-T7 cell and BSR-T7/5 are from
hamsters and are not human cells. Therefore, our system adapted to the human cells 293-
3-46 is more suitable for the MV than the Seki system, which performs rescue in the ham-
ster cells that are not susceptible to the MV growth.

In conclusion, an improved reverse genetics plasmid platform was engineered with
several advantages over standard reverse genetics methods. Using this plasmid platform,
recombinant MVs were rescued from their cloned cDNA with high recovery efficiency
[42]. The rescue efficiency increased up to 80% compared with the use of the standard T7
rescue system. It would be interesting to include this plasmid platform into the reverse
genetics system of other mononegavirales and find out whether this plasmid platform
might improve the recovery of those viruses.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/v13091723/s1, Table S1: Primers used to generate plasmid back bone; Table S2: Primers
used to sequence the MV plasmids; Figure S1: Vector maps of the plasmids; Figure S2: Schematic
diagrams of construction of full-length MV cDNA; Figure S3: Immunohistochemistry for detecting
MV N protein.

Author Contributions: Conceptualization, S.C. and U.G.L.; methodology, S.C., L.D. and ].M.P.; for-
mal analysis, S.C.; mutagenesis, reverse genetics, virus isolation, sequence determination, and cell
culture experiments, S.C., L.D. and J.M.P.; validation, S.C.; resources, S.C. and U.G.L.; writing—
original draft preparation, S.C.; writing—review and editing, ]. M.P., L.D. and U.G.L.; visualization,
S.C.; supervision, U.G.L. All authors have read and agreed to the published version of the manu-
script.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The dataset analyzed for the current study is available from the au-
thors upon reasonable request.

Acknowledgments: We are grateful to Yusuke Yanagi (Kyushu University, Japan) for providing the
cell line Vero/hSLAM and the plasmids p(+)MV323-eGFP, to Tetsuo Nakayama (Kitasato Institutes
for Life Sciences, Laboratory of Viral Infection, Japan) for providing the plasmids p(+)MVAIK-eGFP,
pCIANO1, and to Carsten Herskind (Klinik fiir Strahlentherapie und Radioonkologie, Mannheim,
Germany) for providing the plasmids pCi-neo-CAV1. We further thank Martin Billeter (Ziirich



Viruses 2021, 13, 1723 9 of 10

University) for providing the helper cell line HEK 293-3-46 and the plasmid pEMC-La. We
acknowledge support from Leipzig University for Open Access Publishing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Yanagi, Y.; Takeda, M.; Ohno, S.; Hashiguchi, T. Measles virus receptors. Curr. Top. Microbiol. Immunol. 2009, 329, 13-30.

2. Baldo, A.; Galanis, E.; Tangy, F.; Herman, P. Biosafety considerations for attenuated measles virus vectors used in virotherapy
and vaccination. Hum. Vaccin. Immunother. 2016, 12, 1102-1116.

3. Schnell, M.; Mebatsion, T.; Conzelmann, K.-K. Infectious rabies viruses from cloned cDNA. EMBO ]. 1994, 13, 4195-4203,
d0i:10.1002/j.1460-2075.1994.tb06739.x.

4. Neumann, G.; Whitt, M.A.; Kawaoka, Y. A decade after the generation of a negative-sense RNA virus from cloned cDNA —
What have we learned? . Gen. Virol. 2002, 83, 2635-2662, d0i:10.1099/0022-1317-83-11-2635.

5.  Billeter, M.A.; Naim, H.Y.; Udem, S.A. Reverse Genetics of Measles Virus and Resulting Multivalent Recombinant Vaccines:
Applications of Recombinant Measles Viruses. Curr. Top. Microbiol. Immunol. 2009, 329, 129-162, doi:10.1007/978-3-540-70523-
9.7.

6.  Pfaller, C,; Cattaneo, R.; Schnell, M.]. Reverse genetics of Mononegavirales: How they work, new vaccines, and new cancer
therapeutics. Virology 2015, 479—480, 331-344, doi:10.1016/j.virol.2015.01.029.

7. Radecke, F.; Spielhofer, P.; Schneider, H.; Kaelin, K.; Huber, M.; Dotsch, C.; Christiansen, G.; Billeter, M.A. Rescue of measles
viruses from cloned DNA. EMBO J. 1995, 14, 5773-5784.

8.  Komase, K.; Nakayama, T.; Iijima, M.; Miki, K.; Kawanishi, R.; Uejima, H. The phosphoprotein of attenuated measles AIK-C
vaccine strain contributes to its temperature-sensitive phenotype. Vaccine 2006, 24, 826-834, doi:10.1016/j.vaccine.2005.06.036.

9.  Takeda, M.; Takeuchi, K.; Miyajima, N.; Kobune, F.; Ami, Y.; Nagata, N.; Suzaki, Y.; Nagai, Y.; Tashiro, M. Recovery of patho-
genic measles virus from cloned cDNA. |. Virol. 2000, 74, 6643—-6647.

10. Cathomen, T.; Mrkic, B.; Spehner, D.; Drillien, R.; Naef, R.; Pavlovic, J.; Aguzzi, A,; Billeter, M.A.; Cattaneo, R. A matrix-less
measles virus is infectious and elicits extensive cell fusion: Consequences for propagation in the brain. EMBO ]. 1998, 17, 3899—
3908.

11. Nakatsu, Y.; Takeda, M.; Ohno, S.; Koga, R.; Yanagi, Y. Translational Inhibition and Increased Interferon Induction in Cells
Infected with C Protein-Deficient Measles Virus. J. Virol. 2006, 80, 11861-11867, doi:10.1128/jvi.00751-06.

12. Takeda, M.; Ohno, S.; Seki, F.; Hashimoto, K.; Miyajima, N.; Takeuchi, K.; Yanagi, Y. Efficient rescue of measles virus from
cloned cDNA using SLAM-expressing Chinese hamster ovary cells. Virus Res. 2005, 108, 161-165, doi:10.1016/j.vi-
rusres.2004.09.002.

13. Schneider, H.; Spielhofer, P.; Kaelin, K.; Détsch, C.; Radecke, F.; Sutter, G.; Billeter, M. A. Rescue of measles virus using a repli-
cation-deficient vaccinia-T7 vector. J. Virol. Methods 1997, 64, 57—-64.

14. Kovacs, G.R.; Parks, C.L.; Vasilakis, N.; Udem, S.A. Enhanced genetic rescue of negative-strand RNA viruses: Use of an MVA-
T7 RNA polymerase vector and DNA replication inhibitors. ]. Virol. Methods 2003, 111, 29-36, d0i:10.1016/s0166-0934(03)00132-
0.

15. Nakatsu, Y.; Takeda, M.; Kidokoro, M.; Kohara, M.; Yanagi, Y. Rescue system for measles virus from cloned cDNA driven by
vaccinia virus Lister vaccine strain. J. Virol. Methods 2006, 137, 152-155, d0i:10.1016/j.jviromet.2006.05.029.

16. Martin, A.; Staeheli, P.; Schneider, U. RNA Polymerase II-Controlled Expression of Antigenomic RNA Enhances the Rescue
Efficacies of Two Different Members of the Mononegavirales Independently of the Site of Viral Genome Replication. J. Virol.
2006, 80, 5708-5715, d0i:10.1128/jvi.02389-05.

17. Li, B.-Y,; Li, X.-R,; Lan, X; Yin, X.-P,; Li, Z.-Y.; Yang, B.; Liu, J.-X. Rescue of Newcastle disease virus from cloned cDNA using
an RNA polymerase II promoter. Arch. Virol. 2011, 156, 979-986, doi:10.1007/s00705-011-0932-0.

18. De Wit, E.; Spronken, M.L].; Vervaet, G.; Rimmelzwaan, G.F.; Osterhaus, A.D.M.E.; Fouchier, R.A.M. A reverse-genetics system
for Influenza A virus using T7 RNA polymerase. ]. Gen. Virol. 2007, 88, 1281-1287.

19. Ghanem, A.; Kern, A.; Conzelmann, K.-K. Significantly improved rescue of rabies virus from cDNA plasmids. Eur. J. Cell Biol.
2012, 91, 10-16, doi:10.1016/j.ejcb.2011.01.008.

20. Ono, N,; Tatsuo, H.; Hidaka, Y.; Aoki, T.; Minagawa, H.; Yanagi, Y. Measles Viruses on Throat Swabs from Measles Patients
Use Signaling Lymphocytic Activation Molecule (CDw150) but Not CD46 as a Cellular Receptor. . Virol. 2001, 75, 4399-4401,
doi:10.1128/jvi.75.9.4399-4401.2001.

21. Hashimoto, K.; Ono, N.; Tatsuo, H.; Minagawa, H.; Takeda, M.; Takeuchi, K.; Yanagi, Y. SLAM (CD150)-Independent Measles
Virus Entry as Revealed by Recombinant Virus Expressing Green Fluorescent Protein. ]. Virol. 2002, 76, 6743-6749,
doi:10.1128/jvi.76.13.6743-6749.2002.

22.  Fujino, M,; Yoshida, N.; Kimura, K.; Zhou, J.; Motegi, Y.; Komase, K.; Nakayama, T. Development of a new neutralization test
for measles virus. J. Virol. Methods 2007, 142, 15-20, doi:10.1016/j.jviromet.2007.01.001.

23. Barzan, D.; Maier, P.; Zeller, W.].; Wenz, F.; Herskind, C. Overexpression of caveolin-1 in lymphoblastoid TK6 cells enhances
proliferation after irradiation with clinically relevant doses. Strahlenther. Onkol. 2010, 186, 99-106.

24. Filonov, G.S,; Piatkevich, K.D.; Ting, L.-M.; Zhang, J.; Kim, K.; Verkhusha, V.V. Bright and stable near-infrared fluorescent

protein for in vivo imaging. Nat. Biotechnol. 2011, 29, 757-761, doi:10.1038/nbt.1918.



Viruses 2021, 13, 1723 10 of 10

25.

26.
27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Msaouel, P.; lankov, I.D.; Allen, C.; Russell, S.J.; Galanis, E. Oncolytic Measles Virus Retargeting by Ligand Display. Methods
Mol. Biol. 2011, 797, 141-162, doi:10.1007/978-1-61779-340-0_11.

Reed, L.J.; Muench, H. A simple method of estimating fifty percent endpoints. Am. J. Hyg. 1938, 27, 493-497.

Hoffmann, E.; Neumann, G.; Hobom, G.; Webster, R.G.; Kawaoka, Y. “Ambisense” approach for the generation of influenza A
virus: vVRNA and mRNA synthesis from one template. Virology 2000, 267, 310-317.

Mostafa, A.; Kanrai, P.; Ziebuhr, J.; Pleschka, S. Improved dual promotor-driven reverse genetics system for influenza viruses.
J. Virol. Methods 2013, 193, 603-610.

Neumann, G.; Fujii, K,; Kino, Y.; Kawaoka, Y. An improved reverse genetics system for influenza A virus generation and its
implications for vaccine production. Proc. Natl. Acad. Sci. USA 2005, 102, 16825-16829.

Stosch, ]J. RNA Polymerase II based Reverse Genetics System allows Rescue of Measles Virus. Master’s Thesis, Institute of Vi-
rology, University of Leipzig, Leipzig, Germany, 2014.

Nakielny, S.; Fischer, U.; Michael, W.M.; Dreyfuss, G. RNA transport. Annu. Rev. Neurosci. 1997, 20, 269-301.

Collis, P.; Antoniou, M.; Grosveld, F. Definition of the minimal requirements within the human beta-globin gene and the dom-
inant control region for high level expression. EMBO J. 1990, 9, 233-240.

Gonzalez, ].M,; Penzes, Z.; Almazan, F.; Calvo, E.; Enjuanes, L. Stabilization of a full-length infectious cDNA clone of transmis-
sible gastroenteritis coronavirus by insertion of an intron. J. Virol. 2002, 76, 4655-4661.

Lopez-Moya, ].J.; Garcia, J.A. Construction of a stable and highly infectious intron-containing cDNA clone of plum pox po-
tyvirus and its use to infect plants by particle bombardment. Virus Res. 2000, 68, 99-107, doi:10.1016/s0168-1702(00)00161-1.
Ikeda, R; Lin, A.C.; Clarke, J. Initiation of transcription by T7 RNA polymerase as its natural promoters. J. Biol. Chem. 1992,
267, 2640-2649, doi:10.1016/s0021-9258(18)45929-7.

Calain, P.; Roux, L. The rule of six, a basic feature for efficient replication of Sendai virus defective interfering RNA. J. Virol.
1993, 67, 48224830, doi:10.1128/jvi.67.8.4822-4830.1993.

Krishnamurthy, S.; Huang, Z.; Samal, S.K. Recovery of a Virulent Strain of Newcastle Disease Virus from Cloned cDNA: Ex-
pression of a Foreign Gene Results in Growth Retardation and Attenuation. Virology 2000, 278, 168-182,
do0i:10.1006/vir0.2000.0618.

Le Mercier, P.; Jacob, Y.; Tanner, K.; Tordo, N. A novel expression cassette of lyssavirus shows that the distantly related Mokola
virus can rescue a defective rabies virus genome. J. Virol. 2002, 76, 2024-2027.

Seki, F.; Yamada, K.; Nakatsu, Y.; Okamura, K.; Yanagi, Y.; Nakayama, T.; Komase, K.; Takeda, M. The SI Strain of Measles
Virus Derived from a Patient with Subacute Sclerosing Panencephalitis Possesses Typical Genome Alterations and Unique
Amino Acid Changes That Modulate Receptor Specificity and Reduce Membrane Fusion Activity. J. Virol. 2011, 85, 11871-
11882, d0i:10.1128/jvi.05067-11.

Beaty, S.M.; Park, A.; Won, S.T.; Hong, P.; Lyons, M.; Vigant, F.; Freiberg, A.N.; Tenoever, B.R.; Duprex, W.P.; Lee, B. Efficient
and Robust Paramyxoviridae Reverse Genetics Systems. mSphere 2017, 2, e00376-16, d0i:10.1128/msphere.00376-16.
Munoz-Alia, M.A.; Russell, S.J. Probing Morbillivirus Antisera Neutralization Using Functional Chimerism between Measles
Virus and Canine Distemper Virus Envelope Glycoproteins. Viruses 2019, 11, 688, doi:10.3390/v11080688.

Busch, J.; Chey, S.; Sieg, M.; Vahlenkamp, T.; Liebert, U. Mutated Measles Virus Matrix and Fusion Protein Influence Viral Titer
In Vitro and Neuro-Invasion in Lewis Rat Brain Slice Cultures. Viruses 2021, 13, 605, doi:10.3390/v13040605.



	1. Introduction
	2. Materials and Methods
	2.1. Cells and Plasmids
	2.2. Construction of the Vector Backbone Plasmid pT-HHrz-HDVrz
	2.3. Construction of Full-Length MV cDNA
	2.4. Rescue of the MV from Cloned cDNA
	2.5. Growth Analysis
	2.6. Detection of Viral Proteins

	3. Results
	3.1. Construction of the Vector Backbone Plasmid and Cloning of the Full-Length cDNA of MV
	3.2. Efficient Recovery of Recombinant MV

	4. Discussion
	References

