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Abstract: Replication-competent reporter-expressing viruses are crucial tools in molecular virology
with applications that range from antiviral screening to live-cell imaging of protein spatiotemporal
dynamics. However, there is currently little information available regarding viable strategies to
develop reporter-expressing arenaviruses. To address this, we used Tacaribe virus (TCRV), an
apathogenic BSL2 arenavirus, to assess the feasibility of different reporter expression approaches.
We first generated trisegmented TCRV viruses with either the glycoprotein (GP) or nucleoprotein
(NP) replaced by a reporter (GFP, mCherry, or nanoluciferase). These viruses were all viable, but
showed marked differences in brightness and attenuation. Next, we generated terminal fusions with
each of the TCRV proteins (i.e., NP, GP, polymerase (L), matrix protein (Z)) either with or without
a T2A self-cleavage site. We tested both the function of the reporter-fused proteins alone, and the
viability of corresponding recombinant TCRVs. We successfully rescued viruses with both direct
and cleavable reporter fusions at the C-terminus of Z, as well as cleavable N-terminal fusions with
NP. These viruses all displayed detectable reporter activity, but were also moderately attenuated.
Finally, reporter proteins were inserted into a flexible hinge region within L. These viruses were
also viable and showed moderate attenuation; however, reporter expression was only detectable for
the luminescent virus. These strategies provide an exciting range of new tools for research into the
molecular biology of TCRV that can likely also be adapted to other arenaviruses.

Keywords: reporter-expressing virus; reverse genetics; arenavirus; Tacaribe virus; virus detection;

fluorescence; luminescence; imaging

1. Introduction

Arenaviruses that infect mammals (i.e., members of the genus Mammarenavirus) have
bisegmented, single-stranded negative-sense RNA genomes and use an ambisense coding
strategy to express their four viral proteins [1]. Their large segment (L-segment) encodes
for the viral polymerase (L) and the matrix protein (Z), while their small segment (S-
segment) encodes for the nucleocapsid protein (NP) and the glycoprotein precursor (GPC).
During infection, the GP1 subunit of the mature glycoprotein interacts with the cellular
receptor to mediate internalization [2,3], while the GP2 subunit mediates subsequent pH-
dependent fusion in late endosomes, leading to the release of the viral genome into the
cytoplasm [4,5]. Viral transcription and replication are then mediated by NP, which is
responsible for RNA binding, and L, which synthesizes new RNA. Increasing expression
of Z during the course of the infection operates as a switch from viral RNA synthesis to
assembly through its interaction with L, which inhibits its polymerase activity [6]. Z then
mediates the trafficking of encapsidated viral genomes and drives budding of new viral
particles through interaction with ESCRT pathway components [7]. GPC matures in the
endoplasmic reticulum (ER) and Golgi network through proteolytic cleavage into the GP1
and GP2 subunits, as well as a stable signal peptide (SSP), which together assemble into the
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mature glycoprotein complex for trafficking to the plasma membrane and incorporation
into budding particles [8,9].

Despite this simple lifecycle and limited coding capacity, arenaviruses include a num-
ber of important human pathogens. In particular, the New World arenaviruses include
a number of closely related agents responsible for causing severe hemorrhagic and neu-
rological disease in humans with high case fatality rates in South America. To date, the
most clinically significant of these has been Junin virus (JUNV), which is endemic in rural
agricultural areas of Argentina and was responsible for up to 3000 cases per year before
vaccination became available [10]. Even today, the disease remains endemic with a small
number of cases reported on an annual basis. Further, increasing cases of the related
Machupo virus in Bolivia during recent years [11], as well as the uncertain impact of
political instability in Venezuela on Guanarito infections [12], both of which cause clinically
similar diseases within their respective endemic areas, are a growing cause for concern.
While protocols for the treatment of JUNV using neutralizing antibody-containing con-
valescent patient serum have been well-established, this approach has obvious practical
limitations and, in particular, faces challenges due to the decreasing availability of donors
as a result of the successful JUNV vaccination programs [13]. Worryingly, erratic funding to
produce the vaccine also poses a continuous threat to the future success of such efforts [14].
Furthermore, similar resources for other related viruses remain unavailable.

These challenges clearly highlight the necessity to find new treatments against the dis-
eases caused by these viruses [15]. At the same time, however, their extreme pathogenicity
and associated classification as BSL4 agents makes antiviral discovery approaches using
these viruses technically challenging and limits access to equipment and expertise needed
for such approaches. While model systems have been developed in recent years to allow
mid- to high-throughput screening efforts targeting these pathogens [16-20], follow-up
validation in a viral context remains an important part of such efforts. One viable approach
to facilitate screening efforts under BSL2 conditions, also on a larger scale, is the use of
closely related surrogate viruses, such as the Tacaribe virus (TCRV), that exhibit little or no
pathogenic potential in humans. Unfortunately, there are currently few resources available
for such work and, in particular, traditional virus titration-based analysis of virus infection
is cumbersome and presents a challenge to the use of these viruses in larger-scale appli-
cations. For other virus families, the development of reporter-protein-expressing viruses
has proven valuable for antiviral drug discovery efforts [21-28], as well as downstream
mechanism of action studies [29,30], and even the identification of host factors required for
the viral lifecycle [31-34], which can themselves then be leveraged as targets for treatment.
Further, for arenaviruses, recent work has shown that the development of reporter protein-
expressing arenaviruses is possible [35-44], and some have even been successfully used for
high-throughput screening [35,36,44]. However, to date, few approaches have been tested.

Importantly, many features of the reporter virus design strategy affect its utility in
different applications. In particular, the choice of reporter protein determines many techni-
cal aspects of the detection and defines the necessary experimental infrastructure. Further,
both reporter intensity and expression kinetics are dependent on a number of factors,
including not only the reporter used but also the expression strategy and location within
the viral genome [38,40,41]. Further, the expression strategy affects reporter distribution,
particularly in approaches focused on directly coupling reporter proteins to viral proteins,
which can be valuable for investigating mechanism of action for some antiviral approaches,
as well as for studying virus biology itself. Finally, these different approaches can also have
markedly different impacts on virus attenuation, which is an especially critical issue for
in vivo work. Consequently, these issues highlight the importance of comparing different
strategies for the generation of reporter-expressing viruses to determine the best options
for specific applications.

To accomplish this, we used a systematic approach to compare both different reporter
genes (i.e., GFP, mCherry, and nanoluciferase (nLuc)) and different expression approaches.
Here, we focused either on expression as a separate open reading frame (ORF) or expression
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together with each of the viral proteins, either as a directly-linked fusion protein or as a
cleavable fusion using a 2A self-cleaving peptide. Based on this approach, we identified
several new approaches for fusing reporters to the individual viral proteins, including
some that are also viable in the context of recombinant TCRVs.

2. Materials and Methods

Cells: Vero76, HEK293T, and Huh? cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal calf serum (FCS), 100 U/mL penicillin,
and 100 pg/mL streptomycin (P/S; Thermo Fisher Scientific, Darmstadt, Germany). BSR-
T7/5 cells were grown in Glasgow’s Minimal Essential Medium with Earle’s salts (GMEM)
supplemented with 5% newborn calf serum (NCS) and P/S. Cells were maintained at 37 °C
with 5% COs,.

Plasmids: pCAGGS expression plasmids for TCRV NP, Z, GPC, NP-Flag, and GPC-
Flag (strain TRVL-11573) have been previously described [45]. The pCAGGS expression
plasmid for TCRV L was generated from viral RNA isolated using standard molecular
biology approaches. These plasmids were then used for the further generation of expression
constructs with the respective viral proteins either N- or C-terminally fused with GFP,
mCherry, or nLuc reporters. These constructs were generated so that the reporter protein
was either directly linked to the viral protein via a flexible linker sequence (GGGGGSG),
or by a thosea asigna virus 2A (T2A) self-cleaving peptide (EGRGSLL/TCGDVEENPGP).
Where T2A fusions were made to the viral protein C-terminus, a linker was also placed
upstream of the T2A site (i.e., GGGGGSGEGRGSLL/TCGDVEENPGP). For the internal
fusion of the reporter with TCRV L, a flexible hinge region—analogous to that described
for other NSVs [46—48]—was identified within the polymerase based on its low sequence
conservation among different arenaviruses (Supplementary Figure S1). Based on this
alignment, an insertion site between amino acids 927/928 was selected and the reporters
were inserted with Type IIS restriction enzymes using standard molecular biology methods.

For rescue of recombinant TCRVs, plasmids encoding the complete TCRV-L segment
(Lseg) and TCRV-S segment (Sseg) in cRNA orientation were constructed based on amplifi-
cation of the respective segments from isolated viral RNA and inserted into the previously
published pAmp plasmid containing a T7 promoter upstream, and an HDV ribozyme
followed by a T7 terminator element downstream of the insert [49] (i.e., pAmp-TCRV-Sseg;
pAmp-TCRV-Lseg). To distinguish recombinant viruses from the natural isolate, silent
mutations removing a BspMI restriction site in the L segment (C6882T; GenBank Accession
MT081317) and a BamHI restriction site in the S segment (T2830C; GenBank Accession
MT081316) were introduced. Protein ORFs with fused reporter proteins where cloned seam-
lessly into either pAmp-TCRV-Sseg or pAmp-TCRV-Lseg in place of the corresponding
wild-type (wt) protein ORF for rescue of the corresponding reporter-expressing TCRVs.
Alternatively, for the rescue of trisegmented reporter-expressing TCRV viruses, derivatives
of pAmp-TCRV-Sseg were generated in which either the NP ORF or the GPC ORF was
deleted and replaced by a small cloning locus containing Type IIS restriction sites. GFP,
mCherry, or nLuc reporter genes were then inserted to seamlessly replace either the NP or
GPC ORE, again using standard molecular biology methods.

Monocistronic TCRV minigenome plasmids were generated based on pAmp-TCRV-
Sseg but where both the NP and GPC ORFs were removed, as described above, and either
GFP or nLuc was introduced into the GPC ORF. Similarly, for generating transcription
and replication-competent virus-like particles (trVLPs), a bicistronic TCRV minigenome
was used in which the TCRV NP ORF was replaced by GPC fused C-terminally via a T2A
cleavage site to nLuc (GPC-T2A-nLuc), and the TCRV GPC ORF was replaced by TCRV Z.

Virus rescue: Co-cultures of BSR-T7/5 and Vero76 cells (1:1) in 6-well plates were
transfected at a confluence of ~60% with pAmp-TCRV-Sseg (1 pg), pAmp-TCRV-Lseg
(1 png), pPCAGGS-TCRV L (1 pg), pCAGGS-TCRV NP (250 ng), and pCAGGS-T7 (250 ng),
using Transit-LT1 (Mirus) with a ratio of 5 pL to 1 ug of DNA. After 24 h, the medium was
replaced with GMEM + 2% NCS. Supernatants were harvested 7 days post-transfection and
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used to infect fresh Vero76 cells at a confluence of ~80% in 6-well plates. After incubation
at 37 °C for 1 h, fresh DMEM + 2% FCS was added. Cells were incubated at 37 °C and
observed daily for the development of cytopathic effects, at which point supernatants were
harvested and used to infect new Vero76 cells in T150 flasks for production of working
stocks. All recombinant viruses were fully sequenced to confirm that their sequences
were correct.

Growth kinetics and reporter expression: Vero76 cells seeded for ~80% confluence in
24-well plates were infected with the indicated viruses at a multiplicity of infection (MOI)
of 0.005 in serum-free DMEM for 1 h at 37 °C. Cells were then rinsed with serum-free
DMEM and fresh DMEM + 10% FCS was added. Supernatants were harvested either
immediately thereafter (day 0) or on the indicated days and titrated by plaque assay. Here,
Vero76 cells seeded for a confluence of ~90% in 12-well plates were infected with serial
dilutions of the indicated viruses in serum-free DMEM for 1 h at 37 °C. The inoculum was
then removed and an overlay of MEM + 2% FCS and 0.7% agarose was added. Plaque
assays were fixed in 10% formalin containing crystal violet ten days postinfection. For
analysis of reporter expression, pictures were taken for fluorescent viruses on a Leica
DMi8 fluorescence microscope (Leica Microsystems, Mannheim, Germany) using the same
settings (i.e., exposure time, aperture, gain, etc.) for sets of images taken over several days.
For luciferase-expressing viruses, cells were lysed in 1% Triton-X100 and luciferase activity
was measured using Renilla-Glow Juice (PJK, Kleinblittersdorf, Germany) reagent in a
Glomax Multi (Promega, Walldorf, Germany) microplate reader.

Minigenome assay: BSR-T7/5 cells seeded for a confluency of ~60% were transfected
in 12-well plates with either a nLuc or GFP-expressing monocistronic TCRV minigenome
(125 ng), pCAGGS-T7 (125 ng), pCAGGS-TCRYV L (500 ng), pCAGGS-TCRV NP (125 ng)
and pCAGGSfirefly-luciferase (FLuc, 50 ng; as a transfection control) using Transit-LT1
with a ratio of 3 uL to 1 pug of DNA. For assays assessing the inhibitory activity of TCRV
Z, 1 to 250 pg of pPCAGGS-TCRV Z were additionally transfected. After 48 h, cells were
lysed in 1% Triton-X100, and luciferase activity was measured using Renilla-Glow Juice (for
nLuc) and Beetle Juice (PJK, for FLuc) reagents in a Glomax Multi microplate reader. For
GFP-based minigenome assays, pictures of the entire well were taken using a Leica DMi8
fluorescence microscope and raw integrated densities for the GFP channel were measured
using Image].

trVLP assay: BSR-T7/5 cells seeded for a confluency of ~30% were transfected in
6-well plates with the bicistronic TCRV minigenome expressing GPC-T2A-nLuc and Z
(250 ng), pPCAGGS-T7 (250 ng), pPCAGGS-TCRV L (1 pug), pPCAGGS-TCRV NP (250 ng), and
pCAGGS-FLuc (100 ng) using Transit-LT1 at a ratio of 3 uL to 1 ug of DNA. Supernatants
were harvested after 72 h and used to infect Huh? cells transfected the day before at a
confluence of ~50% in 96-well plates with pCAGGS-TCRV NP (15 ng) and pCAGGS-TCRV
L (55 ng). After 72 h, cells were lysed in 1% Triton-X100, and luciferase activity was
measured using Nano-Glo (Promega) reagent in a Glomax Multi microplate reader.

Cell—cell fusion assay: BSR-T7/5 cells seeded for a confluence of ~60% in 24-well
plates were transfected with pCAGGS-TCRV GPC (250 ng) and pCAGGS-mCherry (250 ng)
or pCAGGS-GFP (250 ng). After 24 h, cells were treated for 5 min at 37 °C with HMS
buffer (100 mM NaCl; 15 mM HEPES; 15 mM MES; 15 mM succinate; 2 mg/mL glucose)
adjusted to the indicated pH. Cells were rinsed and fresh medium was added. After 24 h,
cells were fixed in PBS + 2% paraformaldehyde (PFA) for 30 min at room temperature.
Syncytia formation (>3 nuclei) was measured using an Eclipse Ti-S fluorescence microscope
equipped with NIS-Elements imaging software (version 4; Nikon, Diisseldorf, Germany).
The total syncytia area was obtained by multiplying the number of syncytia by the mean
syncytia area from 10 random fields of view.

Budding assay: HEK293T cells seeded for a confluence of ~50% in 6-well plates were
transfected with pCAGGS-TCRV GPC-Flag (1000 ng), pCAGGS-TCRV NP-Flag (1000 ng),
and pCAGGS-TCRYV Z (or the indicated TCRV Z reporter construct; 1000 ng) using Translt-
LT1 with a ratio of 3 uL to 1 pg of DNA. Four days post-transfection, supernatants were
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harvested, cleared, and centrifuged at 280,000 x g for 3 h on a TNE (10 mM Tris; 100 mM
NaCl; 0.1 mM EDTA; pH 7.4)-20% sucrose cushion, and VLPs were resuspended in PBS.
VLP producer cells were lysed in 1% Triton X-100. Samples were mixed with 4x SDS
gel loading buffer (10% SDS (w/v); 40% glycerol (v/v); 20% -mercaptoethanol; 0.008%
Bromophenol Blue; 250 mM Tris-HCl, pH 6.8) and heated at 95 °C for 5 min. Budding
efficiency was assessed by SDS-PAGE and semidry Western blot, using polyvinylidene
difluoride membranes. Membranes were blocked for 1 h at room temperature (RT) in
10% skim milk diluted in Tris-buffered saline containing 0.1% Tween-20 (TBS-T). Primary
antibodies (anti-TCRV NP; 1:10,000 [50] and anti-vinculin; 1:2000; sc-73614 from Santa
Cruz (Heidelberg, Germany)) were incubated in 1% skim milk in TBS-T overnight at 4 °C.
Secondary antibodies (anti-guinea-pig-HRP; 1:5000; DAB-087875 from Dianova (Hamburg,
Germany), and anti-mouse-HRP; 1:5000; #7076 from Cell Signaling Technology (Danvers,
MA, USA)) were incubated in 1% skim milk in TBS-T for 45 min at RT. Signals were detected
using Clarity Western Substrate (Bio-Rad, Munich, Germany).

Assessment of protein localization: For high-magnification pictures of intracellular
protein localization, BSRT7/5 cells seeded on glass coverslips for a confluence of 30%
in 12- or 24-well plates were transfected as described for minigenome assays or cell—cell
fusion assays, respectively. The next day, cells were fixed for 30 min in PBS + 2% PFA and
permeabilized for 10 min in PBS + 0.1% Triton X-100. Coverslips were mounted using
DAPI-containing Prolong Diamond mounting solution (Invitrogen, Darmstadt, Germany)
and images were taken with a Leica DMi8 fluorescence microscope.

3. Results
3.1. Trisegmented-Reporter Viruses

Based on our recent sequencing data including corrected genome ends [51], we were
able to establish a system for the rescue of recombinant TCRV, using a T7-driven ap-
proach analogous to that published previously by ourselves and others [49,52-56]. Further,
consistent with previous publications showing that arenaviruses can incorporate more
than two genomic segments during packaging, we could adapt our rescue system for
production of reporter-expressing trisegmented TCRVs using an approach analogous to
that used to generate trisegmented reporter-expressing Lymphocytic choriomeningitis
virus (LCMV) [38] and, more recently, also TCRV [41]. In line with our goal to compare
different reporters and expression strategies, we then generated viruses encoding versions
of the Sseg with each of the three reporters—GFP, mCherry, and nLuc—replacing either
the NP ORF (i.e., TCRV-TriSeg-ANP-reporter viruses, Figure 1A, top) or the GPC OREF (i.e.,
TCRV-TriSeg-AGPC-reporter viruses, Figure 1A, middle). The second copy of the Sseg
encoded only the missing ORF. As a control, a trisegmented TCRV lacking any reporter
genes (i.e.,, TCRV-TriSeg-wt, Figure 1A, bottom), as well as TCRV-wt, were also rescued.

While all of the trisegmented TCRYV viruses tested were viable, they also all showed
impaired growth in Vero76 cells compared with TCRV-wt (Figure 1B). Interestingly, TCRV-
TriSeg-ANP-reporter viruses were consistently more impaired and reached lower titers
than TCRV-TriSeg-AGPC-reporter viruses. However, this was not further impacted by
whether or not they expressed a reporter protein. Reporter expression from nLuc-expressing
viruses was clearly visible already from 1 dpi and was fairly comparable between TCRV-
TriSeg-ANP and TCRV-TriSeg-AGPC reporter viruses (Figure 1C). In contrast, we observed
that reporter activity for fluorescent TCRV-TriSeg viruses, which became visible between
2-3 dpi, was clearly brighter for TCRV-TriSeg-ANP reporter viruses than for TCRV-TriSeg-
AGPC reporter viruses (Figure 1D), despite their higher degree of attenuation. Thus, taken
together, our data indicate that, while expression of different reporters from trisegmented
TCRVs is a broadly viable strategy, both the choice of reporter and its position in the genome
affect both reporter expression and the replication efficiency of the resulting virus.
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Figure 1. Reporter-expressing trisegmented Tacaribe virus (TCRV). (A) Schematic representation
of trisegmented TCRV genomes. TCRV-TriSeg-ANP-reporter viruses have a wild-type (wt) Lseg
and two Sseg: one in which the NP ORF has been replaced by the reporter and one in which the
GPC ORF has been deleted (top). TCRV-TriSeg-AGPC-reporter viruses have a wt Lseg and two Sseg:
one in which the GPC ORF has been replaced by the reporter, and one in which the NP ORF has
been deleted (middle). The TCRV-TriSeg-wt virus has a wt Lseg and two Sseg: one in which the
NP ORF has been deleted and one in which the GPC ORF has been deleted (bottom). (B) Growth
kinetics. Vero76 cells were infected at MOI = 0.005 with TCRV-TriSeg-ANP-reporter viruses (top) or
TCRV-TriSeg-AGPC-reporter viruses (bottom). Supernatants were harvested on the indicated days,
and titrated by plaque assays. Results are shown as mean =+ SD of two independent experiments.
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(C) Reporter activity (nLuc). Cells infected as in (B) were lysed in 1% Triton on the indicated days,
and nLuc activity in lysates was measured. Results are shown as mean + SD of three independent
experiments. (D) Reporter activity (GFP/mCherry). Pictures of cells infected as in (B) were taken
on the indicated days, at 10x magnification. Results are shown as representative images from one
experiment out of two independent experiments.

3.2. Reporter Fusions with TCRV NP

Next, we sought to generate viruses where the reporter proteins were fused either
directly or separated by a T2A self-cleavage site to the different viral proteins. Such 2A
sequences cause ribosomal skipping during translation, which is responsible for the ap-
parent cleavage between the reporter and viral proteins [57]. We first fused our different
reporter proteins N-terminally to TCRV NP (Figure 2A) in the context of expression plas-
mids in order to test their functionality, as measured based on their ability to support
viral RNA synthesis in a minigenome assay. Specifically, the functionality of GFP and
mCherry constructs was assessed using a nLuc-based minigenome (Figure 2B, left panel),
while the functionality of nLuc constructs was assessed using a GFP-based minigenome
(Figure 2B, right panel). These data showed that, while T2A-fused constructs showed levels
of activity similar to unmodified wild-type TCRV NP (NP-wt), the directly-fused constructs
were notably impaired (Figure 2B). This was despite the fact that all the tested constructs
displayed robust reporter activity following transfection (Figure 2C-E). Interestingly, while
the expression of the directly N-terminally fused NP reporter constructs appears to be
somewhat lower when observed under low magnification (Figure 2C), this may be due to
differences in the localization of the directly and T2A-fused reporter proteins. Specifically,
we saw that T2A-fused fluorescent reporters had a cytoplasmic distribution, consistent with
their cleavage from NP and resulting in a typical diffuse localization of these fluorescent
proteins (Figure 2D, right panels). In contrast, directly-fused NP constructs displayed a
punctate pattern, characteristic of inclusion bodies, which are known to be formed by TCRV
NP [58] (Figure 2D, left panels).

While we were able to rescue viruses expressing each of the three reporters fused
via T2A to the N-terminus of NP, the same was not possible for directly fused constructs,
consistent with their impaired minigenome activity. Evaluation of the growth kinetics of
these viruses in Vero76 cells showed that they were all markedly attenuated compared
to TCRV-wt, and that the degree of attenuation observed was the same regardless of the
reporter protein used (Figure 3A). Robust reporter expression was also observed from our
N-terminally T2A-fused NP viruses regardless of which reporter was used (Figure 3B,C).
Specifically, and similar to the data with the trisegmented TCRV approach, we saw clear
expression of the nLuc reporter starting already from 1 dpi (Figure 3B), while for the
fluorescent reporters, this was the case only from 2 dpi (Figure 3C). Overall, while direct
fusion of reporters at the N-terminus of TCRV NP was unsuccessful, an approach that
incorporates a T2A self-cleavage site was both viable and resulted in strong reporter activity
that appears to be relatively independent of the reporter used.

We also used the same approach to generate plasmids expressing TCRV NP C-
terminally fused to each of the reporter proteins, with or without a T2A self-cleavage
site (Figure 4A). When these constructs were tested for their functionality in a minigenome
assay, all of them were able to support minigenome activity to a similar level than NP-wt,
with the exception of NP directly fused to GFP, which was markedly impaired in its ability
to support viral RNA synthesis (Figure 4B). Consistent with this, all C-terminally fused
NP constructs displayed significant reporter activity following transfection (Figure 4C-E),
and when either GFP or mCherry were directly fused to NP, they could be observed to
be localized in punctate formations reminiscent of inclusion bodies, as opposed to the
cleavable reporters, which were found diffusely distributed throughout the cytoplasm
(Figure 4D). However, despite their high degree of functionality in the MG assay (in most
cases) and apparently authentic intracellular distribution of the reporter-fused NP proteins,
we were unable to rescue any of the corresponding viruses.
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Figure 2. N-terminal fusion of TCRV NP to reporter proteins. (A) Schematic. Reporter proteins were
N-terminally fused directly to TCRV NP (top) or separated by a T2A site (bottom). (B) Minigenome ac-
tivity. BSR-T7/5 cells were transfected with plasmid components for either a nLuc-based minigenome
assay (left) or a GFP-based minigenome assay (right). For nLuc-based minigenome assays (left),
cells were lysed after 48 h and both nLuc and FLuc activities were measured. Results are shown
as the mean =+ SD of the log of nLuc activity normalized to FLuc activity from three independent
experiments. For GFP-based minigenome assays (right), pictures of each well were taken and used
to measure the raw integrated density in the GFP channel. Results are shown as the mean =+ SD of
four independent experiments. (C) Reporter activity (GFP/mCherry). Pictures of cells transfected as
in (B) were taken 48 h post-transfection at 10 x magnification. Results are shown as representative
images from one experiment out of two independent experiments. (D) Reporter localization. Pictures
of cells transfected as in (B) were taken 24 h post-transfection at 63 x magnification after fixation
and DAPI staining. Results are shown as representative images from one experiment out of two
independent experiments. (E) Reporter activity (nLuc). Cells transfected as in (B) were lysed 48 h
post-transfection, and the nLuc activity in lysates was measured. Results are shown as mean + SD of
four independent experiments.
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Figure 3. Recombinant viruses encoding N-terminal fusions of TCRV NP to reporter proteins.
(A) Growth kinetics. Vero76 cells were infected at MOI = 0.005 with the indicated viruses. Super-
natants were harvested on the indicated days and titrated by plaque assay in Vero76 cells. Results are
shown as mean £ SD of three independent experiments. (B) Reporter activity (nLuc). Cells infected
as in (A) were lysed on the indicated days, and nLuc activity in lysates was measured. Results
are shown as mean =+ SD of three independent experiments. (C) Reporter activity (GFP/mCherry).
Pictures of cells infected as in (A) were taken on the indicated days at 10 x magnification. Results are
shown as representative images from one experiment out of three independent experiments.

3.3. Reporter Fusions with TCRV GPC

Due to the presence of the SSP at the N-terminus of GPC, which needs to be correctly
translocated and post-translationally processed, we could only fuse reporter proteins to
GPC C-terminally (Figure 5A). To assess the functionality of these reporter-fused GPCs, we
first performed cell—cell fusion assays to measure the ability of mature TCRV GP complexes
to trigger fusion of plasma membranes between adjacent cells. For this, cells were trans-
fected both with expression plasmids for the respective reporter-fused GPC constructs as
well as a fluorescent reporter protein (i.e., GFP or mCherry depending on the GPC construct
being analyzed) for better visualization of the syncytia. Fusion was then triggered by low-
pH treatment, and syncytia formation was monitored by fluorescence microscopy. While
GP-wt displayed significant fusion activity at pH 5, the reporter-fused constructs were
strongly impaired (Figure 5B), despite displaying reporter activity following transfection
(Figure 5C-E). At higher magnification, we could also observe that, for the directly fused
constructs, most of the expressed GP appeared to be retained intracellularly in compart-
ments that could correspond to the ER/Golgi network (Figure 5D). Surprisingly, however,
we found that results differed when we examined the activity of GPC with a cleavable
C-terminal fusion to nLuc using a trVLP assay. This assay was based on a bicistronic
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S-segment-based minigenome, in which the NP ORF was replaced by GPC fused at the
C-terminus to a T2A cleavable nLuc and the GPC ORF was replaced by TCRV Z (Figure 5F,
bottom). Using this approach, we showed that the GPC-T2A-nLuc construct was still
capable of supporting robust production of trVLPs that were able to infect fresh target
cells (Figure 5E, top), suggesting that a biologically meaningful level of activity may still be
retained by these constructs during cell entry. Nonetheless, we were unable to rescue any
of these viruses, correlating with their reduced capacity for fusion, as seen in the cell-cell
fusion assay.
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Figure 4. C-terminal fusion of TCRV NP to reporter proteins. (A) Schematic. Reporter proteins were
C-terminally fused directly to TCRV NP (top) or separated by a T2A site (bottom). (B) Minigenome ac-
tivity. BSR-T7/5 cells were transfected with plasmid components for either a nLuc-based minigenome
assay (left), or a GFP-based minigenome assay (right). For nLuc-based minigenome assays (left),
cells were lysed after 48 h and both nLuc and FLuc activities were measured. Results are shown
as the mean =+ SD of the log of nLuc activity normalized to FLuc activity from five independent
experiments. For GFP-based minigenome assays (right), pictures of each well were taken and used
to measure the raw integrated density in the GFP channel. Results are shown as the mean =+ SD of
two independent experiments. (C) Reporter activity (GFP/mCherry). Pictures of cells transfected as
in (B) were taken 48 h post-transfection at 10 x magnification. Results are shown as representative
images from one experiment out of two independent experiments. (D) Reporter localization. Pictures
of cells transfected as in (B) were taken 24 h post-transfection at 63 x magnification after fixation
and DAPI staining. Results are shown as representative images from one experiment out of two
independent experiments. (E) Reporter activity (nLuc). Cells transfected as in (B) were lysed 48 h
post-transfection, and nLuc activity in lysates was measured. Results are shown as mean =+ SD of
three independent experiments.
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Figure 5. C-terminal fusion of TCRV GPC to reporter proteins. (A) Schematic. Reporter proteins
were C-terminally fused directly to TCRV GPC (top) or separated by a T2A site (bottom). (B) Fusion
activity. BSR-T7/5 cells were transfected with plasmids encoding mCherry, and GPC constructs
fused to GFP (top) or constructs encoding GFP, and GPC constructs fused to either mCherry or nLuc
(bottom). After 24 h, cells were treated at the indicated pH for 5 min at 37 °C and rinsed. Cells were
fixed 24 h later and syncytia formation was measured. Results are shown as the mean =+ SD of the
total syncytia area from ten random fields of view from three independent experiments. (C) Reporter
activity (GFP/mCherry). Pictures of cells transfected as in (B) were taken 48 h post-transfection at
10x magnification. Results are shown as representative images from one experiment out of two
independent experiments. (D) Reporter localization. Pictures of cells transfected as in (B) were taken
24 h post-transfection at 63 x magnification after fixation and DAPI staining. Results are shown
as representative images from one experiment out of two independent experiments. (E) Reporter
activity (nLuc). Cells transfected as in (B) were lysed 48 h post-transfection, and nLuc activity in
lysates was measured. Results are shown as mean & SD of three independent experiments. (F) trVLP
entry. BSR-T7/5 cells were transfected with plasmids encoding the T7 polymerase, TCRV L, TCRV NP,
and FLuc (as a transfection control), in addition to a plasmid encoding for the bicistronic minigenome.
trVLPs were harvested 72 h post-transfection and were used to infect Huh? cells that were transfected
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with plasmids encoding for TCRV L and TCRV NP 24 h before infection. Cells were lysed 72 h
postinfection, and nLuc activity was measured. Results are shown as the mean + SEM of the log of
nLuc activity from two independent experiments (top). A schematic of the bicistronic S-segment-
based minigenome, in which the NP ORF was replaced by GPC fused at the C-terminus to a T2A
cleavable nLuc and the GPC ORF was replaced by TCRV Z, is shown (bottom).

3.4. Reporter Fusions with TCRV Z

Due to the presence of a myristoylation site at position G2 that is critical for Z budding
activity [59], we were also only able to generate Z with C-terminally fused reporters
(Figure 6A). Since Z has been shown to inhibit the activity of the viral polymerase L, in
order to regulate the switch from replication to budding [6], we tested the function of our
constructs by assessing their ability to inhibit minigenome activity. For this, we transfected
cells with the standard minigenome components, alongside increasing amounts of the
various Z constructs. We found that all of the constructs were able to strongly inhibit
minigenome activity, albeit to a slightly lower extent than Z-wt (Figure 6B). Further, all
constructs displayed reporter activity (Figure 6C-E) and, importantly, the constructs where
Z was directly fused to GFP or mCherry were found to be mainly localized at the plasma
membrane, consistent with the expected distribution of the Z protein (Figure 6D).

Importantly, however, arenavirus Z is a highly multifunctional protein, and one of
its other major roles is to drive particle budding. Therefore, in order to also evaluate the
budding efficiency of our TCRV Z reporter constructs, we performed a budding assay.
For this, cells were transfected with TCRV Z, NP-Flag, and GPC-Flag in order to produce
virus-like particles (VLPs), which were then purified over a sucrose cushion and analyzed
by Western blot for TCRV NP. All TCRV Z constructs were able to mediate the production
of VLPs incorporating NP at least as efficiently as Z-wt, while GFP and nLuc constructs
appeared to be able to drive VLP budding even more efficiently than Z-wt (Figure 6F).

Recombinant viruses corresponding to each of the C-terminal Z reporter fusions, both
direct and T2A cleavable, could be rescued and grew efficiently, although they were still
attenuated (Figure 7A). Surprisingly, viruses encoding Z directly fused to GFP or mCherry
were less attenuated that their T2A counterparts, while we observed the opposite for nLuc-
expressing viruses (Figure 7A). All TCRV Z-reporter viruses displayed reporter activity
(Figure 7B,C); however, for fluorescent viruses, the reporter activity was comparatively
weak (i.e., in comparison to what was observed for viruses encoding NP fused to the same
reporters) and could only be readily observed starting at 3—4 dpi (Figure 7C). In contrast,
clear accumulation of nLuc reporter activity could still be seen with these viruses starting
as early as 1 dpi (Figure 7B).

3.5. Reporter Fusions with TCRV L

Lastly, we generated reporter fusions with TCRV L using various approaches. First, we
generated expression plasmids with the reporters, with or without a T2A self-cleavage site,
N-terminally fused to L (Figure 8A). All of the resulting constructs were able to support
robust minigenome activity, although the directly fused constructs appeared to be slightly
impaired compared with wild-type (Figure 8B). We also observed reporter activity for
all constructs (Figure 8C-E). Similar to the constructs with a T2A self-cleavage site, the
constructs with GFP or mCherry directly fused to L did not show any specific localization,
but rather, the reporter was diffusely localized throughout the cytoplasm (Figure 8D).
Despite their functionality in a minigenome system, we were unable to rescue any of the
corresponding viruses encoding N-terminal reporter fusions to L, regardless of whether a
T2A self-cleavage site was included or not.



Viruses 2022, 14, 1563

13 of 26

o
e

Z-mCherry Z-T2A-mCherry Z-.mCherry Z-T2A-mCherry

6.0 __ 107

_ s "

=) ‘@ 6.3
Zg 55 gg 10
z 5 2z
] S 10°
5 50 -
£ N £5 104
2 2
€35 **7 ¢35 100

£ s

4.0 = 102
1 10 100 1000 1 10 100 1000
Z (ng) Z (ng)
- Z-wt -3 ZGFP +9--  Z-mCherry —o— Z-wt Z-nLuc
—m— Z-T2A-GFP —+— Z-T2A-mCherry Z-T2A-nLuc
D E
8—

Z-GFP Z-T2A-GFP Z-GFP Z-T2A-GFP

Reporter activity
(normalized log RLU)
i
1

0—
Y& e
VA
7
v
g ods 3
e & & f'-’é,vf-‘
Na<)
G YT
N NN N N

Sup Lysates

w‘”"“”"
| —————— |

TCRV NP

S o e

Figure 6. C-terminal fusion of TCRV Z to reporter proteins. (A) Schematic. Reporter proteins were C-
terminally fused directly to TCRV Z (top) or separated by a T2A site (bottom). (B) Minigenome activity.
BSR-T7/5 cells were transfected with plasmid components for either a nLuc-based minigenome assay
(left), or a GFP-based minigenome assay (right), alongside increasing amounts of TCRV Z constructs
fused to GFP/mCherry or nLuc, respectively. For nLuc-based minigenome assays (left), cells were
lysed after 48 h and both nLuc and FLuc activities were measured. Results are shown as the mean
=+ SD of the log of nLuc activity normalized to FLuc activity from three independent experiments.
For GFP-based minigenome assays (right), pictures of each well were taken and used to measure the
raw integrated density in the GFP channel. Results are shown as the mean + SD of two independent
experiments. (C) Reporter activity (GFP/mCherry). Pictures of cells transfected as in (B) and
with 250 ug of the indicated constructs expressing TCRV Z were taken 48 h post-transfection at
10 x magnification. Results are shown as representative images from one experiment out of two
independent experiments. (D) Reporter localization. Pictures of cells transfected as in (C) were taken
24 h post-transfection at 63 x magnification after fixation and DAPI staining. Results are shown
as representative images from one experiment out of two independent experiments. (E) Reporter
activity (nLuc). Cells transfected as in (C) were lysed 48 h post-transfection, and nLuc activity in
lysates was measured. Results are shown as mean + SD of three independent experiments. (F) VLP
budding mediated by TCRV Z reporter proteins. HEK293T cells were transfected with pCAGGS
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expressing TCRV NP-Flag and TCRV GPC-Flag with or without TCRV Z, or the indicated TCRV Z
reporter constructs. After 4 days, VLP-containing supernatants (sup) were harvested and purified
over a 20% sucrose cushion while the cells were lysed in 1% Triton X-100. The resulting samples were
analyzed by Western blot for TCRV NP release and expression, respectively. Vinculin expression in
the lysates was used as a loading control.
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Figure 7. Recombinant viruses encoding C-terminal fusions of TCRV Z to reporter proteins.
(A) Growth kinetics. Vero76 cells were infected at MOI = 0.005 with the indicated viruses. Su-
pernatants were harvested on the indicated days and titrated by plaque assays in Vero76 cells. Results
are shown as mean =+ SD of two independent experiments. (B) Reporter activity (nLuc). Cells infected
as in (A) were lysed on the indicated days, and nLuc activity in lysates was measured. Results are
shown as mean £ SD of three independent experiments. (C) Reporter activity (GFP/mCherry).
Pictures of cells infected as in (A) were taken on the indicated days at 10x magnification. Results are

shown as representative images from one experiment out of three independent experiments.
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Figure 8. N-terminal fusion of TCRV L to reporter proteins. (A) Schematic. Reporter proteins were N-
terminally fused directly to TCRV L (top) or separated by a T2A site (bottom). (B) Minigenome activity.
BSR-T7/5 cells were transfected with plasmid components for either a nLuc-based minigenome assay
(left), or a GFP-based minigenome assay (right). For nLuc-based minigenome assays (left), cells
were lysed after 48 h and both nLuc and FLuc activities were measured. Results are shown as
the mean £ SD of the log of nLuc activity normalized to FLuc activity from three independent
experiments. For GFP-based minigenome assays (right), pictures of each well were taken and used
to measure the raw integrated density in the GFP channel. Results are shown as the mean £ SD of
three independent experiments. (C) Reporter activity (GFP/mCherry). Pictures of cells transfected as
in (B) were taken 48 h post-transfection at 10 x magnification. Results are shown as representative
images from one experiment out of two independent experiments. (D) Reporter localization. Pictures
of cells transfected as in (B) were taken 24 h post-transfection at 63 x magnification after fixation
and DAPI staining. Results are shown as representative images from one experiment out of two
independent experiments. (E) Reporter activity (nLuc). Cells transfected as in (B) were lysed 48 h
post-transfection, and nLuc activity in lysates was measured. Results are shown as mean + SD of
three independent experiments.

Next, we used the same approach to generate TCRV L constructs with C-terminally
fused reporters, again with or without a T2A self-cleavage site (Figure 9A). However, we
observed that all expression constructs had strongly impaired minigenome activity similar
to background levels without L (Figure 9B). This was despite both types of constructs
showing reporter activity (Figure 9C-E). Similar to the N-terminal fusions with L, reporter
proteins were found to be diffusely localized throughout the cytoplasm regardless of
whether a T2A self-cleavage site was included or not. Due to the total lack of activity in the
minigenome system, we did not attempt to rescue the corresponding viruses.
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Figure 9. C-terminal fusion of TCRV L to reporter proteins. (A) Schematic. Reporter proteins were C-
terminally fused directly to TCRV L (top) or separated by a T2A site (bottom). (B) Minigenome activity.
BSR-T7/5 cells were transfected with plasmid components for either a nLuc-based minigenome assay
(left), or a GFP-based minigenome assay (right). For nLuc-based minigenome assays (left), cells
were lysed after 48 h and both nLuc and FLuc activities were measured. Results are shown as the
mean =+ SD of the log of nLuc activity normalized to FLuc activity from two independent experiments.
For GFP-based minigenome assays (right), pictures of each well were taken and used to measure the
raw integrated density in the GFP channel. Results are shown as the mean =+ SD of two independent
experiments. (C) Reporter activity (GFP/mCherry). Pictures of cells transfected as in (B) were
taken 48 h post-transfection at 10 x magnification. Results are shown as representative images from
one experiment out of two independent experiments. (D) Reporter localization. Pictures of cells
transfected as in (B) were taken 24 h post-transfection at 63 x magnification after fixation and DAPI
staining. Results are shown as representative images from one experiment out of two independent
experiments. (E) Reporter activity (nLuc). Cells transfected as in (B) were lysed 48 h post-transfection,
and nLuc activity in lysates was measured. Results are shown as mean + SD of two independent
experiments.

Finally, we identified a region of low conservation within arenavirus polymerase
sequences (Supplementary Figure S1), which presumably corresponds to a flexible hinge
region such as has been described for the polymerases of other NSVs. This region was then
exploited to internally fuse reporter proteins within TCRV L at a position between amino
acids 927-928 (Figure 10A). Expression constructs were tested for their functionality in a
minigenome assay with all constructs supporting minigenome activity at a level similar to
wild-type L (Figure 10B). The constructs also all displayed reporter activity (Figure 10C-E)
although, as observed for terminal fusions with the L protein, no specific localization of the
fluorescent reporters could be observed (Figure 10D).
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Figure 10. Internal fusion of TCRV L to reporter proteins. (A) Schematic. Reporter proteins were
inserted within the TCRV L ORF between amino acids 927 and 928. (B) Minigenome activity. BSR-
T7/5 cells were transfected with plasmid components for either a nLuc-based minigenome assay (left)
or a GFP-based minigenome assay (right). For nLuc-based minigenome assays (left), cells were lysed
after 48 h and both nLuc and FLuc activities were measured. Results are shown as the mean £ SD
of the log of nLuc activity normalized to FLuc activity from four independent experiments. For
GFP-based minigenome assays (right), pictures of each well were taken and used to measure the raw
integrated density in the GFP channel. Results are shown as the mean =+ SD of four independent
experiments. (C) Reporter activity (GFP/mCherry). Pictures of cells transfected as in (B) were
taken 48 h post-transfection at 10 x magnification. Results are shown as representative images from
one experiment out of two independent experiments. (D) Reporter localization. Pictures of cells
transfected as in (B) were taken 24 h post-transfection at 63 x magnification after fixation and DAPI
staining. Results are shown as representative images from one experiment out of two independent
experiments. (E) Reporter activity (nLuc). Cells transfected as in (B) were lysed 48 h post-transfection,
and nLuc activity in lysates was measured. Results are shown as mean =+ SD of four independent
experiments.

Viruses encoding internal L fusions with each of the three reporters (i.e., GFP, mCherry,
and nLuc) were successfully rescued and could efficiently replicate, although they were
modestly attenuated compared with TCRV-wt (Figure 11A). However, we were unable to
detect fluorescence activity for either the GFP or the mCherry virus (Figure 11B), despite
confirming the integrity of the reporter fusion in the rescued viruses. In contrast, the
nLuc-expressing virus displayed increasing reporter activity over time, starting at 2-3 dpi,
but the values remained low in comparison to those obtained using other reporter fusion
strategies (Figure 11C).
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Figure 11. Recombinant viruses encoding internal fusions of TCRV L to reporter proteins. (A) Growth
kinetics. Vero76 cells were infected at MOI = 0.005 with the indicated viruses. Supernatants were
harvested on the indicated days and titrated by plaque assays in Vero76 cells. Results are shown as
mean =+ SD of three independent experiments. (B) Reporter activity (GFP/mCherry). Pictures of
cells infected as in (A) were taken on the indicated days at 10x magnification. Results are shown
as representative images from one experiment out of two independent experiments. (C) Reporter
activity (nLuc). Cells infected as in (A) were lysed on the indicated days, and nLuc activity in lysates
was measured. Results are shown as mean + SD of four independent experiments.

4. Discussion

The availability of reporter-expressing viruses greatly facilitates several areas of virus
research, including diagnostics, drug testing, and host factor identification, where they
are particularly beneficial in high-throughput screening-based approaches. They are also
indispensable tools for studies focused on virus imaging both in vitro and in vivo. However,
the incorporation of foreign genes, such as reporters, is well-known to influence virus
growth to a greater or lesser extent depending on the incorporation strategy and the reporter
used [60-63]. At the same time, the method by which the reporter is inserted can also affect
the expression level of the reporter, and thus, the sensitivity with which virus infection
can be detected [38-40,63-65]. Further, the decision whether to link the reporter directly
to a viral protein, express it as a cleavable fusion, or even as a completely separate gene,
impacts the localization of the reporter within the cell. To what extent these considerations
are a concern is highly application-dependent. For instance, for in vivo applications, virus
attenuation is a key consideration, while for in vitro screening approaches where an effect
(e.g., inhibition or knock-down) has to be maintained, reporter brightness may play a more
significant role because of its impact on assay time. In contrast, for some imaging-based
studies, an authentic localization of the reporter, consistent with the normal distribution
and function of the viral protein it is linked to, is the primary consideration. In contrast,
for diagnostic and screening applications, reporter distribution is likely to be irrelevant in
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most cases, as the goal here is often simply to obtain an easier read-out. Ultimately, the
choice of reporter, and particularly whether it is fluorescent or luminescent, also greatly
influences which applications a given reporter virus will be suitable for, and is a particularly
important consideration where highly specialized equipment is required, e.g., for high-
content imaging. Given all these different needs, and especially in light of the challenges
that tend to be encountered in developing a “perfect” reporter virus that is not attenuated
and yet delivers robust reporter expression, it is often necessary to have a variety of tools
available based on different approaches. Unfortunately, until now, only very few strategies
for creating reporter-expressing arenaviruses have been considered. As such, this study
took a systematic approach to the generation of reporter-expressing TCRVs, and in doing
so, identified several additional strategies for the generation of fluorescent and luminescent
fusions with arenavirus proteins, some of which were also viable as recombinant viruses
(summarized in Table 1).

Table 1. Summary of strategies to generate TCRV reporter proteins and viruses.

. Protein Function Virus Viability
. Fusion
Protein Site Direct T2A Direct T2A Separate
Fusion Fusion Fusion Fusion ORF
Tri ANP
segmented AGPC

N-terminal
NP C-terminal
GPC C-terminal
Z C-terminal
L N-terminal
C-terminal

Internal

+ yes, —/+ partial activity, — no, n.d. not done, ? except for GFP, b except for nLuc, € reporter expression detectable
for nLuc only.

Given their unusual ambisense genome arrangement, the introduction of reporter
genes into the arenavirus genome is challenging. For instance, unlike for mononegaviruses,
reporter proteins cannot simply be introduced as additional transcriptional units at various
positions within the genome [61-63,65,66]. As such, the first approaches to successfully
generate a reporter-expressing arenavirus focused on creating trisegmented viruses in
which there are 2 copies of the S-segment—one in which the NP gene is deleted and one in
which the GP gene is deleted—thus creating additional coding capacity for either one or
two genes of interest [38]. This approach relies on the fact that, unlike influenza viruses, for
which packaging of the individual segments is tightly orchestrated by noncoding regions
and parts of the terminal coding regions [67], arenavirus segment packaging appears to
be less restrictive and allows for packaging of multiple copies of the same segment [38,68].
This approach has since been used to successfully rescue several arenaviruses expressing
various genes of interest [38,39,41,69], including most recently a combined GFP and Gaussia
luciferase-expressing TCRV [41]. It is, therefore, unsurprising that we could also rescue
trisegmented TCRV viruses expressing various fluorescent or luminescent reporter proteins
from a duplicated S-segment as a part of this study. Consistent with previous studies,
these trisegmented TCRV viruses were all modestly attenuated [41]. Further, our data
using different insertion positions and reporters also suggest that both the size and location
of the reporter genes have an impact on virus growth. Specifically, we found that virus
growth was less impaired in trisegmented TCRVs where the reporter gene was inserted
in the GPC ORF, compared with those where it was inserted in the NP ORF. Further, we
found that using a shorter reporter gene (e.g., nLuc) appears to have a stronger negative
impact on virus growth. Interestingly, this is in contrast with the results of a previous study
using LCMYV, which found that virus growth was more profoundly impaired when longer
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reporter genes (i.e., FLuc) were used [38], suggesting that other aspects of the sequence or
genome context may also play a role. However, consistent with a previous study using
trisegmented GFP- and CAT-expressing LCMYV, we also observed differences in reporter
expression from the different ORFs, with stronger reporter activity seen when the reporter
genes were inserted in the NP ORF compared with the GPC ORF [38]. This could be at
least partly due to the delayed transcription, and thus, protein expression, of the GP ORF
as a result of the ambisense coding strategy used by arenaviruses.

The only other approach that had been previously reported focused on the possibility
of fusing a reporter protein to the N-terminus of NP. To avoid potential negative effects of
a direct fusion, these approaches used a P2A (porcine teschovirus-1) self-cleavage site to
separate the viral and reporter proteins [35-37,41,44]. This approach has been shown to be
successful for LASV [37], LCMV [35,44], Lujo virus [36], and TCRV [41], but has the notable
disadvantage that, while it allows infection of cells to be visualized, it does not provide
localization information about the viral protein to which it was fused. Consistent with these
studies, we were also able to rescue TCRV with reporters N-terminally fused to NP via a
T2A self-cleavage site. Interestingly, however, these T2A fused viruses showed reduced
growth compared with wild-type, which is in contrast with the previously published work
using LASV [37], Lujo virus [36], and TCRV [41] where no such attenuation was observed.
For LCMYV, only a slight attenuation was observed [35,44]. Since all of these previous
studies used a P2A sequence (rather than a T2A sequence), this suggests that this may be
a key factor. In our study, T2A was selected based on a study of the cleavage efficiency
of 2A sequences that suggested that T2A sequences are the most efficiently processed
following in vitro translation [70]. However, the results using these different sequences
in the context of reporter-expressing arenaviruses appear to rather support another study
that suggested that the P2A site might be more efficient at mediating cleavage in some
cell culture contexts [71]. As such, the use of P2A sequences may indeed be preferred
for reporter virus construction, and may also be an approach to further improving this
and other strategies we have developed as part of this study. Nonetheless, both the
fluorescent and luminescent versions of this construct show strong reporter expression that
accumulates rapidly postinfection and, thus, are suitable for a wide range of applications
where modestly decreased growth is not a critical concern.

Building on these previous approaches, the major goal of this work was to expand
the range of strategies available for generating reporter-expressing arenaviruses in order
to develop resources that might be suitable for additional kinds of studies (e.g., those
where imaging of protein localization is important) that are not currently possible using
the existing strategies. Consequently, we were interested in exploring both the possibility
of creating fusions with other viral proteins, as well as generating noncleavably fused
viral proteins that might be suitable for imaging applications, including live cell imaging.
Unfortunately, unlike the T2A-linked versions, we could not rescue TCRV containing NP
directly fused to reporters at the N-terminus. Since these reporter-fused proteins also
showed decreased functionality in the minigenome system, we suggest that this might be
due to impairment of NP-NP interactions, which are mediated by the N-terminal domain of
the protein, and are known to be important for RNA binding and, subsequently, replication
and transcription [72]. In contrast, C-terminal fusion of reporters to NP had little impact
on minigenome activity, with the exception of direct fusions to GFP. Since similar issues
were not observed using a direct mCherry fusion, we suggest that this problem may be
due to the tendency of GFP to dimerize (whereas mCherry is monomeric), which may
then also impair the normal oligomerization of NP. However, despite their functionality
in viral RNA synthesis, we still could not rescue any of the viruses with C-terminal NP
fusions, regardless of whether they were directly or cleavably fused. This suggests that
the presence of a reporter protein (or even the residual short amino acid sequence left
following T2A cleavage) at this location might impair the ability of NP to undergo other
protein—protein interactions. In particular, the C-terminal domain of NP is responsible
for interaction with Z, which impacts both budding efficiency and recruitment of RNPs
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to the budding particles [45,73,74], and we cannot currently exclude perturbations in this
interaction. Nonetheless, despite not being viable in a virus context, these directly C-
terminally reporter fused NPs are well-expressed and easily detectable, and thus, still
have significant potential value, for instance in imaging studies examining inclusion body
dynamics and/or protein trafficking. In these cases, the fluorescent versions of NP could be
transfected either alone, together with other components of the ribonucleoprotein complex,
or even together with a TCRV-wt infection, such as has been previously done for studies of
LCMV Z trafficking [75].

When we examined the possibility of generating functional reporter fusions to the C-
terminus of GPC, cell—cell fusion assays clearly showed that both cleavable and direct GPC
fusions strongly impaired fusion activity, independent of the reporter used. Interestingly,
however, we were still able to produce trVLPs that efficiently entered target cells when
using a C-terminally fused GPC-T2A-nLuc. One possible explanation for this difference is
that the presence of additional sequences at the C-terminus of the GP2 fusion-mediating
subunit might stabilize the prefusion conformation of the glycoprotein, such that it requires
an authentic late endosome membrane lipid and/or protein composition to fuse efficiently.
Indeed, specific lipids have been shown to facilitate the fusion of arenaviruses [76], while
intracellular receptors such as Lamp1 and CD63 have been shown to lower the pH require-
ment for viral fusion of LASV and Lujo virus, respectively [77,78]. However, regardless
of the mechanistic basis, this ability to create even cleavable fusions between luciferase
and GPC opened up the possibility to make improvements to the trVLP approach based
on the construction of multicistronic minigenomes (i.e., those where the viral proteins
associated with morphogenesis/budding are expressed from the minigenome itself). Such
an approach reduces assay complexity (and thereby potentially increases assay robustness)
by eliminating the need for multiple transfections, while at the same time allowing the
possibility to regulate the expression of these genes, which are often inhibitory for viral
RNA synthesis, as is the case with the arenavirus Z [6]. Similar multicistronic trVLP systems
for filoviruses that have been developed in recent years have shown that these systems are
dramatically more efficient than monocistronic minigenome-based systems [79], and our
data indicate that this is also the case for arenaviruses. Indeed, while we were previously
able to develop a classical monocistronic minigenome-based trVLP system for JUNV [16],
a similar approach for TCRV was unsuccessful (data not shown), while the correspond-
ing multicistronic approach used in this study proved very efficient. The availability of
this additional reverse genetics-based tool for TCRV has clear potential applications for
mechanistic studies, since such trVLPs are based exclusively on arenavirus components
and, thus, can be expected to mediate entry and fusion in a mechanistically authentic
way. Nonetheless, despite the ability of at least cleavable fusion-based approaches to
mediate entry in trVLP-based approaches, we were unable to rescue any recombinant
viruses expressing reporters fused to GPC, suggesting that there is indeed some degree of
functional impairment compared with wild-type even during entry in an authentic cellular
context. Therefore, rather than focusing on C-terminal fusions, future strategies might
rather consider adding the reporter at the cleavage site between GP1 and GP2.

Despite challenges in generating fusions, and particularly direct fusions, to either NP
or GP we were, somewhat surprisingly, able to rescue recombinant TCRVs encoding both
direct and cleavable C-terminal reporter fusions to Z. Further, while intuitively, one might
expect shorter sequences to be less disruptive, we observed that direct fusions of fluorescent
proteins to Z resulted in viruses that replicated slightly more efficiently than their T2A-site-
containing counterparts (where only a short peptide sequence remains following reporter
cleavage). This is despite the fact that the reporters used are relatively long (171-239 amino
acids) in comparison to the protein itself (95 amino acids) and that Z needs to undergo not
only extensive homo-oligomerization, but also protein—protein interactions with NP, GP,
and L to fulfill its diverse functions in the virus lifecycle. Interestingly, these differences
in viral growth between the directly fused constructs and the corresponding constructs
containing a T2A site do not seem to be explained by differences in budding efficiency
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or the interactions of Z with either NP or L, as seen from the VLP and minigenome data.
While plasmid-based expression of LCMV Z directly fused to RFP at its C-terminus has
been previously used in microscopy studies exploring the trafficking of this protein [75],
this is the first indication that such fusions are also viable in a viral context. It is, however,
worth noting that budding of TCRV Z is somewhat unusual among arenaviruses, in that
it occurs without canonical proline-rich late domains that normally play a major role in
the recruitment of ESCRT proteins [80]. Further, it requires support from NP for efficient
budding [45], suggesting that TCRV NP might also be playing a role in the recruitment of
the ESCRT machinery [7]. As such, it will be interesting to determine whether these specific
features of TCRV budding confer increased tolerance of TCRV Z to C-terminal reporter
fusions, or whether this strategy is viable for other arenaviruses as well.

In contrast to our relative success creating fusions to Z, for TCRV L this proved to be
more challenging. In general, neither direct nor T2A cleavable N-terminal fusions interfered
with the ability of L to support minigenome activity (with the exception of the direct fusion
with nLuc), and indeed, cleavable fusions even seem to slightly enhance minigenome
activity. Nonetheless, despite robust activity in viral RNA synthesis, we were unable to
rescue any of the corresponding viruses. However, as for some of our directly fused NP
constructs, these L constructs directly fused at their N-terminus to fluorescent reporters
will still provide valuable tools for imaging approaches, particularly those focused on
understanding the formation and function of arenavirus replication complexes. In contrast,
C-terminal fusion of the reporters resulted in an L protein that was strongly impaired or, in
most cases, completely nonfunctional. Further, these C-terminal directly fused L proteins
seem to show some evidence of aggregation within the cytoplasm, particularly for the GFP-
fused construct, suggesting that problems with folding or oligomerization may contribute
to their lack of function. This is consistent with previously published observations that
adding tags to the C-terminus of LASV-L also impairs its activity by modifying the protein
conformation [81]. Given these difficulties in generating terminal fusions to L, we finally
considered a strategy that was initially described for Measles virus [46], but has also
successfully been used for other NSVs, such as Vesicular stomatitis virus [47] and in our
own work on Ebola virus [82], in which reporter genes can be inserted into a flexible hinge
region within the polymerase. Indeed, for LASV L, a similar domain structure, composed of
discrete domains connected by flexible linker regions, is also experimentally supported [81].
As expected, based on previous studies with these other NSVs, internally fused TCRV
L proteins showed activity comparable with wild-type in a minigenome assay, and the
corresponding viruses could be readily rescued. However, despite only modest attenuation
of virus growth, reporter expression was surprisingly poor in comparison to results from
these other systems [46,47,82]. While this might be due to comparatively lower expression
levels of the arenavirus polymerase, for instance as a result of their fundamentally different
transcription strategies, studies on LASV L have also suggested that tags placed in this
region may themselves reduce expression of L [81]. Nonetheless, reporter expression was
still clearly detectable following infection with a recombinant TCRV expressing an internal
L fusion with nLuc, indicating that this strategy is indeed viable, but that its practical utility
appears to be primarily determined by the sensitivity that can be achieved during reporter
detection. In this context, the continuous efforts being made to generate increasingly bright
fluorescent protein derivatives (e.g., mGreenLantern, SuperTag-RFP) [83,84] will likely
support the future success of recombinant fluorescent arenavirus generation based on
this approach.

Overall, several of the strategies evaluated here were found to be viable, and in
particular, led to the creation of direct fusion proteins that retain key functions (i.e., C-
terminal fusions with NP, C-terminal fusions with Z, and N-terminal or internal fusions
with L) and in some cases could even be used to generate viable recombinant TCRVs
(i.e., using C-terminal fusions with Z, and internal fusions with L). These resources are
themselves of great value for future research, particularly due to their suitability for use in
imaging applications that have the potential to significantly advance our understanding
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of spatiotemporal dynamics of viral protein localization and trafficking. Further, the
systematic approach used in our study has revealed a number of insights regarding the
impact of the location and size of the reporter genes, reporter sensitivity, as well as the
suitability of different 2A self-cleavage sites for recombinant arenavirus construction that
will inform future studies and allow the construction of reporter-expressing arenaviruses
more suitable for specific applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
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alignment.
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