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Abstract

Respiratory syncytial virus (RSV) poses a significant global health challenge, particularly
affecting infants, the elderly, and immune compromised individuals. Despite recent pro-
gress in the development of vaccines and monoclonal antibodies, effective antiviral ther-
apies remain limited. To advance the discovery of antiviral drugs, we have developed a
dual-reporter RSV minigenome system, providing a safe and robust platform for antiviral
evaluation. This system incorporates NanoLuc luciferase and superfolder GFP (sfGFP)
linked by a self-cleaving P2A peptide, allowing for simultaneous detection of orthogonal
signals. Validation with L polymerase inhibitors confirmed the system's reliability for
screening small-molecule inhibitors. The linear correlation observed between reporter sig-
nals enhances the assay's reliability for antiviral assessment. This dual-reporter minige-
nome system advances targeted therapeutic strategies against RSV.

Keywords: Respiratory Syncytial Virus, Minigenome, Dual-reporter system, Antiviral
drug evaluation, Large polymerase

1. Introduction

Respiratory Syncytial Virus (RSV) poses a significant global health risk, especially to
infants, the elderly, and those with weakened immune systems [1]. It is a leading cause of
lower respiratory infections in infants, with millions of cases annually, mainly in resource-
limited countries [2, 3]. In adults, particularly the elderly, RSV is a major cause of severe
respiratory illness [4]. The virus can lead to pneumonia and other serious complications,
especially in immunocompromised individuals [5]. There is increasing focus on
developing vaccines and antiviral treatments to address RSV's impact across all age
groups [6, 7]. Despite extensive research, significant obstacles remain in developing RSV
interventions. Vaccine candidates struggle with less than 75% efficacy in elderly trials,
limited age-specific use, and incomplete protection against diverse strains [8-10]. Similarly,
antiviral development remains restricted, with only three FDA-approved agents—the
small-molecule inhibitor ribavirin and the monoclonal antibodies palivizumab and
nirsevimab —offering limited effectiveness against evolving variants [11] and the antiviral
drug market is projected to reach $2.5 billion by 2030 [10, 12]. Antiviral drug discovery
using wild-type or recombinant viruses is technically complex, time-consuming, and
requires strict biosafety measures. Minigenome platforms offer a solution without using
infectious viral particles, reducing biosafety risks and speeding up drug discovery [12].
Complementary structure-guided approaches such as fragment-based screening have

O N N O

11

12
13
14
15
16
17
18
19
20
21
22

23
24

25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43


mailto:wuchao@szbl.ac.cn

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.01.15.000084. This version posted January 17, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

2 of 17

also been used to target conserved nucleoprotein domains implicated in viral RNA
synthesis, providing starting points for small-molecule development [13].

The minigenome system is a powerful tool in virology, enabling researchers to dissect
viral replication and transcription in cellular contexts without viral infection [14, 15]. This
system typically employs truncated viral genomic or antigenomic cDNA fragments, in
which most viral genes are replaced with reporter genes. This substitution allows
recapitulation of viral processes through the expression of readily detectable markers,
such as luciferase or fluorescent proteins [14]. Minigenome platform helps evaluate
potential viral RNA synthesis inhibitors [16, 17] and identify essential proteins and RNA
elements for viral processes like genome encapsulation and transcriptional regulation [15,
18]. The use of minigenome system to study filovirus replication and transcription has
also been demonstrated [19-21]. For example, Ebola virus minigenome assays have been
applied to functionally map nucleoprotein determinants and to test inhibitory strategies
targeting key protein interfaces [22, 23].

RSV gene expression has been examined using several complementary reconstituted
systems that differ in how much of the viral life cycle they model. A widely used helper-
dependent dicistronic minigenome (e.g., RSV-CAT-LUC) is transfected as in vitro—
synthesized RNA into RSV-infected cells, where the infection supplies the viral factors
needed for transcription/replication, making it particularly useful for testing how
different intergenic regions influence sequential transcription [14]. In contrast, infection-
free minigenome assays reconstitute RSV polymerase activity by co-expressing the
required viral components alongside a reporter minigenome, enabling quantitative
analysis of transcription (and, depending on design, genome replication) without the
confounding effects of infection [24]. A more reductionist minimal replication system
demonstrated that functional expression of N, P, and L from cDNA is sufficient to support
replication of RSV genomic RNA analogs, thereby defining the minimal trans-acting
requirements for RNA replication [25]. Finally, full reverse genetics platforms (e.g., BAC-
stabilized RSV antigenome cDNA combined with recombination-mediated mutagenesis)
allow hypotheses from minigenome assays to be validated in the context of infectious
recombinant RSV [26].

Building upon these foundations, we engineered a dual-reporter minigenome system
capable of simultaneously expressing NLuc luciferase and sfGFP. This design integrates
orthogonal detection modalities into a single platform to ensure robust data reliability.
While NLuc offers superior sensitivity and dynamic range for high-throughput
biochemical quantification, sfGFP provides a critical validation layer through real-time
spatial visualization and flow cytometry [27]. Importantly, this dual-readout strategy
effectively mitigates false-positive hits common in high-throughput screening—
specifically those caused by compounds that directly inhibit luciferase enzymatic activity
or stability rather than viral replication —thereby significantly enhancing the fidelity of
antiviral drug discovery.

2. Materials and Methods
2.1. Viruses, cells and plasmids

The RSV A2 strain was obtained from the Chinese Academy of Medical Sciences
Collection Center for Pathogenic Microorganisms. The BSR-T7/5 and HEp-2cell lines were
maintained in DMEM medium supplemented with 10% fetal bovine serum (FBS) at 37°C
in a 5% CO2 atmosphere. Furthermore, we constructed expression plasmids encoding the
N, P, M2-1, and L proteins of the RSV A2 strain, specifically pCAGGS(+)-RSV A2-N,
PCAGGS(+)-RSV A2-P, pCAGGS(+)-RSV A2-M2-1, and pCAGGS(+)-RSV A2-L. The
primers employed for RT-qPCR were as follows: forward primer
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RGGAATGCTTCACACATTAGT and reverse primer CCTCATTCCTGAGTCTTGCC. 94
We created RSV L active site mutant plasmids named L-D811A, L-G1264A, L-R1339A,and 95
L-G18555 based on published papers or articles [29, 30], and confirmed their sequences 96
through sequencing. 97

2.2. Construction of minigenomes 98

The reporter gene is flanked by the RSV gene start (GS) and gene end (GE) sequences, 99
which play a crucial role in regulating expression. To more accurately simulate viral 100
replication, non-coding regions (NC), such as NS1-NC and L-NC, are inserted adjacent to 101
the GS and GE sequences [31]. Furthermore, the minigenome complementary DNA 102
(cDNA) incorporates Leader and Trailer sequences, along with the T7 promoter, T7 103
terminator, and ribozymes (e.g., hammerhead ribozyme [HHRz] and hepatitis delta virus 104
ribozyme [HDVRz]) [32, 33]. The Leader and Trailer sequences are responsible for 105
transcription and replication, while the ribozymes ensure precise terminal sequence for 106
both positive and negative strand minigenomes [34]. Transcription from the T7 promoter 107
is facilitated by T7 RNA polymerase (T7 RNP), which is provided through recombinant 108
viruses, expression plasmids, or genetically engineered cell lines [15]. The T7 terminator 109
ensures precise termination of transcription downstream of the viral genome. In order to 110
replicate the negative-sense RNA genome of RSV, all non-structural elements, including 111
the T7 promoter, terminator, and ribozymes, were strategically engineered in a reverse 112
complementary orientation. We developed three distinct minigenome constructs: (1) a 113
system expressing NLuc, (2) a system expressing sfGFP and (3) a dual-reporter system 114

facilitating co-expression of NLuc and sfGFP fused with a self-cleaving peptide P2A. 115

Design Specifications: 116
(A) Mini-NLuc: 5'-T7 pro->HHRz—Trailer—-L GE—-NC2—NLuc—NC1—-NS1 117
GS—Leader—HDVRz—T7 ter; 118
(B) Mini-sfGFP: 5'-T7 pro-»HHRz—Trailer—»L GE—-NC2—sfGFP—-NC1—-NS1 119
GS—Leader—HDVRz—T7 ter; 120
(C) Mini-NLuc-sfGFP: 5'-T7 pro-~HHRz—Trailer—L 121
GE—-NC2—sfGFP—P2A—NLuc—»NC1—-NS1 GS—Leader-HDVRz—T7 ter. 122

A critical feature of the dual-reporter design is the incorporation of the P2A peptide, 123
which facilitates the coordinated translation of both reporter proteins from a single mRNA 124
transcript via ribosomal skipping. The cDNA sequences were synthesized by General 125
Biology (Anhui) Co., Ltd., and subsequently cloned into the pOK12 vector to construct the 126
pOK12-Mini-NLuc, pOK12-Mini-sfGFP, and pOK12-Mini-NLuc-sfGFP plasmids. The 127
plasmids were sequenced by BGI Biological Engineering (Shenzhen) Co., Ltd. 128

2.3. Transfection system 129

BSR-T7/5 cells were cultured in 12-well plates and transfected with Lipofectamine 130
2000 (Thermo Fisher Scientific, catalog# 11668019) upon reaching 80-90% confluency. The 131
optimized transfection are detailed in Table 1. At 48 hours post-transfection, sfGFP 132
expression levels were quantified via fluorescence microscopy, while NanoLuc luciferase 133
activity was evaluated using the Nano-Glo® Dual-Luciferase® Reporter Assay System 134
(Promega, catalog number N1620), following the manufacturer's protocol. FLuc was 135

introduced as a transfection control [35]. 136
137

138

Tablel: Minigenome transfection protocol 139

Groups Shared plasmids Additional Plasmids
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I Mini-NLuc-sfGFP (1 pg)
+pCAGGS-RSV A2-L (1 pg)
II Mini-NLuc-sfGFP (1 pg)
I pPCAGGS-RSV A2-N (0.5 pg) Mini-NLuc (1 ug)
pPCAGGS-RSV A2-P (0.5 pg) +pCAGGS-RSV A2-L (1 pg)
PCAGGS-RSV A2-M2-1 (0.5 ug) .
Mini-NLuc (1
NV DNA31()-FLuc (05 ug) ini-NLue (1 pg)
v Mini-sfGFP (1 ug)
+pCAGGS-RSV A2-L (1 pg)
VI Mini-sfGFP (1 ug)
140
2.4. Small molecule compounds evaluation 141

Small molecule inhibitors of RSV L polymerase, AVG-233 (CAS no. 2151937-80-1) 142
and RSV L-protein-IN-4 (CAS no. 851657-60-8), both sourced from Topscience Co. Ltd, 143
China, were diluted in DMSO to create stock solutions at various concentrations. 144
Cytotoxic effects of these compounds were assessed on BSR T7/5 and HEp-2 cell lines, and 145
the maximum non-toxic dose was determined. Subsequently, BSR-T7/5 cells were 146
cultured and seeded into a 12-well plate. Once cell confluence reached 80%-90%, 147
transfection was conducted using Lipofectamine 2000 reagent. Six hours post-transfection, 148
medium was replaced with fresh one containing varying concentrations of small 149
molecules. Samples were incubated at 37°C in a 5% CO: atmosphere for 48 hours. Control 150
groups, transfected with minigenome plasmids and treated with DMSO (vehicle control), 151
were assayed for Fluc activity. 152

2.5. Correlation analysis of NLuc and sfGFP reporter signal 153

Inhibitory effects of t AVG-233 and RSV L-protein-IN-4 on expression of sfGFP and 154
NLuc from Mini-NLuc-sfGFP were tested. An inverted fluorescence microscope was used 155
to observe sfGFP expression, and the fluorescence intensity of stGFP was analyzed using 156
Fiji (Image J) software (https://fiji.sc/). Meanwhile, the luciferase activity of treatment 157
groups was determined. Finally, the measured sfGFP fluorescence intensity data and 158
luciferase activity data were fitted with a linear function. 159

2.6. Assessment of small molecule inhibitors on RSV replication 160

HEp-2 cells were cultivated in 12-well plates until t 90% confluency. Viral load was 161
calibrated by performing cell counts across triplicate wells. Cells were subsequently 162
infected with the RSV A2 (MOI 0.1) for 2 hours at 37°C. Following the adsorption phase, 163
unbound virions were eliminated by performing three washes with serum-free DMEM. 164
Treatment groups were then administered a maintenance medium containing 2% FBS 165
with varying concentrations of AVG-233 or RSV L-protein-IN-4, and incubated for 72 166
hours. 167

To assess the inhibitory effects of small molecules on RSV A2 replication, 168
immunofluorescence staining was performed. Initially, cells were washed with PBS to 169
remove serum and subsequently fixed with 4% paraformaldehyde (Cat# P0099-500mL, 170
Beyotime) for 30 minutes at room temperature. Following three PBS washes, cells were 171
permeabilized with 0.3% Triton X-100 (Cat# P0096-100mL, Beyotime) for 5 minutes, 172
followed by three additional 5-minute PBS washes. Primary antibody staining was 173
conducted using a 1:500 dilution of mouse anti-RSV N monoclonal antibody (Cat# 174
ab94806, Abcam), with incubation at 4°C for 16 hours., After unbound antibodies were 175
removed through three PBS washes, cells were incubated with a 1:500 dilution of FITC- 176
conjugated goat anti-mouse IgG secondary antibody (Cat# SF131, Solarbio) at room 177
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temperature for 1.5 hours, followed by three final PBS washes. Fluorescent signals were 178
acquired using an inverted fluorescence microscope. 179

To quantitatively evaluate the impact of small molecules on the replication of the 180
RSV A2 genome, viral genomic RNA was extracted from both the cellular and supernatant 181
fractions of RSV A2-infected cultures treated with varying concentrations of AVG-233and 182
RSV L-protein-IN-4. This extraction was conducted using a commercial viral DNA/RNA 183
extraction kit (Cat#AG21021, Agbio) following manufacturer's guidelines. Subsequently, 184
reverse transcription-quantitative PCR (RT-qPCR) was performed using RSV P gene- 185
specific primers in conjunction with the One Step RT-qPCR Mix (Cat#Q221-01, Vazyme). 186
Absolute quantification of viral RNA copies was accomplished through use of a pOK12- 187
RSV P plasmid standard curve, facilitating a precise assessment of the inhibition effects 188
mediated by the compounds. 189

2.7. Statistical analysis 190

Data analysis was performed using GraphPad Prism 9.0 software. Statistical 191
comparisons were made using Student's two-tailed t-test and two-way ANOVA, with 192

significance set at a p-value < 0.05. 193
2.8 Schematics 194

All schematics were created using BioRender software (https://biorender.com). 195
3. Results 196
3.1. Construction and working principles of the dual-reporter minigenome system 197

The RSV minigenome system was developed by substituting the viral coding 198
sequences in the genomic cDNA with reporter genes, such as luciferase or fluorescent 199
proteins. This modification was performed while maintaining essential cis-acting 200
elements, specifically the Leader and Trailer sequences, which are crucial for the 201
regulation of transcription and replication. 202

To develop a multiplexed readout platform, we engineered an advanced dual- 203
reporter minigenome by linking sfGFP and NLuc using a self-cleaving P2A peptide. This 204
configuration facilitates the coordinated expression of both reporters from a single mRNA 205
transcript under a single promoter. The ribosome-skipping activity of the P2A peptide 206
ensures near-complete cleavage of the translated polyprotein, resulting in stoichiometric 207
production of distinct sfGFP and NLuc proteins. The sfGFP reporter was chosen for its 208
remarkable photostability, rapid folding kinetics, and resistance to environmental 209
stressors—characteristics essential for sensitive real-time monitoring in complex 210
biological environments. Concurrently, NLuc luciferase offers superior analytical 211
performance due to its compact size (19.1 kDa), high luminescent output (over 100-fold 212
brighter than firefly luciferase), and rapid signal kinetics, facilitating high-temporal- 213
resolution quantification of viral replication dynamics. 214

The minigenome functions through a specific mechanism: BSR-T7/5 cells, which 215
stably express T7 RNA polymerase, were co-transfected with an engineered minigenome 216
c¢DNA and helper plasmids encoding the RSV nucleoprotein (N), phosphoprotein (P), 217
large polymerase (L), and transcription elongation factor (M2-1). Post-transfection, the T7- 218
generated minigenome RNA is encapsidated by N to form a functional ribonucleoprotein 219
template. This RNP is subsequently recognized by the polymerase complex (L and P), 220
aided by M2-1, to initiate transcription of mRNA. This mRNA encodes NLuc and sfGFP, 221
linked by a P2A self-cleaving peptide. During translation, ribosomes synthesize a single 222
NLuc-P2A-sfGFP polyprotein, which undergoes autocatalytic cleavage at the P2A site 223
with approximately 98% efficiency, resulting in the production of discrete, functionally 224
active NLuc and sfGFP proteins. Concurrently with transcription, the polymerase 225
complex facilitates replication by synthesizing antigenomic RNA from the minigenome 226
template, followed by the production of genomic RNA from the antigenomes, thus 227
establishing a self-amplifying replication cycle (Figure 1). 228
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Figure 1. Schematic diagram of the RSV minigenome. The RSV minigenome has been designed as a
synthetic analog of the native negative-sense RNA genome, preserving three essential regulatory
elements: the Leader sequence, which initiates transcription; the Trailer sequence, which facilitates
genome replication; and a dual-reporter cassette. This cassette incorporates stGFP and NLuc,
separated by P2A peptide, thus allowing for equimolar co-expression from a single transcriptional

unit.

3.2. The Mini-NLuc and Mini-sfGFP systems exhibit reporter activity

Initially, two minigenome constructs, designated as Mini-NLuc and Mini-sfGFP,
were developed in accordance with the experimental design. The Mini-NLuc system
incorporates NLuc as its reporter gene, whereas the Mini-sfGFP system utilizes sfGFP as
the reporter gene (Figure 2A). To evaluate their functionality, either Mini-stGFP or Mini-
NLuc was co-transfected into BSR-T7/5 cells along with four plasmids encoding the
essential auxiliary proteins of the RNP complex: RSV N, P, L, and M2-1 proteins. These

proteins are crucial for the transcription and replication of the minigenome. After 48 hours,

sfGFP fluorescence was detected via fluorescence microscopy, and luciferase activity was
quantified. The results demonstrated robust green fluorescence in cells transfected with
Mini-sfGFP (Figure 2B) and significant luciferase activity in cells transfected with Mini-
NLuc (Figure 2C), thereby confirming efficient reporter gene expression facilitated by the
helper protein complex. Control experiments underscored the critical role of the RSV L
protein, as its absence resulted in neither sfGFP fluorescence nor luciferase activity.
Subsequently, the engineered L mutants were assessed utilizing mini-NLuc and
mini-sfGFP assays (Figure 2D). Our findings indicate that, in comparison to the wild-type
L, the sfGFP fluorescent foci associated with the L active site mutants exhibited a
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significant reduction (Figure 2E and F), while NLuc activity was also markedly 253
diminished (Figure 2G). 254
Mini-NLuc: (Q/\ HHRz Trailer L-GE L-NC2 9MIN | NS1-NC1 | NS1-GS | Leader | HDVRz ‘(/L 3
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§ 40
wt-L L-D811A L-G1264A L-R1339A L-G1855S 255
Figure 2. Construction and characterization of the single-reporter gene minigenome. We engineered 256
minigenomes incorporating either NLuc or sfGFP reporter genes to evaluate their functionality 257
through fluorescence and luciferase assays. (A) The Mini-NLuc and Mini-sfGFP vectors are 258
structurally identical except for the reporter gene, with Mini-NLuc comprising the T7 promoter, 259
HHRz, RSV trailer, L gene termination sequence, non-coding regions, NLuc sequence, RSV leader, 260
HDVRz, and T7 terminator. Italicized sequences indicate reverse sequences. (B) Co-transfection of 261
Mini - sfGFP with helper plasmids into BSR T7/5 cells results in green fluorescence, which is absent 262
without the L protein. Scale bar = 300 pum. (C) Co-transfection of Mini-NLuc with helper plasmids 263
into BSR T7/5 cells induces NLuc activity, which is not observed without the L protein. (D) Diagram 264
of L mutants; (E and F) Analysis of fluorescent foci and fluorescence intensity of L active site mutants 265
using mini-sfGFP. (G) NLuc activity evaluation of L active site mutants via mini-NLuc analysis (*** 266
p <0.001; *** p <0.001). Data are presented as mean + SD of three independent experiments, each 267
performed in triplicate. 268
3.3. Mini-NLuc-sfGFP co-expresses sfGFP and NLuc 269
We engineered the dual-reporter minigenome, Mini-NLuc-sfGFP, which integrates 270
benefits of Mini-NLuc and Mini-sfGFP. This construct facilitates the concurrent 271
expression of sSfGFP and NLuc through a P2A peptide linker (Figure 3A). For functional = 272
evaluation, Mini-NLuc-sfGFP was co-transfected with plasmids encoding the RSV N, P, 273
L, and M2-1 proteins into BSR-T7/5 cells. At 48 hours post-transfection, both sfGFP 274
fluorescence and NLuc activity were assessed. The results indicated that stGFP expression 275
in Mini-NLuc-sfGFP-transfected cells was comparable to that in Mini-sfGFP-transfected 276
cells (Figures 3B, 3C), and NLuc activity was analogous to that observed in Mini-NLuc- 277
transfected cells (Figure 3D). These findings confirm that Mini-NLuc-sfGFP successfully 278
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integrates the functionalities of both single-reporter systems, facilitating efficient co- 279
expression of sfGFP and NLuc without compromising the performance of either reporter. 280

17
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281

Figure 3. Construction and characterization of Mini-NLuc-sfGFP. (A) Mini-NLuc-sfGFP's structure 282
includes the T7 promoter, HHRz sequence, trailer, L gene end signal and untranslated regions, 283
NLuc sequence, NS1 gene untranslated and gen start signal, leader region, HDVRz sequence, and 284
T7 terminator. Italicized sequences indicate reverse sequences. (B) Co-transfection with helper 285
plasmids in BSR-T7/5 cells produced green fluorescent spots, absent without L (scale bar: 300 um). 286
(C) stGFP fluorescence in Mini-NLuc-sfGFP-transfected cells match that of Mini-sfGFP-transfected = 287
cells. (D) Luciferase activity was present in cells co-transfected with Mini-NLuc-sfGFP and helper 288
plasmids, but absent without the L protein. Data are presented as mean + SD of three independent 289

experiments, each performed in triplicate. 290

3.4. Mini-NLuc-sfGFP is an efficient tool for evaluating antiviral small molecules 291

The Mini-NLuc-sfGFP system was employed to evaluate small molecules for 292
antiviral activity against RSV, with AVG-233 and RSV L protein-IN-4 selected as test 293
compounds (Figures 4A). Initially, BSR-T7/5 cells were co-transfected with plasmids 294
encoding the RSV proteins N, P, L, and M2-1. Subsequently, AVG-233 and RSV L protein- 295
IN-4 were added individually, and after a 48-hour incubation period, their capacity to 296
inhibit minigenome expression was assessed by monitoring sfGFP fluorescence intensity = 297
and measuring NLuc activity. The results indicated that both compounds significantly 298
reduced NLuc activity in a dose-dependent manner (Figures 4B and 4C), underscoring 299
the practical utility of this system for preliminary antiviral evaluation. Based on these 300
findings, subsequent experiments will employ lower concentrations of the compounds to 301
further explore their inhibitory effects on reporter gene signals. 302
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Figure 4. Mini-NLuc-sfGFP for small molecule evaluation. (A) The experimental protocol involved 304
transfecting the Mini-NLuc-sfGFP minigenome into BSR-T7/5 cells, followed by treatment with a 305
range of small molecules. The inhibitory effects were initially assessed by quantifying fluorescence 306
intensity or NLuc activity, leading to the selection of promising candidates for further investigation. ~ 307
(B) AVG-233 reduced BSR-T7/5 cell viability in a concentration-dependent manner (ODas0). (C) 308
Similarly, RSV L-protein-IN-4 reduced BSR-T7/5 cell viability in a concentration-dependent manner 309
(ODuso). (D) AVG-233 demonstrated a dose-dependent inhibition of Mini-NLuc-sfGFP reporter gene 310
expression, as indicated by luciferase activity. (E) Similarly, RSV L-protein-IN-4 exhibited dose- 311
dependent inhibition of Mini-NLuc-sfGFP reporter gene expression, also measured by luciferase 312
activity. Data are presented as mean + SD of three independent experiments, each performed in 313

triplicate. 314

3.5. Mini-NLuc-sfGFP shows a linear correlation between NLuc and sfGFP signals 315

We assessed the linear relationship between sfGFP fluorescence and NLuc activity in =~ 316
the Mini-NLuc-sfGFP system by examining the effects of two RSV L protein inhibitors, 317
AVG-233 and RSV L-protein-IN-4. Both inhibitors were tested across a range of 318
concentrations, with measurements taken for stGFP fluorescence and NLuc activity. The 319
results indicated that AVG-233 induced dose-dependent reductions in both sfGFP 320
fluorescence (Figure 5A and B) and NLuc activity (Figure 5C), demonstrating a strong 321
linear correlation (R? = 0.977, Figure 5D). Similarly, RSV L-protein-IN-4 led to dose- 322
dependent decreases in sfGFP fluorescence (Figure 6A and B) and NLuc activity (Figure 323
6C), also exhibiting a strong linear correlation (R? = 0.974, Figure 6D). In conclusion, the 324
Mini-NLuc-sfGFP system effectively produces concurrent stGFP and NLuc signals witha 325
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robust linear relationship, underscoring its reliability for screening antiviral compounds 326
against RSV and supporting future drug development endeavors. 327
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Figure 5. Analysis of the linear relationship between sfGFP and NLuc in Mini-NLuc-sfGFP for 329
evaluating AVG-233. (A) Effect of AVG-233 on sfGFP fluorescence at 0, 0.01, 0.05, 0.25,0.5,1, 2,and 330
3 uM. (B and C) AVG-233 demonstrated a dose-dependent inhibition of Mini-NLuc-sfGFP reporter 331
gene expression, as indicated by fluorescence intensity and luciferase activity. (D) Linear regression 332
showed a significant correlation between sfGFP and NLuc. Scale bar: 400 pm. Data are presented as 333
mean + SD of three independent experiments, each performed in triplicate. 334
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Figure 6. Analysis of the linear relationship between sfGFP and NLuc in Mini-NLuc-sfGFP for 336
evaluating RSV L-protein-IN-4. (A) Effect of RSV L-protein-IN-4 on sfGFP fluorescence at 0, 0.01, 337
0.05, 0.25, 0.5, 1, 2, and 3 uM. (B and C) RSV L-protein-IN-4 demonstrated a dose-dependent 338
inhibition of Mini-NLuc-sfGFP reporter gene expression, as indicated by fluorescence intensity and 339
luciferase activity. (D) Linear regression showed a significant correlation between sfGFP and NLuc. 340
Scale bar: 400 um. Data are presented as mean * SD of three independent experiments, each 341

performed in triplicate. 342

3.6. Mini-NLuc-sfGFP strongly correlates with viral inhibition in small molecule evaluations 343

To validate the Mini-NLuc-sfGFP system for assessing small-molecule inhibitors of 344
RSV replication, we evaluated two compounds —AVG-233 and RSV L-protein-IN-4 —both 345
known to target the RSV L protein. Their inhibitory effects across concentrations were 346
analyzed using indirect immunofluorescence assays (IFA) and reverse transcription 347
quantitative PCR (RT-qPCR). 348

Results showed that increasing concentrations of AVG-233 (Figure 7A) and RSV L- 349
protein-IN-4 (Figure 7C) reduced viral infection foci. RT-qPCR further confirmed dose- 350
dependent suppression of wild-type RSV A2 genome replication: AVG-233 reduced viral 351
genome copies from 0 to 3 uM (Figure 7C), whereas RSV L-protein-IN-4 inhibited 352
replication within its safe concentration range (Figure 7D). 353

The integration of IFA and RT-qPCR facilitated a thorough examination of the 354
antiviral efficacy and dose-dependency of the compounds, thereby affirming a robust 355
correlation between the Mini-NLuc-sfGFP system and live virus. 356
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Figure 7. Validation of small-molecule inhibitory effects assessed by Mini-NLuc-sfGFP and 358
confirmed in RSV A2. RSV A2 infection was conducted at a multiplicity of infection (MOI) of 0.1, 359
utilizing a primary antibody of mouse anti-RSV F and a secondary antibody of goat anti-mouse 360
FITC conjugate (A) Immunofluorescence imaging showed that AVG-233 inhibited viral infection at 361
0, 0.01, 0.05, 0.25, 0.5, 1, 2, and 3 uM. (B) Viral genome copy numbers via RT-qPCR at equivalent 362
concentrations. (C) Immunofluorescence imaging showed that RSV L-protein-IN-4 inhibited viral 363
infection at 0, 0.01, 0.05, 0.25, 0.5, 1, 2, and 3 uM. (D) Viral genome copy numbers via RT-qPCR at 364
equivalent concentrations. Scale bar: 400 um. Data are presented as mean + SD of three independent 365

experiments, each performed in triplicate. 366

4. Discussion 367

RSV affects people of all ages, with children, the elderly, and those with weakened 368
immune systems being most at risk [36]. Although there are no global antiviral treatments 369
for RSV, the FDA approved two vaccines in 2023 [37]. However, the FDA and CDC have 370
warned that these vaccines might increase the risk of Guillain-Barré syndrome in older 371
adults [38, 39]. RSV small molecule inhibitors show promise as targeted therapies for high- 372
risk groups, such as newborns, the elderly, and those with weakened immune systems, 373
including cancer patients and organ transplant recipients [40, 41]. After the zero-COVID 374
policy was optimized in late 2022, RSV cases surged in Northern China, with the winter =~ 375
2023 peak reaching a nine-year high [42]. This underscores the ongoing challenges in 376
managing RSV and the urgent need for effective treatments. 377

Traditional RSV minigenome systems rely on BSR T7/5 cells or recombinant vaccinia 378
viruses to provide T7 RNA polymerase. However, vaccinia-based methods can be 379
unstable and introduce interfering viral components. In contrast, the Mini-NLuc-sfGFP 380
system works efficiently in BSR T7/5 cells, which already express T7 RNA polymerase [43]. 381
This system, which integrates fluorescence and luciferase reporters, facilitates both 382
qualitative and quantitative evaluation of small molecules, thereby supporting drug 383
screening and efficacy assessment. Notably, related filovirus minigenome reporter assays 384
have been implemented in a 96-well, internally normalized dual-luciferase format, 385
illustrating feasibility for scalable reporter-based testing[28]. Beyond its application in 386
drug discovery, the dual-reporter minigenome serves as a crucial tool for investigating 387
viral protein functions and replication, thereby advancing our comprehension of RSV~ 388
biology and aiding in the development of antiviral strategies [44]. Additionally, it 389
forecasts the success of recombinant virus rescue, thereby enhancing experimental 390
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outcomes and timelines [26]. As demonstrated in Figure 2, L mutants led to a marked 391
decrease in reporter signals. The application of this minigenome system permits an initial =~ 392
evaluation of the impact of key RSV gene mutations on protein function. This 393
methodology not only conserves time by obviating the need for recombinant virus 394
construction but also contributes to the targeted development of inhibitors. The system's 395
strong compatibility and linearity of reporter signals improve accuracy and reliability. A 396
P2A sequence between sfGFP and NLuc genes enables efficient co-expression from one 397
mRNA, enhancing system efficiency. We chose sfGFP and NLuc for their brightness, rapid 398
folding, stability, low background fluorescence, and quick response, making them ideal 399
for early signal detection and sensitive experiments. This dual-reporter system provides 400
reliable results even under challenging conditions such as temperature or pH fluctuations 401
and toxin exposure, ensuring consistent reporter gene expression [45, 46]. 402

RSV depends on its polymerase complex (N, P, L, and M2-1 proteins) for genome 403
replication [47]. The multifunctional L polymerase is crucial for transcribing viral mRNA 404
and synthesizing complementary RNA, making it a key target for RSV antiviral 405
development [48-50]. Our study used the RSV minigenome system to evaluate two small 406
molecules, AVG-233 and RSV L-protein-IN-4, targeting the L polymerase. AVG-233 non- 407
competitively inhibits RNA synthesis post-initiation, while RSV L-protein-IN-4 blocks 408
mRNA capping, inhibiting mRNA synthesis and viral replication [51, 52]. Both 409
compounds dose-dependently reduced sfGFP and NLuc reporter signals, confirmed in 410
wild-type RSV A2 virus assays, demonstrating the Mini-NLuc-sfGFP system's 411
effectiveness in evaluating RSV-targeting small molecules. 412

The Mini-NLuc-sfGFP system is used not only to discovery drugs targeting the L 413
polymerase but also to investigate RSV's replication and transcription mechanisms. This 414
includes studying the Leader and Trailer regions' roles in genome replication and the 415
effects of viral proteins like N, P, L, and M2-1 on replication compartment formation. 416
Increased N protein levels boost viral RNA replication, while M2-1 does not affect RNA 417
replication or mRNA to antigenome synthesis ratios[53]. Additionally, research on related 418
viruses, such as Ebola, has utilized minigenomes to characterize RNA editing mechanisms 419
and identify essential cis-acting sequences near the editing site [54]. Another study 420
highlighted that specific basic residues, particularly in the first basic patch, are vital for 421
viral RNA synthesis and replication complex formation, influencing VP35-nucleoprotein 422
interactions [55].These findings indicate that our mini-NLuc-sfGFP system can enhance 423
understanding of RSV replication and transcription mechanisms. 424

The Mini-NLuc-sfGFP system offers significant benefits but also has limitations and 425
areas for improvement. It's optimized for a stable T7 polymerase-expressing cell line, 426
removing the need for external polymerase delivery, but this limits its use to certain cell =~ 427
types, excluding those relevant to RSV, like human airway epithelial cultures. Future 428
improvements will require alternative polymerase delivery methods. The system's main = 429
advantage over single-reporter systems is its built-in internal validation: sfGFP provides 430
quick, spatial, and qualitative feedback on transfection efficiency and minigenome 431
activity, aiding in visual assessment and troubleshooting, while NLuc delivers sensitive, 432
quantitative data ideal for dose-response assays and high-throughput screening. 433

For most applications, it is advisable to routinely measure both reporters: (1) In the 434
context of drug screening and small-molecule evaluation, NLuc should serve as the 435
primary quantitative readout due to its superior sensitivity, extensive dynamic range, and 436
minimal background interference. The stGFP signal plays a critical role in quality control, 437
ensuring that any observed reduction in luminescence is attributable to authentic antiviral = 438
activity rather than compound cytotoxicity or inadequate transfection, both of which 439
could also lead to diminished GFP fluorescence. We recommend employing sfGFP for 440
rapid primary screening, such as high-throughput visual inspections to eliminate inactive =~ 441
compounds, thereby reducing the number of samples necessitating NLuc quantification. = 442
Subsequently, NLuc should be utilized to generate precise ICso data for identified hit 443
compounds. For long-term assays exceeding 48 hours, it is advisable to prioritize NLuc, 444
as sfGFP may be susceptible to photobleaching or accumulation in lysosomes, which 445
could result in signal saturation. (2) In investigations of viral replication and transcription 446
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mechanisms, the use of sfGFP proves to be invaluable for monitoring the temporal and
spatial dynamics of minigenome activity in live cells, while NLuc offers precise kinetic
data derived from the same sample lysates. A divergence in the signals from these two
reporters should not be interpreted as indicative of system failure; rather, it presents an
opportunity for more in-depth analysis. A notable reduction in the NLuc signal,
accompanied by a stable sfGFP fluorescence, may imply a specific inhibition of translation
or a potential issue with the luciferase assay itself, such as reagent instability. Conversely,
a simultaneous loss of both signals strongly suggests a defect in upstream processes, such
as RNA synthesis or overall minigenome integrity. Consequently, the dual-reporter
system not only enhances the reliability of the data but also provides a more
comprehensive toolkit for diagnosing the mechanisms of action of antiviral compounds
or the functional consequences of mutations in viral proteins.

Considering these factors, the Mini-NLuc-sfGFP system offers a robust platform for
RSV research, supporting both antiviral discovery and fundamental virology. By
expanding existing RSV minigenome tools with dual, complementary readouts, it enables
efficient evaluation of antiviral candidates and functional analysis of key viral genes.
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