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RESEARCH

CORONAVIRUS

Rapid assessment of SARS-CoV-2-evolved variants

using virus-like particles

Abdullah M. Syed“?t, Taha Y. Taha®t, Takako Tabata®t, Irene P. Chen®*, Alison Ciling?, Mir M. Khalid®,
Bharath Sreekumar®, Pei-Yi Chen®, Jennifer M. Hayashi®, Katarzyna M. Soczek?®,

Melanie Ott>36%, Jennifer A. Doudna’-%57891011x

Efforts to determine why new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants
demonstrate improved fitness have been limited to analyzing mutations in the spike (S) protein with
the use of S-pseudotyped particles. In this study, we show that SARS-CoV-2 virus-like particles
(SC2-VLPs) can package and deliver exogenous transcripts, enabling analysis of mutations within all
structural proteins and at multiple steps in the viral life cycle. In SC2-VLPs, four nucleocapsid (N)
mutations found universally in more-transmissible variants independently increased messenger RNA
delivery and expression ~10-fold, and in a reverse genetics model, the serine-202—arginine (S202R) and
arginine-203—methionine (R203M) mutations each produced >50 times as much virus. SC2-VLPs provide
a platform for rapid testing of viral variants outside of a biosafety level 3 setting and demonstrate

N mutations and particle assembly to be mechanisms that could explain the increased spread of variants,
including B.1.617.2 (Delta, which contains the R203M mutation).

he COVID-19 pandemic is a leading cause

of death globally, owing to the ongoing

emergence of severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2)

variants with increased transmissibility.
Understanding the molecular determinants of
enhanced infectivity is central to vaccine and
therapeutic development, but research is hin-
dered because SARS-CoV-2 can be studied
only in a biosafety level 3 (BSL-3) laboratory.
Furthermore, technical challenges impede ef-
forts to generate mutant infectious clones of
SARS-CoV-2 (I-5). Current studies employ
spike (S) protein-pseudotyped lentivirus sys-
tems for evaluation of S-mediated ACE2 re-
ceptor binding and cell entry (6, 7). However,
most mutations in circulating variants occur
outside of the S gene and are thus inaccessible
by this approach (8).

All SARS-CoV-2 variants of interest or con-
cern defined by the World Health Organiza-
tion contain at least one mutation with >50%
penetrance within a seven-amino acid span
(199 to 205) in the nucleocapsid (N) protein,
which is required for replication, RNA bind-
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ing, packaging, stabilization, and release (8).
Despite its functional importance and em-
ergence as a mutational hotspot, the N protein
has not been widely studied because of the
absence of simple and safe cell-based assays.
Biochemical analysis of N has also proven dif-
ficult because of its instability and propensity
to assemble or phase-separate and to bind RNA
nonspecifically (9-11). To investigate N func-
tion, effects of mutations, and other aspects of
SARS-CoV-2 biology, we set out to develop a
system to package and deliver exogenous RNA
transcripts into cells by means of virus-like
particles (VLPs).

We reasoned that a process that mimics
viral assembly to package and deliver reporter
transcripts would simplify the analysis of suc-
cessful virus production, budding, and entry.
Previous studies have shown that coexpres-
sion of only the structural proteins of corona-
viruses generates VLPs that contain all four
structural proteins (12-17). These VLPs appear
to have similar morphology to infectious viruses
and have been proposed as vaccine candidates
(18). A key requirement for such VLPs to deliver
reporter transcripts into cells is the recogni-
tion of a cis-acting RNA sequence that triggers
packaging. During viral assembly, the N pro-
tein is thought to recognize one or more RNA
structures within open reading frames la
and 1b (ORFlab), thus enabling the full viral
genome that contains this sequence to be
packaged to the exclusion of viral subgenomic
and host transcripts (19). The identification of
such a SARS-CoV-2 cis-acting RNA element is
required to create SARS-CoV-2 VLPs (SC2-VLPs)
that incorporate and deliver engineered tran-
scripts by this mechanism.

On the basis of the reported packaging se-
quences for related viruses, including murine
hepatitis virus and severe acute respiratory

24 December 2021

syndrome coronavirus (SARS-CoV), we hypo-
thesized that the SARS-CoV-2 packaging sig-
nal might reside within a region termed “T20”
(nucleotides 20080 to 22222) that encodes
nonstructural proteins 15 and 16 (nsp15 and
nspl6) (Fig. 1A) (16, 19-21). We designed a
transfer plasmid that encodes a luciferase
transcript containing T20 within its 3’ un-
translated region (UTR). We tested for SC2-
VLP production by cotransfecting the transfer
plasmid into packaging cells (293T cells) along
with plasmids that encode the viral structural
proteins (Fig. 1B). Supernatant collected from
these cells was filtered and incubated with
receiver 293T cells that coexpress SARS-CoV-2
entry factors ACE2 and TMPRSS2 (Fig. 1B).
‘We observed luciferase expression in receiver
cells only in the presence of all structural
proteins (S, M, N, and E) as well as the T20-
containing reporter transcript (Fig. 1C). Sub-
stituting any one of the structural proteins or
the luciferase-T20 transcript with a luciferase-
only transcript decreased luminescence in
receiver cells >200- and 63-fold, respectively
(Fig. 1C). We also conducted this experiment
using Vero E6 cells that endogenously express
ACE2 and once again observed robust lucifer-
ase expression only in the presence of all five
components (fig. S1A).

VLP-mediated transcript delivery required
untagged native M protein and a low ratio
of S expression plasmid relative to the other
plasmids (Fig. 1, D and E, and fig. S1B). This
is expected because S is expressed at lower
levels than other structural proteins during
infection (22). SC2-VLPs should also require
lower S expression compared with pseudo-
virus systems because S assembles along with
the other structural proteins within the endo-
plasmic reticulum-Golgi intermediate com-
partment, whereas pseudovirus assays typically
require accumulation of S at the plasma mem-
brane followed by random incorporation into
budding particles (23, 24). Notably, we detected
N and S proteins within pelleted material
(Fig. 1, F and G) from multiple conditions that
did not yield luciferase expression in receiver
cells, suggesting that particles produced under
less stringent conditions are not competent
for delivering mRNA. These findings suggest
that coexpression of structural proteins likely
produces VLPs as well as defective particles,
and mRNA delivery requires more stringent
conditions.

Further analysis showed that SC2-VLPs are
stable against ribonuclease A; are resistant to
freeze-thaw treatment (fig. S2A); can be con-
centrated by precipitation, ultrafiltration, and
ultracentrifugation (fig. S2B); and induce tran-
sient expression of luciferase (fig. S2C). Analysis
of SC2-VLPs by sucrose gradient ultracentri-
fugation showed that large, dense particles are
responsible for inducing luciferase expression
(Fig. 1, H and I). These data show that SC2-VLPs

lof7



RESEARCH | REPORT
A SARS-CoV-2 SC2-VLPs s
DY
\ . V2 c
-9 e - DY
"X D i
gRNA
Y 4 Y ¢ —K Reporter+T20
\ \ 20
[
B gRNA
ORF1ab S EM N
B M SC2-VLP
- S .
IRES @ 293T 293T Light
E ACE2/TMPRSS2
0.33 0.67 v ( /
\_w _> T - _)
Spike % ¢\ HO. s
| S Sn S
0.0016 1.0 o
C 15000, D 30000 E
127.57 24318 40000
3 pd ,
10000+ 20000+ 30000 : :
=] 2
- -
[ [ —1 200004 H
5000+ 10000 [
10000 .
s s,
0 17 22 17 59 204 o 35 290 47 33 0 .
. t t * t ; . + i t + . . . ]
R A & S @Q'é 6\@9 & 0.01 0.1 1 10 100
) > < § ? ng spike plasmid
a2 1%
. L% &
(\M/
IRES
F E G Q® N R &
spie o » oF £ & o
\ P Y Y ¥ Y Y ¥
v H - s
180 -~ NS ,
@ Collect VLPs in pellet p— aSpike
v A Tl - T -
; b
- — v e N
%6 > B > a4 g —— B R T
Collect/filter Load onto 20%  Centrifuge - SW28
supernatant sucrose cushion 28000 RPM x 2hrs | 20000
15000 +
H S = N
Z 10000
' 5000 -~ -
rd ﬁ_ } U } : }*6 &6 “H “H ~ ~
2,y 0 +— T T t i T T T T T T T
Fitered 1 2 3 4 5 6 7 8 9 10 11 blank
Load onto 10-40% Centrifuge - SW41 Collect fractions Supernatant >

sucrose gradient 28000 RPM x 3hrs

Fig. 1. Design and characterization of SC2-VLPs. (A) Schematic of SARS-CoV-2
and SC2-VLP design and location of RNA packaging sequence T20. (B) Process
for generating and detecting luciferase-encoding SC2-VLPs. Numbers below plasmid
maps indicate ratios used for transfection. (C) Induced luciferase expression
measured in receiver cells (293T-ACE2/TMPRSS?2) from “standard” SC2-VLPs
containing S, M, N, E, and luciferase-T20 transcript, as well as VLPs lacking each one
of the components. (D) N- or C-terminal 2x Strep-tag on M abrogates vector-induced
luciferase expression. (E) Optimal luciferase expression requires a narrow range

Syed et al., Science 374, 1626-1632 (2021) 24 December 2021

Sedimentation

of spike plasmid concentrations corresponding to*/sy of the total plasmid mass used
for transfection. (F) Schematic for purification of SC2-VLPs. (G) Western blot
showing S and N in pellets purified from standard SC2-VLPs and conditions that did
not induce luciferase expression in receiver cells. (H) Schematic for sucrose gradient
for separating SC2-VLPs. (I) Induced luciferase expression from sucrose gradient
fractions of SC2-VLPs. gRNA, genomic RNA; IRES, internal ribosome entry site;

Luc, luciferase; RLU, relative light units; S2, cleavage product of S; NS, nonspecific
band. Error bars indicate SD with N = 3 independent transfections in each case.
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Fig. 2. RNA packaging into SC2-VLPs by SARS-CoV-2 sequences. (A) Arrayed
screen for determining the location of the optimal sequence for RNA packaging in
SC2-VLPs. Two-kilobase tiled segments of the genome were cloned into the

3" UTR of the luciferase plasmid. (B) Induced luciferase expression in receiver
cells by SC2-VLPs containing different tiled segments from the SARS-CoV-2
genome. (C) Heatmap visualization of the data from (B), showing the locations
of tiled segments relative to the SARS-CoV-2 genome. Color intensity indicates

Syed et al., Science 374, 1626-1632 (2021) 24 December 2021

luminescence of receiver cells for each tile normalized to expression for a luciferase
plasmid containing no insert. (D) Smaller segments of the genome were used to
locate the optimal RNA packaging sequence. (E) Heatmap visualization of the data
from (D). (F) Flow cytometry analysis of GFP expression in 293T ACE2/TMPRSS2
cells incubated with SC2-VLPs encoding GFP-PS9, GFP (no packaging sequence),
or no VLPs. nts, nucleotides. Error bars indicate SD with N = 3 independent
transfections in each case.
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are formed under our experimental conditions
and deliver selectively packaged transcripts.
Next, we determined the optimal SARS-
CoV-2 cis-acting RNA sequence for SC2-VLP-
mediated delivery. We generated a library of
28 overlapping tiled segments of 2 kb each
(numbered T1 to T28; table S1) from the SARS-
CoV-2 genome and inserted them individually
into a luciferase-encoding plasmid (Fig. 2A).

Syed et al., Science 374, 1626-1632 (2021)

Linker CTD

P199L k\T205I S235F
S202R G204R ~M234|
R203K R203M

SC2-VLPs generated using luciferase-encoding
plasmids that included any region of ORFlab
produced detectable luminescence, suggest-
ing that SARS-CoV-2 packaging may not rely
entirely on one contiguous cis-acting RNA ele-
ment (Fig. 2, B and C). Furthermore, luciferase-
encoding plasmids that included fragments
T24 to T28 resulted in lower levels of lucifer-
ase expression (Fig. 2, B and C), consistent with

24 December 2021

**P < 0,01, ****P < 0.0001.
(D) Error bars indicate 95%
confidence intervals derived
from curve fitting in Graph-
Pad Prism. NTD, N-terminal
domain; CTD, C-terminal
domain. Single-letter abbrevi-
ations for the amino acid
residues are as follows: A,
Ala; C, Cys; D, Asp; F, Phe; G,
Gly; H, His; I, lle; K, Lys; L,
Leu; M, Met; N, Asn; P, Pro; R,
Arg; S, Ser; T, Thr; W, Trp;
and Y, Tyr.

D377Y

the exclusion of subgenomic viral transcripts
containing these sequences to minimize
production of replication-defective virus par-
ticles. Overall, luciferase expression was most
efficient using T20 (nucleotides 20080 to 22222)
located near the 3' end of ORFlab (Fig. 2, B and
C) and partially but not completely overlapping
with PS580 (nucleotides 19785 to 20348), which
was previously predicted to be the packaging
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signal for SARS-CoV on the basis of structural
similarity to known coronavirus packaging sig-
nals (16).

To further define the minimal cis-acting RNA
element sufficient for SC2-VLP-mediated deliv-
ery, we tested truncations and additions to T20
as well as PS580 from SARS-CoV. We found that
PS580 resulted in lower luciferase expression
compared with T20 (Fig. 2, D and E, and fig.
S3, A and B). We observed the highest lucifer-
ase expression level from SC2-VLPs encoding
the nucleotide sequence 20080 to 21171 (termed

Syed et al., Science 374, 1626-1632 (2021)
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PS9), and further truncations of this sequence
reduced expression (Fig. 2, D and E, and fig. S3,
A and B). We used PS9 to generate VLPs en-
coding green fluorescent protein (GFP) and
found that they induced GFP expression in re-
ceiver cells (Fig. 2F). These data suggest that
PS9 (nucleotides 20080 to 21171) is a cis-acting
element that is sufficient for triggering RNA
packaging into SC2-VLPs, although it is not
currently known whether this sequence is re-
quired for the packaging of the SARS-CoV-2
genome.

24 December 2021
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Compared with pseudoviruses, SC2-VLPs
provide a new and more physiological model
for testing mutations in all viral structural pro-
teins (S, E, M, and N) for effects on assembly,
packaging, and cell entry. Surprisingly, none
of the 15 SC2-VLPs generated with S mutant
genes—including four with the combined
mutations found in the B.1.1.7 (Alpha), B.1.351
(Beta), P.1 (Gamma), and B.1.427 (Epsilon)
variants—increased luciferase expression
in transduced cells beyond that observed
for the original SC2-VLPs (Fig. 3, A and B,
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and table S2). Because nearly all circulating
variants contain the S D614—G (S:D614G)
mutation, we compared all mutants to the
ancestral S protein modified to include G614
(termed WT+D614G). Minor changes in S
expression between mutants may be a con-
founding factor because SC2-VLPs mediate
luciferase expression optimally in a narrow
range of S expression. Over a range of 6.25 ng
to 50 pg per well of S-encoding plasmid, none
of the tested S mutations produced >twofold
improvement in luciferase expression (fig. S4,
A and B); slightly improved luciferase expres-
sion occurred with the S sequence derived
from the Alpha variant (B.1.1.7) and with S
containing the mutation N501Y within the
receptor binding domain. These findings are
in contrast to prior results for S-pseudotyped
lentiviruses, for which enhanced entry was
reported for some S mutations, including S:
N501Y (25, 26). However, S mutations tested
in the context of SARS-CoV-2 infectious clones
have shown mixed effects, and mutations
within S may also mediate enhanced trans-
mission by interfering with the binding of
neutralizing antibodies (27, 28). We tested
whether VLPs could also be used to measure
antibody neutralization and found results sim-
ilar to previously reported data (Fig. 3C and
fig. S4C). Using a neutralizing monoclonal anti-
body (MM4:3), we observed dose-dependent
inhibition of luminescence with a measured
median inhibitory concentration (ICs,) of
0.35 ug/ml, similar to the manufacturer-
reported ICso of 1.41 ug/ml. We also tested S
from circulating variants and observed robust
MM43-mediated neutralization of SC2-VLPs
generated from Alpha, Beta, Gamma, B.1.617.2
(Delta), and Epsilon variant S proteins (Fig.
3D) and consistent with previous studies (29).
These results show that SC2-VLPs employ
S-mediated entry and can be used for screen-
ing S mutations for entry and neutralization.
Although we did not observe enhanced entry
resulting from the S mutations we tested,
these mutations could still provide a fitness
advantage for SARS-CoV-2 by limiting anti-
body-mediated neutralization. Detailed charac-
terization of S mutations and their sensitivity to
neutralizing antibodies has been examined in
other studies (30, 31).

We next used SC2-VLPs to test whether N
mutations found in circulating variants im-
prove viral particle assembly, RNA delivery,
and/or reporter gene expression. We tested
15 N mutations, including two combinations
corresponding to the Alpha and Gamma
variants because they both contain the co-
occurring R203K and G204R mutations. Alpha
and Gamma variant N proteins improved lucif-
erase expression in receiver cells by 7.5- and
4.2-fold, respectively, relative to the ancestral
Wuhan Hu-1 N protein (Fig. 3E). In addition,
four single-amino acid changes—P199L, S202R,

Syed et al., Science 374, 1626-1632 (2021)

R203K, and R203M—improved luciferase ex-
pression. Two of these mutations (P199L and
R203K) do not change the overall charge, one
(S202R) results in a more positive charge, and
one (R203M) results in a more negative charge,
which suggests that the improvement in lucif-
erase expression is not likely due to simple
electrostatics. Western blotting revealed no
correlation between N protein expression levels
and luciferase induction, suggesting that these
N mutations enhance luciferase induction
through a different mechanism (fig. S5). Not-
ably, half of the amino acid changes observed
within N and all of the mutations observed
to enhance luminescence occur within a seven-
amino acid span (199 to 205) of the central
disordered region (termed the “linker” region;
Fig. 3F), suggestive of a shared mechanism.

Further analysis of six N mutants was con-
ducted to determine whether these muta-
tions affect SC2-VLP assembly efficiency, RNA
packaging, or RNA uncoating prior to expres-
sion. We chose the three mutants for which
luciferase expression was improved by a fac-
tor of ~10 (P199L, S202R, and R203M) and
two mutants that did not result in significantly
increased luciferase expression (G204R and
M2341) in the preliminary screen and repeated
the measurement of their induced luciferase
expression (Fig. 4A). N protein expression
levels were similar in packaging cells, except
for G204R, and did not correlate with lucifer-
ase expression (Fig. 4, A and B). We then puri-
fied SC2-VLPs containing each N mutation
and found that those containing P199L and
S202R had increased levels of S, N, and luci-
ferase RNA, whereas R203M showed increased
luciferase RNA only (Fig. 4C). These results
suggest that mutations within the N linker
domain improve the assembly of SC2-VLPs,
leading to greater overall VLP production, a
larger fraction of VLPs that contain RNA, or
higher RNA content per particle. In each case,
these results suggest a previously unantici-
pated explanation for the increased fitness and
spread of SARS-CoV-2 variants of concern.

To validate whether the effects we observed
in SC2-VLPs improve replication of intact virus,
we used reverse genetics to generate SARS-
CoV-2 containing N:S202R and N:R203M sub-
stitutions within a USA/WA1-2020 (Washington
isolate) background (I) (Fig. 4D). We gen-
erated and used next-generation sequencing
to verify stocks of virus containing the indi-
cated mutations (fig. S6). We infected A549-
ACE2 cells with wild type, N:S202R, or N:
R203M at a multiplicity of infection (MOI) of
0.1 and collected supernatants at 24, 48, and
72 hours after infection. Reverse transcription
quantitative polymerase chain reaction (RT-
qPCR) indicated 45 and 23 times the RNA
content in the supernatant at 72 hours after
infection, and plaque assays indicated 166 and
51 times the infectious titers for N:S202R and

24 December 2021

N:R203M virus, respectively (Fig. 4, E to G).
Our results indicate that both of these muta-
tions enhance replication in lung epithelial
cells, consistent with our observations using
SC2-VLPs.

Overall, we present a strategy for rapidly
generating and analyzing SC2-VLPs that pack-
age and deliver exogenous mRNA. This ap-
proach allows examination of viral assembly,
budding, stability, maturation, entry, and
genome uncoating involving all of the viral
structural proteins (S, E, M, and N) without
generating replication-competent virus. Such
a strategy is useful not only for dissecting the
molecular virology of SARS-CoV-2 but also for
future development and screening of thera-
peutics to target assembly, budding, matura-
tion, and entry. This strategy is ideally suited
for the development of new antivirals target-
ing SARS-CoV-2, as it is sensitive, quantitative,
and scalable to high-throughput workflows.
The unexpected finding of improved mRNA
packaging and luciferase induction by muta-
tions within the N protein points to a prev-
iously unknown strategy for coronaviruses to
evolve enhanced viral fitness. The mechanism
for this enhancement involves increased mRNA
packaging and delivery, although the exact
process is currently unknown. Recent liter-
ature suggests that these mutations may affect
phosphorylation of N, its binding to RNA, and
phase separation behavior—all of which could
affect the efficiency of assembly (32-34). Our
observations of enhanced RNA packaging and
replication are consistent with recent reports
that the Delta variant (containing N:R203M)
generates viral RNA levels elevated by a factor
of 1000 within patients (35). Our results pro-
vide a molecular basis to explain why the
SARS-CoV-2 Delta variant demonstrates im-
proved viral fitness.
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