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ABSTRACT Middle East respiratory syndrome coronavirus (MERS-CoV) causes zoonotic
disease. Dromedary camels are the source of zoonotic infection. We performed sequence
analysis of clade B MERS-CoV after excluding potential bias arising multiple sequences
from a single zoonotic transmission chain and identified a substitution of amino acid
leucine to phenylalanine in the codon 232 position of the non-structural protein 6
(nsp6) (nsp6 L232F) that occurs preferentially in human clade B MERS-CoV, with a
rate of 16.9% (20/118) in human sequences vs a 0.6% (1/160) in camel sequences.
Using a human clade B MERS-CoV strain GDO1 as backbone, we generated a pair of
isogenic recombinant MERS-CoV with nsp6 232L and 232F residues, respectively, and
showed that the nsp6 L232F substitution confers higher replication competence in ex
vivo culture of human nasal and bronchial tissues and in lungs of mice experimentally
infected in vivo. Mechanistically, the nsp6 L232F substitution was found to associate
with higher exocytic virus egress, while innate immune responses, autophagic restric-
tion, and zippering activity of the endoplasmic reticulum remained unaffected. Our
study suggests an adaptive mutation that occurs in clade B MERS-CoV associated with
inter-species transmission to humans that may facilitate higher viral replication in the
human respiratory tract. This highlights the importance of MERS-CoV as a zoonotic threat
and the need for continued virus surveillance in camels and humans.

IMPORTANCE Viral host adaptation plays an important role in inter-species transmis-

sion of coronaviruses and influenza viruses. Multiple human-adaptive mutations have

been identified in influenza viruses but not so far in MERS-CoV that circulates widely

in dromedary camels in the Arabian Peninsula leading to zoonotic transmission. Here,

we analyzed clade B MERS-CoV sequences and identified an amino acid substitution

L232F in nsp6 that repeatedly occurs in human MERS-CoV. Using a loss-of-function

reverse genetics approach, we found the nsp6 L232F conferred increased viral replication Editor Anice C. Lowen, Emory University School of
competence in vitro, in cultures of the upper human respiratory tract ex vivo, and in Medicine, Atlanta, Georgia, USA

lungs of mice infected in vivo. Our results showed that nsp6 L232F may be an adaptive Fddiesasissendaies oMl Es,
mutation associated with zoonotic transmission of MERS-CoV. This study highlighted malik@hku.hk.

the capacity of MERS-CoV to adapt to transmission to humans and also the need for
continued surveillance of MERS-CoV in camels.
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2 (SARS-CoV-2) emerged in 2019 to cause a pandemic (COVID-19), MERS-CoV remains a
potential pandemic threat and remains a research priority (2-4). As of December
2022, MERS-CoV had led to 2,603 confirmed human cases, 935 of which were fatal (5).
Dromedary camels are the source of zoonotic human infection (6, 7). MERS-CoV-infected
dromedary camels are found in the Arabian Peninsula (MERS-CoV clades A and B), in
Africa (clade C), and Central Asia (phylogenetics undefined so far). Zoonotic disease has
only been reported in the Arabian Peninsula (4, 8). The exact mode of inter-species
transmission remains unknown, but entry via the respiratory or gastrointestinal tracts
is the plausible transmission route and may occur via direct or indirect camel contact
(8). There is no evidence of sustained transmission of MERS-CoV in the local community,
although nosocomial and limited community outbreaks have occurred in Saudi Arabia
(2014, 2015, 2016, and 2018) and South Korea (2015), which may sometimes exceed
100 or more individuals (9-12). Such human-to-human transmission occurred mainly
between patients, healthcare workers, and visitors.

Genetic adaptation associated with inter-species transmission of viruses has been
documented in SARS-CoV-1 and avian influenza virus (13, 14). SARS-CoV-2 also
demonstrated genetic adaptation (e.g., D614G amino acid substitution in spike protein)
associated with increased transmissibility and fitness within humans (15). Host adapta-
tion mutations of MERS-CoV in humans remain poorly understood. Deletions in genes
encoding accessory proteins have been reported, including one from a human MERS-
CoV outbreak cluster and another one from an individual patient, but such variants
occurred only on a single occasion (16, 17). It is important to investigate host-adaptive
mutations associated with zoonotic transmission of MERS-CoV.

In this study, we aimed to identify mutations that were biased to occur more
frequently in human rather than in dromedary camel MERS-CoV sequences. We adjusted
the genetic diversity differences between the camel and human MERS-CoV sequence
data set and identified an nsp6 L232F substitution that preferentially occurred in human
MERS-CoV sequences. Using reverse genetics, we demonstrated that the mutation
conferred higher replication competence in the human respiratory tract. MERS-CoV
nsp6 was previously shown to interact with different cellular processes, in particular,
autophagy restriction and innate immune antagonism (18-20). Nsp6 has also recently
been shown to play an important role in the biogenesis of viral-induced double-mem-
brane vesicles (DMVs) and is known to be a replication organelle for viral RNA synthe-
sis through zippering of endoplasmic reticulum (ER) (21). We could not demonstrate
that the mutation induced significant changes in autophagy and ER zippering during
infection. Our study highlighted the need for a continued surveillance of MERS-CoV
evolution.

RESULTS

Repeated independent emergence of nsp6-232F in multiple lineages of
human MERS-CoV isolates suggests convergent evolution

We retrieved a total of 738 MERS-CoV complete and partial (>10 kb) genomes from
GenBank (NCBI, NIH) to identify mutations that were preferentially biased to occur in
human MERS-CoV. Since there are substantial sampling differences between MERS-CoV
from humans and camels, in which human MERS-CoVs were mainly sampled at high
intensities during hospital outbreaks, whereas camel MERS-CoV were mostly sampled
from active surveillance in camel herds, we attempted to adjust this sampling bias by
removing those highly similar, oversampled human MERS-CoV sequences. The overall
scheme of our filtering approach included removal of sequences derived from cell
culture and serial sampling of the same patient, removal of clade A sequences (clade
A has no corresponding camel sequences for comparison) and clade C sequences
(which have not so far resulted in documented zoonotic events), and removal of closely
clustered or genetically identical MERS-CoV sequences (Fig. 1A, refer to Material and
Methods for details). Since we wanted to exclude bias potentially arising from including
multiple sequences from a single zoonotic transmission chain, we used the mutation

December 2023 Volume 97  Issue 12

Journal of Virology

10.1128/jvi.01369-23 2


https://doi.org/10.1128/jvi.01369-23

Full-Length Text

A[ ]B

MERS-CoV sequence from Genbank (n=738)

5e-04
2. Remove multiple sequences from the same individual

‘ 1. Remove sequences from cell culture
3. Remove Clade A and C sequences from analysis

IS

¢

o

=
1

Maximum pairwise p-distance
nN
¢
o
=
1

[ MERS-CoV sequence (n=609) ]

w

¢

o

=
1

Partition into camel and human host origin

h ¥

[ Human MERS-CoV (n=292) ][ Camel MERS-CoV(n=317)]

Journal of Virology

Cutoff threshold 0.0003

R 1e-04 1
U Unadjusted dataset @
Remove closely clustered sequences using cutoff threshold (as 0e+00 !
calculated in Figure 1B) South Korea
- Sequences with minimum pairwise p-distance > 0.0003
_ _ B _ Transmission Mean maximun pairwise p-distance
28 44 days 2.04E-04

(95% CI: 1.89E-04 to 2.18E-04)

Select a representative for Select a representative
each transmission clusters for each transmission
(n=43) clusters (n=50)

h

[ Human MERS-CoV for analysis ][ Camel MERS-CoV for ]

(n=121) analysis (n=160)

Adjusted dataset

FIG 1 Data set preparation for identification of human-adaptive mutations in MERS-CoV. (A) Scheme of data set adjustment for sequence analysis to avoid bias

in the sequence sources. A total of 738 MERS-CoV complete and partial (>10 kb) genomes from camel and human were downloaded from GenBank. To avoid

bias or oversampling of case clusters, sequences derived from cell culture and multiple sequences from the same individual were removed. Clade A (no camel

sequences) and C (no human sequences) virus sequences were also removed. Finally, a threshold was applied to exclude highly similar sequences that potentially

may arise from a single zoonotic event. Thus, 121 human and 160 camel MERS-CoV were included for mutation analysis. (B) Diversity of MERS-CoV genomes in

the South Korea outbreak. A violin plot showing the maximum pairwise p-distances for each sequence (refer to Materials and Methods) within the outbreak.

p-Distance is calculated using SSE (v1.4). Maximum pairwise p-distance of 0.0003 was used for data set trimming.

distance observed within sequences of the outbreak in South Korea in 2015 as a
reference. This outbreak represented one of the largest and best documented chains
of human-to-human transmission documented so far. We utilized a minimum pairwise
p-distance of 3e—4, well above the distance observed in the South Korean outbreak, as
our threshold cutoff to define genetically distinct sequences to be added for analysis
(Fig. 1B). For sequences beyond the threshold, one representative sequence from each
different genetic cluster was added to the final data set for analysis (details refer to
Materials and Methods). The same cutoff threshold was applied to remove closely
clustered camel sequences. Using the adjusted data set with 121 human sequences
and 160 camel sequences, we first performed sequence-based analysis and screened
amino acid substitutions with higher rates in humans than camels as potential adaptive
mutations in human MERS-CoV. Using these criteria, the mutation with the greatest
significance upon Fisher’s exact tests was the nsp6 L232F substitution, which occurred in
20/118 (16.9%) of the human sequences but in just 1/160 (0.6%) of the camel MERS-CoV
sequences (Table 1A). It was also the only hit showing a statistical difference after
adjusting for multiple tests using Bonferroni correction. In parallel, the nsp6 L232F
substitution was also the greatest significance hit in the unadjusted data set (Table 1B).
We further employed phylogenetic methods to test whether the identified nsp6
L232F substitution is supported as host-dependent evolution using BayesTraits (22).
Model likelihood tests showed nsp6 L232F, N A300V, and nsp13 V241A have positive
evidence (log Bayes factors >2) to support dependent evolution of these mutation traits
with host traits, indicating these mutations were more associated to occur in humans
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FIG 2 The occurrence of MERS-CoV nsp6 L232F in human and dromedary camel clade B MERS-CoV. A maximum likelihood tree of 281 clade B MERS-CoV

nucleotide sequences labeled with the host and the presence of the mutation. Insets labeled with only camel or human sequences were shown on the right.

The tree was built with IQ-Tree v1.6.12 using GTR + | + R substitution model selected by model testing. Yellow circles represent camel sequences; blue diamonds

represent human sequences. A taxon with larger filled color shape indicates the presence of the nsp6 L232F substitution. Three sequences (human nsp6 232

undefined) without the nsp6 codon 232 information are indicated as filled gray diamonds in the taxon. Scale bar, 0.001 nucleotide change per genomic position.

Deep internal nodes with bootstraps >80 are indicated.

(Table 1A). Similarly, positive evidence of host-dependent evolution was also observed in
the unadjusted data set for the nsp6 L232F substitution (Table 1B). The nsp6 L232F hit
showed no strong correlation with other hits as epistatic effects (phi coefficient <0.3)
(Fig. S1). A phylogenetic tree showed the nsp6 mutation emerged independently in
multiple lineages of MERS-CoV (clade B lineages 2, 3, 4 and 5) associated with zoonotic
transmission, suggesting convergent evolution of this mutation in clade B MERS-CoV
(Fig. 2, enlarged version in Fig. S2). A phylogenetic tree with the unadjusted data set

including closely related sequences is shown for comparison (Fig. S6).
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Isogenic virus clones generated by reverse genetics showed that MERS-CoV
nsp6-232F is associated with enhanced replication in Calu-3 cells, Vero cells,
and hDPP4 knockin mice

To study the effect of the nsp6 L232F substitution on viral replication, we used reverse
genetics to rescue a pair of isogenic recombinant viruses from a wild-type human
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FIG 3 Comparison of virus replication kinetics of rGD01-nsp6-232F and rGD01-nsp6-232L isogenic MERS-CoV. (A) Calu-3 cell cultures and (B) Vero cell cultures
were infected at an MOI of 0.01, and virus titers in culture supernatants were determined by TCIDsq assay. Assays were performed in three independent
experiments with triplicates in each. Dots represent mean + s.d. for each experiment. (C) Relative plaque sizes of rGD01-nsp6-232F and rGD0O1-nsp6-232L virus
were determined in Vero cells. A total of n = 46 plaques were analyzed for each virus. The box plot displays median and interquartile range. Performed in three
independent experiments. (D) Early cycles replication kinetics in Vero cells (n = 3) at MOI = 2 measured for live virus production and RNA synthesis. Assays were
performed in triplicates. Data are mean + s.d. (E) Schematic setup of virus growth competition assay in Vero cells. Vero cells were infected with different ratios
(9:1, 1:1, and 1:9) (n = 1) of rGD01-nsp6-232F and rGD01-nsp6-232L virus and serially passaged three times. Genotype of the nsp6 amino acid 232 position was
determined by Sanger sequencing. (F) Viral titers in the lungs of human DPP4-knockin mice infected intranasally with 1 x 10* plaque-forming units of each virus
(n = 4 for each group). Lung homogenates (n = 4) were measured for viral titers by TCIDsq assay, and total RNA was extracted to measure subgenomic viral RNA

templates by RT-qPCR targeting the envelope (subgenomic E) and nucleocapsid (subgenomic N) gene. Statistical tests were done using two-tailed Student’s t
test: P> 0.05 (ns); P < 0.05 (*); P < 0.01 (**); P < 0.001 (***).
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clade B MERS-CoV strain, ChinaGDO01, that contains the nsp6-232Phe mutation (rGDO1-
nsp6-232F) and a hypothesized loss-of-function isogenic mutant of ChinaGDO1 that
was mutated to carry the camel predominant Leu residue in the nsp6 232 position
(rGDO1-nsp6-232L). In Calu-3 cells, both rGD0O1-nsp6-232F and rGDO1-nsp6-232L viruses
replicated similarly in multicycle infections [multiplicity of infection (MOI) = 0.01] from
24 to 72 hours post-infection (hpi) (Fig. 3A). In Vero cells, that are deficient in type
| interferon (IFN-I) production, rGD01-nsp6-232F replicated to significantly higher viral
titers than rGDO1-nsp6-232L at 24 and 48 hpi (MOI of 0.01) from three independent
experiments (Fig. 3B). Plaque morphology in Vero cells showed that rGD0O1-nsp6-232F
formed plaques of larger sizes than rGDO1-nsp6-232L (fold difference: 1 vs 0.71, three
independent experiments) (Fig. 3C). The pair of viruses were infected at an MOI of 2 to
measure early viral kinetics, and again rGD01-nsp6-232F showed higher viral replication
in infectious virus assays as well as higher levels of UpE targeting genomic copies and
subgenomic viral RNA synthesis at 12 and 24 hpi in Vero cells (Fig. 3D). A direct growth
competition assay between the pair of isogenic viruses was performed in Vero cells with
different ratios of rGD01-nsp6-232F and rGD01-nsp6-232L ranging from 9:1, 1:1, and 1:9,
at an MOI of 0.01 (Fig. 3E). After three rounds of serial passage, nsp6 232Phe emerged
as the dominant genotype at all infection ratios in Vero cells, supporting the contention
that rGDO1-nsp6-232F has higher intrinsic fitness and replication competence.

Viral kinetics were then compared in the human DPP4 knockin C57BL/6 mouse model
that has been previously used for MERS-CoV replication studies (23). Following intranasal
inoculation of 10* plaque-forming units (pfu) of each isogenic virus per mouse, lung
viral titers were significantly higher in rGDO1-nsp6-232F virus at 1 to 3 days post-infec-
tion (dpi), with the greatest difference of 1.71 logqg 50% tissue culture infection dose
(TCIDsp)/mL observed on day 1 (Fig. 3F). Titer differences between the viruses gradually
diminished from day 2 to day 5. Higher subgenomic RNA production was seen in
rGDO1-nsp6-232F than in rGD0O1-nsp6-232L from day 1 to 3 dpi. Overall, these data
suggest the nsp6 L232F substitution conferred greater replication competence in the
mouse respiratory tract.

MERS-CoV nsp6-232F exhibits enhanced replication in ex vivo cultures of the
human upper and lower respiratory tract

To evaluate viral replication competence and potential changes of tropism in the human
respiratory tract, we assessed the effect of the nsp6 L232F substitution in ex vivo cultures
of nasal, bronchial, and lung tissues from at least three human donors. We compared
the viral replication kinetics of the isogenic viruses at 33°C in nasal turbinate tissues
and at 37°C in bronchus and lung tissues. In the nasal tissues, rGD0O1-nsp6-232F showed
significantly higher virus titer at 24 hpi, but titers were not significantly different at 48
hpi. Aggregating virus titers at 24-48 hpi using area under the curve (AUC) analysis
showed an overall increase in the release of infectious virus in nasal tissues (Fig. 4A).
Similarly, rtGDO1-nsp6-232F showed significantly higher virus titers at 48 to 72 hpi, as well
as in the AUC analysis, in ex vivo cultures of human bronchus (Fig. 4B). No significant
differences in virus titers were observed in lung tissues at 24, 48, or 72 hpi (Fig. 4C).
Overall, the nsp6 L232F showed enhanced viral replication in human upper respiratory
tract and conducting airway tissues.

MERS-CoV nsp6-232F does not affect innate immune antagonism in Calu-3
cells

To delineate the effect of nsp6 L232F substitution on innate immune responses and
address whether the replication phenotype in Calu-3 cells was masked by altered innate
immune antagonism, we tested innate immune responses elicited by infection of Calu-3
cells with the pair of isogenic viruses. Nsp6 has previously been shown to inhibit IFN-I
production in vitro in an overexpression system (20). We measured the mRNA expression
of a panel of IFN-stimulated genes in Calu-3 cells, at 24 and 48 hpi following infection
with each virus at an MOI = 2. No significant differences in the mRNA expression of IFN-{3,
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TNF-q, IL6, ISG15, RANTES, and CXCL-19 (IP-10) were observed at both 24 and 48 hpi (Fig.
5A), with similar levels of viral RNA copies (Fig. 5B). This suggests nsp6 L232F substitution
did not alter innate immune antagonism upon infection.

MERS-CoV nsp6-232F showed minimal modulation in both autophagy in
Vero cells and zippering of endoplasmic reticulum in Hela cells

The nsp6 L232F substitution is expected to be located at the conserved protein
c-terminal cytoplasmic domain (Fig. 6A). CoV nsp6 has been shown to involve autophagy
restriction and biogenesis of double-membrane vesicles through zippering of ER (18,
21). We studied the effect of the nsp6 L232F substitution on the induction and flux
of autophagy in Vero cells, using a tandem fluorescent-tagged LC3 (mRFP-EGFP-LC3)
which can visualize autophagic compartments [red puncta = autolysosomes (AL); yellow
puncta = autophagosomes (AP)]. Infection of both viruses at MOl = 0.01 reduced AL
puncta, when compared to mock control, suggesting restriction of autophagy from both
viruses (Fig. 6B). A slight reduction of AP puncta was observed in rGD0O1-nsp6-232F
compared to rGDO1-nsp6-232L (20.5 vs 26.7 puncta per cell, P = 0.048). A parallel
approach using immunoblotting of LC3 showed an increase in LC3-Il/ LC3-I ratio
upon bafilomycin A1 (BafA1) treatment (which blocks the fusion of AP to AL) in rGDO1-
nsp6-232F at 24 hpi but no significant increase in the LC3-Il/ LC3-I ratio in both viruses
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pair at 48 hpi (Fig. S3). Overall, the data reflect a minimal or an insignificant modulation
of autophagy by the nsp6 L232F substitution.

To study the effect of zippering of ER, we generated an N-terminal GFP-tagged
MERS-CoV nsp6 that can form punctate signals in the ER, as an indication of ER zippering.
We followed approach from Ricciardi et al. (21) and confirmed only N-terminal-tagged
MERS-CoV nsp6 will retain its native localization and zippering in ER (Fig. S4). The effect
of ER zippering between nsp6232 Leu and Phe residue was compared by measuring the
GFP puncta formation upon a drug-inducible expression in Hela cells. We observed no
differences in GFP puncta formation at 1, 3, 6, and 8 hours post-induction, suggesting no
significant impact of the nsp6 L232F substitution on ER zippering (Fig. 6C).

MERS-CoV nsp6-232F showed higher virus egress through vesicles under
electron microscopy

Nsp6, together with nsp3 andnsp4, can induce DMV structures which are associated with
the site of viral RNA replication (26). The quantification of DMV structures through EM
may provide a mechanism for the increase in viral replication in nsp6 L232F substitution.
Unfortunately, our attempts to quantify DMVs were not successful as the DMV structures
were not well preserved in the EM images, possibly due to a prolonged formalin fixation
in the virus inactivation step. However, our images showed virus-containing vesicles from
infected Vero cell (Fig. 7). We observed a larger vesicle size and higher numbers of virus
particles per vesicles in rGD01-nsp6-232F compared to rGDO1-nsp6-232L-infected cells.
Overall, these data support a higher viral production from nsp6 L232F mutant from a
perspective of virus egress in the exocytic pathway.

DISCUSSION

Inter-species transmission of viruses may be associated with the emergence of adaptive
mutations. There have been repeated zoonotic introductions of MERS-CoV from camels
to humans. In this study, we aimed to identify adaptive mutations of MERS-CoV. We
identified nsp6 L232F substitution as the only one to occur preferentially in human
sequences of clade B MERS-CoV, the virus genotype that shows current zoonotic
transmission. This mutation emerged independently in multiple lineages (lineages 2, 3, 4
and 5) of human MERS-CoV without being present in the phylogenetically related camel
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viruses, evidence of convergent evolution in humans. So far, only one camel MERS-CoV
has been shown to carry this L232F mutation (Genbank accession number: KT368870.1),
and this was a clade B virus. Clade A MERS-CoV which only contains a few human
sequences and clade C, which only contains camel sequences, all did not have the L232F
mutation. We used next-generation sequencing (NGS) analysis to demonstrate that nsp6
F232 was not present as a minor mutant population in camel nasal swabs (Table S1).
This suggests the mutation likely appeared after inter-species transmission to humans,
although one cannot exclude the possibility that the mutation may be found rarely in
viruses within camels.

Replication of isogenic virus pair (rGDO1-nsp6-232F/rGD01-nsp6-232L) demonstrated
that rGD01-nsp6-232F virus had significantly higher replication competence in in vitro
and ex vivo cultures of human nasal and bronchial tissues. These data suggested that
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FIG 7 Nsp6 L232F substitution associated with higher virus egress through vesicles under electron microscopy. Electron microscopy of infected Vero cells at 12
hpi (MOI = 1) and at 24 hpi (MOI = 0.01). Diameters of virus vesicles and virion numbers per vesicle were measured from 24 hpi images using ImageJ. Number of
cells analyzed: WT at MOI 0.1 (n = 13), at MOI 0.01 (n = 16); nsp6 232L at MOI 0.1 (n = 8), at MOI 0.01 (n = 8). Statistical tests were done using two-tailed Student’s t
test: P < 0.05 (¥); P< 0.01 (**); P<0.001 (***). Scale bars =500 nm.

the nsp6 L232F may confer a higher intrinsic replication efficiency in the human upper
and conducting airways. In hDPP4 knockin mice experimentally infected in vivo with
these isogenic viruses, rGD0O1-nsp6-232F showed significantly higher viral titers in mouse
lung. These results suggest an overall increase in virus production at an organism level
is associated with nsp6-232F. Taken together, these findings may indicate that the nsp6
L232F substitution emerges in the human respiratory tract following zoonotic transmis-
sion as an adaptive mutation that confers replication advantage in the human respiratory
tract. In the absence of a relevant experimental animal model of transmission, we cannot
estimate the impact of this mutation on transmission between humans.

In order to define molecular mechanisms underlying the nsp6 L232F substitution
phenotype, we studied innate immune antagonism, autophagy, and DMV formation.
We found no significant difference in the expression of a number of type-I interferon
downstream genes following infection with the pair of isogenic viruses in Calu-3 cells. In
the hDPP4 knockin mouse, where we observed the higher viral titer in the mouse lung
from rGDO1-nsp6-232F infection, we found higher production of inflammatory cytokines
such as IFNy, MCP-1, and IP-10 (Fig. S5). But this may merely reflect a consequence of
the higher viral replication observed with the rGD01-nsp6-232F virus rather than being
a cause of this phenotype. Taken together, these data suggest the host innate immune
responses were proportionate to the viral load, and nsp6 L232F may not alter innate
immune responses.

MERS-CoV has been shown to restrict autophagy during infection. Ectopic expression
of nsp6, Orfab, and Orf5 individually can also lead to autophagy restriction (27). In
this study, we only observed a subtle difference in autophagic restriction between
nsp6 232L and 232F, indicating that it is unlikely to be explaining the viral replication
difference. Similarly, nsp6 was recently demonstrated to play a role in DMV formation
through ER zippering. We compared the zippering activity between GD01-nsp6-wt and
GDO1-nsp6-232L and identified no significant differences between them. In comparison,
an nsp6 ASGF106-108 mutant observed in Alpha, Beta, Gamma, Eta, lota, and Lambda
variants of SARS-CoV-2 showed a higher ER-zippering activity (21). Additional studies
using recombinant replicons showed an nsp6 ALSG105-107 mutant contributed reduced
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replication in Omicron against Delta variants of SARS-CoV-2, and using fluorescently
labeled chimeric viruses showed Omicron spike, and nsp6 determines replication in
vitro and pathogenicity in mice (28, 29). The nsp6 L232F in this study locates at the
c-terminal cytoplasmic tail of the nsp6, while the ASGF 106-108 or ALSG105-107 in
SARS-CoV-2 nspé6 is located in the luminal loop domain (25). The position difference
could be an explanation to the observed phenotype. It will be of interest to study
the effect of nsp6 L232F on RNA production using replicon systems. Our intention
to explore DMV formation as a mechanism for mutation phenotype was not fruitful,
largely due to the use of formalin as a fixative during virus inactivation necessitated
by handling a bio-safety level 3 pathogen. The use of paraformaldehyde- and glutaralde-
hyde-based fixatives could better preserve DMV structures as performed in other studies
using cryo-EM imaging (30), but our bio-safety protocols for MERS-CoV preclude much
flexibility in this regard.

There are some limitations to this study. First, we did not address the impact of the
nsp6 L232F substitution on disease pathogenicity. Although there are mouse models
that manifest lethality upon MERS-CoV infection, each has limitations and is not ideal
to study the pathogenicity of a putative nsp6 L232F substitution effect. Introducing
the nsp6 L232F substitution in mouse-adapted strains which are pathogenic in mice
is unlikely to be physiologically relevant. Second, we do not have an example where
the nsp6 L232F substitution emerged within an individual. This would require serial
sampling and sequencing of MERS-CoV viruses from very early in the zoonotic infection,
and such data are not available. Furthermore, the first recognized zoonotic infection is
often not the first zoonotic event in the chain of transmission from camels. Our findings
provide a reason to initiate such systematic studies in zoonotic infections. The nsp6
L232F substitution was present in all viruses (n = 34) associated with the outbreak
of MERS-CoV in South Korea in 2015, including in the index case of that case cluster
(31-34). The index case likely acquired virus infection through travel in the Arabian
Peninsula, and it is not clear if he was infected directly from a camel or if he acquired
infection from another infected person. It is worth noting that multiple generations
of human MERS transmission did not result in reversal of F232 to L232 residue in the
South Korean outbreak. Another analysis of the MERS-CoV sequences from a hospital
outbreak in Saudi Arabia (2018, n = 18) showed the same leucine genotype at the nsp6
232 position (35). This suggests that the nsp6 L232F substitution is not an indispensable
human-adaptive mutation, and its effect on transmissibility remains uncertain. However,
the phylogenetic evidence provides strong indirect evidence that this adaptation is
occurring repeatedly in human infections. Thirdly, we did not examine the impact of
the nsp6 L232F substitution on viral fitness in camels. Finally, we have not defined
the mechanistic explanation for the replication advantage observed with this adaptive
mutation.

In summary, our study demonstrated that amino acid substitution L232F in non-struc-
tural protein 6 is a likely human-adaptive mutation in clade B MERS coronaviruses. This
amino acid substitution leads to higher replication competence in the human respiratory
tract. These findings very likely show that MERS-CoV is repeatedly undergoing adaptive
mutations and highlight the need for continuous surveillance in camels and humans to
identify potential genotype changes relevant to human adaptation of MERS-CoV.

MATERIALS AND METHODS
Cells

Vero cells (ATCC CCL-81) and Hela cells (ATCC CCL-2) were maintained in Dulbecco’s
modified Eagle medium (DMEM), supplemented with 10% fetal bovine serum (FBS),
25 mM HEPES, and 1% penicillin with streptomycin at 37°C, 5% CO,. Calu-3 cells (ATCC
HTB-55) were maintained as above with the addition of 1% non-essential amino acid in
the growth medium.
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Sequence-based analysis of the mutation

Previously published MERS-CoV sequences (full or partial genomes >10 kb) were
retrieved from NCBI GenBank. Preliminary data cleaning was done by excluding
sequences annotated as cell culture specimen and multiple sequences sampled from
the same individual or sequences from clade A (no camel sequences) and C (no human
sequences). Sequences were then aligned by MAFFT (https://mafft.cbrc.jp/alignment/
server/index.html) and separated into either camel or human host. Pairwise genetic
distances for each sequence in both data sets were calculated by the p-distance
using SSE (v1.4) (36). A diversity threshold used for removing closely sampled human
MERS-CoV was estimated based on the genetic diversity observed in the South Korea
outbreak. We expect the South Korea outbreak originated from a single returning
traveler will be a robust example to evaluate MERS-CoV evolution in humans only,
without any involvement of camel hosts. Mean maximum p-distance of each sequence
within the outbreak was calculated using SSE. We employed a pairwise p-distance of
3e—4, which is above the diversity for the South Korea outbreak (2.04e—4), as the cutoff
threshold (Fig. 1B). Using this cutoff, 78 human MERS-CoVs with minimum pairwise
p-distance >3e—4 were included for analysis, whereas for each cluster of highly similar
sequences under the cutoff, only the sequence with the earliest collection date was
retained for further analysis. Sequence pairs with a collection date difference longer
than the transmission duration of the South Korea outbreak were also included. A total
of 121 human sequences were included for further analysis. The same threshold and
trimming procedures were applied to camel sequences, resulting in a total of 160 camel
sequences. The combined 281 human and camel sequences formed the adjusted data
set. The original 609 sequences were the unadjusted data set. For mutation counting,
fasta files encoding the amino acid sequence of each ORF for human and camel data set
were generated separately. Counting was implemented using R scripts. Statistical tests of
independence of each mutation rate between human and camel hosts were performed
using Fisher’s exact test with Bonferroni adjustment for multiple testing. Data sets are
available in supporting information (Data Set S1).

Phylogeny-based analysis of the mutation

To identify any mutation traits showed a dependent evolution with host species traits
using phylogenetic information, we used BayesTraits to perform analysis by inputting
samples of phylogenetic trees, and a metadata file denoted the binary mutation trait for
each sequence (22). Analyses were done in both the adjusted and unadjusted data set.
To prepare the samples of phylogenetic trees, human and camel sequences were aligned
together and separated into two files encoding non-recombinant regions (1-16173,
24192-end, and 16174-24191) because a previous study found significant recombinant
history in MERS-CoV genomes (37). Each non-recombinant alignment was inferred for
a Bayesian phylogeny using MrBayes (38). At least 2 million Markov chain Monte Carlo
generations were ran for each alignment with all parameters of the run having >100
effective sample sizes. Each file was run twice for analysis. A total of 500 random trees
were retrieved as tree samples for BayesTraits analysis. To run BayesTraits, trees and
metadata file were ran for discrete independent and dependent models with priors to an
exponential with a mean of 10 and use the stepping stone sampler with 100 stones and
10,000 iterations per stone to estimate the marginal likelihood. A log Bayes factor of the
marginal likelihood of each model was calculated for each mutation trait to evaluate the
evidence of host-dependent evolution of the tested mutation, with the equation of: log
Bayes factor = 2x (model likelihood of host-dependent evolution — model likelihood of
host-independent evolution).

Epistatic interaction of mutations was evaluated by calculating the phi coefficient of
mutation pairs in binary variables. A dataframe of sequences with binary mutation traits
was used to calculate phi coefficient using R.
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Reverse genetics and rescue of recombinant viruses

The bacterial artificial chromosome plasmid (pBAC) construct of infectious MERS-CoV/
China01(GDO01) strain (GenBank accession no. KT006149.2) was kindly provided by Prof
J. Zhao (Guangzhou Medical School, China). MERS-CoV GDO1 contains nsp6 L232F. An
independent risk assessment of the genetic modification of MERS-CoV in this study
was implemented in the Safety Office, the University of Hong Kong. The experiment
envisaged is a loss-of-function mutation as we start from a human virus possessing
the putative “human-adaptive mutation” to mutate nsp232 to the camel genotype.
To generate a recombinant GDO1-nsp6 232L, a point mutation was introduced into
the pBAC using a strategy of PCR mutagenesis and Gibson assembly. Primers were
designed to amplify the whole genome of pBAC in long amplicon fragments of a size
of 3-9 kb pairs each with 50-base pair overlapping regions. Specific forward and reverse
primers containing the mutation were designed and used to amplify mutation carrying
amplicons from the pBAC using PrimeSTAR Max DNA Polymerase (Takara). Each amplicon
was gel purified and assembled into a circular form using Gibson Assembly reaction
mix (New England Biolabs) according to the manufacturer’s protocol. The ligated
reaction mix was then transformed into MegaX DH10B T1R electrocompTM cells (Thermo
Fisher) using electroporation. Transformed cells were then recovered and screened for
positive clones by antibiotic selection. Positive clones were screened by a PCR reaction
and sub-cultured for maxi-prep using NucleoBond Xtra Maxi EF Kit (Macherey-Nagel)
according to the kit instruction. Primers used are listed in the supporting information
(Protocol S1).

Rescue of both viruses was carried by transfection of pBAC infectious clones into
Vero cells using Lipofectamine 2000 (Thermo Fisher). Six hours post-transfection, the
transfection medium was removed and supplemented with 2% FBS-supplemented
DMEM. Success of virus rescue was confirmed by the observation of cytopathic effect
72 hours post-transfection. Rescued viruses were plaque purified in Vero cells and further
sub-cultured to generate virus stocks, which were aliquoted and stored in —80°C until
experimental use. Genetic identity of the virus stocks was confirmed by NGS. Titer of
each stock of virus was determined by plaque assay.

Replication kinetics in vitro

Calu-3 or Vero cells were seeded in 24-well tissue culture plates at 1.5 x 10° cells per
well in 10% FBS-supplemented DMEM. Prior to infection, cells were washed with PBS,
and serum-free medium was added to the cells. Infection of MERS-CoV was done at a
multiplicity of infection of 0.01 or 2 as indicated. After 1 hour of virus adsorption at
37°C, the virus inoculum was removed, and cells washed with PBS twice to remove the
remaining virus inoculum. Wells were re-filled with 2% FBS-supplemented DMEM and
incubated. Viral titers in the culture supernatants were quantified by the TCIDsq assay. All
experiments were done with three biological replicates.

Growth competition assay

Vero cells were seeded with 1 x 10° cells per well in a 6-well tissue culture plate. Ratios
of rGD01-nsp6-232F vs rGD0O1-nsp6-232L at 9:1, 1:1, and 1:9 were prepared and added to
cells at MOI 0.01. After 72 hours of incubation at 37°C, virus medium was harvested for
viral RNA extraction and aliquoted for subsequent passage. For subsequent viral passage,
10 uL of virus medium was added to new plates seeded with cells supplemented in 2 mL
of 2% FBS-supplemented DMEM and incubated another 72 hours of 37°C incubation.
The procedures were repeated until passage 3. Viral RNA was extracted and sequenced
across the mutation site by Sanger sequencing.

Ex vivo cultures of nasal, bronchia, and lung tissues

Nasal, lung, and bronchial tissues from healthy parts of lung removed as part of routine
surgical care, excess to diagnostic requirements, were used for these studies. These
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experiments were approved by the Institutional Review Board of the University of
Hong Kong/Hospital Authority Hong Kong West Cluster (UW-13-104 and UW-20-862).
Tissues from at least three separate donors were separately infected with each virus by
incubating the tissue fragments in 1 mL of each virus at a dose of 10° TCID5o/mL for
1 hour at 33°C for nasal tissues and at 37°C for bronchus and lung tissues. The tissue
fragments were then washed three times with PBS and replenished with cell culture
medium DMEM and incubated further for 72 hours. Culture supernatants were harvested
at the timepoints as indicated and quantitated for quantification of live virus using a
TCIDsq assay. The methods have been previously described in detail (39).

Experimental infection of human DPP4 knockin mice

Human DPP4 knockin C57BL/6 mice 6-8 weeks old (kindly provided by Prof. Stanley
Perlman, University of lowa) were anesthetized and infected intranasally with 10e* pfu of
wild-type or mutant virus in 25 pL of PBS. Mock control mice were similarly treated with
PBS only. Four mice from each virus group were euthanized at 4 hours, day 1, day 2, day
3, and day 5 post infection. The mouse lungs were removed and homogenized in 1T mL
PBS solution and stored at —80°C until use. Supernatants of centrifuged homogenate
were tested for viral titers for TCIDsq assay in Vero cells. Ethics of animal experiments
were approved by the university (CULATR: 5138-19).

qPCR of innate immune gene expression

Virus-infected cells were washed gently with 1 mL of PBS twice. Cellular RNA was
extracted and reverse transcribed into ¢cDNA using random hexamers and measured
for gene expression using qPCR assay. Primers used are listed in the supplementary
information.

Autophagic flux assay and LC3 immunoblotting

The effect of MERS-CoV infection on autophagic flux was determined by the transfection
of a pHR’-CMV-eGFP-mCherry-LC3 plasmid (provided by Dr. Sumana Sanyal, University
of Oxford) encoding fluorescent LC3, which emits as yellow puncta in autophagosomes
and as red puncta in autolysosomes. Chloroquine (Sigma-Aldrich, C6628) and Hanks’
balanced salt solution (Thermo Fisher) were used as reduced and increased autophagic
flux controls, respectively. Vero cells were transfected with pHR-CMV-eGFP-mCherry-LC3
using Lipofectamine 2000, followed by MERS-CoV infection at MOI 0.01. Cells were fixed
24 hours post infection by 4% PFA and processed for confocal imaging.

Electron microscopy

MERS-CoV-infected Vero cells were harvested at 9 hpi (MOl = 1) and 24 hpi (MOI = 0.01).
Cells were washed once with PBS and scrapped from well plate in 10% formalin. Cells
were centrifuged down into a pellet and fixed overnight. In the next day, cells were fixed
in 2.5% glutaraldehyde in cacodylate buffer (0.1 M sodium cacodylate-HCI buffer pH
7.4) overnight, followed by processing, sectioning, and staining for transmission electron
microscopy using Philips CM100.

Plasmid construct for immunofluorescence study

Nsp6 gene fragments (WT and nsp6 232L) were amplified from the pair of recombinant
pBAC-GDO1 and cloned into a pCAGGS vector containing a FLAG tag either at the
N-terminal or C-terminal, or without any tag using Gibson Assembly system. Inducible
vectors were generated by cloning the nsp6 gene fragment into a doxycycline-inducible
pCW vector containing a GFP tag at the N-terminal. Empty pCW was kindly provided by
Alessia Ciarrocchi and Gloria Manzotti (Addgene plasmid # 184708). ER reporter protein
GFP-cb5 was constructed by amplifying GFP with oligos containing the cytochrome b5

December 2023 Volume 97  Issue 12

Journal of Virology

10.1128/jvi.01369-23 15


https://doi.org/10.1128/jvi.01369-23

Full-Length Text

transmembrane domain sequence (5-ITTVESNSSWWTNWVIPAISALVVALMYRLYMAED-3’)
and cloned back into the pCAGGS vector using Gibson Assembly system.

ER-zippering activity

Hela cells seeded on a cover glass were transfected with pCW-GFP-nsp6 or pCW-GFP-
nsp6-232L using TransIT-LT1, according to the manufacturer’s protocol. At 24 hours post
transfection, expression of nsp6 was induced by adding 1 ug mL™" doxycycline (Sigma-
Aldrich). Cells were fixed at 1, 3, 6, and 8 hours post induction by 4% paraformaldehyde
and analyzed by confocal microscopy.

Confocal microscopy and image analyses

Cells were imaged on a Zeiss LSM980 system. Images from the experiment were taken
under the same laser parameter settings and magnification. Puncta from the images
were counted and measured using Fiji software (Imagel, National Institutes of Health)
under the same color threshold settings across images.

Statistical analysis

Comparisons were performed using two-sided unpaired Student’s t-test. All the data
using ex vivo tissue cultures were compared using paired t-test. P values of <0.05 were
considered statistically significant.
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