














HRT-18 cells (29, 30, 32, 33). Therefore, results presented in
Fig. 2A, concerning the unique molecular clone pBAC-OC43-
HEstop-A-1, from which the STOP codon has reverted to allow
for the production of infectious virus at a low titer (102.5 TCID50/

ml) after the same two rounds of amplification on HRT-18 cells,
suggest that there is some sort of selective pressure for recombi-
nant viruses with a functional HE protein. RNA mutation may
appear without production of viral particles, and we cannot com-

FIG 5 HE-complemented recombinant HCoV-OC43 infects human epithelial cells and primary cultures of murine CNS but is defective in producing new infectious
virions that can spread to surrounding noninfected cells. (A) IFA at 48 h postinfection of HRT-18 cells. (Upper panels) Green indicates cells producing the viral S protein.
(Lower panels) Green indicates cells producing the viral N protein. Blue is DAPI staining of the nucleus. (B) Semiquantitative analysis revealed that the S protein (green)
was present in ca. 25% of the cells for wild-type virus compared to �1% for the two HE-complemented infectious virus. The results are representative of three
independent experiments. Statistical significance: *, P � 0.05; **, P � 0.01; ***, P � 0.001. (C) Production of infectious particles after infection of primary murine CNS
cells. (D) IFA at 24 and 48 h postinfection in mixed primary cultures from murine CNS. Subpanels: d and g, wild-type virus (rOC/ATCC); e and h, HE-complemented
HEstop mutant virus; f and i, HE-complemented HES40T mutant virus. Red represents the microtubule-associated protein 2 (MAP-2) staining in neurons. Green
indicates viral antigens and yellow indicates colocalization (merge) of red (MAP-2) and green (viral antigens). Panel a, mock-infected cells; panels b and c, cells infected
with control noncomplemented virus, which are lysates of BHK-21 cells cotransfected with pBAC-OC43-HEstop or pBAC-OC43-HES40T with empty pcDNA vector,
respectively. The results for primary cultures are representative of two independent experiments.
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pletely rule out the possibility that only mutated RNA was formed
without virion production before the second round of amplifica-
tion on HRT-18 cells. However, based on our experimental design
(detailed in Materials and Methods), our data rather suggest that
this appear highly unlikely and indicate that infectious virus had
to be produced from the beginning. Indeed, if a revertant with a
different HE sequence compared to wild-type HCoV-OC43
(Fig. 2) is able to arise after two rounds of amplification on
HRT-18 cells (P2), this indicates that viral particles must have
been produced already after transfection of BHK-21 cells (P0) but
at a level that was under the limit of detection. However, after
several attempts at showing viral particles by electron microscopy,
which included the use of colloidal gold-conjugated antibodies,
we were never able to observe viral particles in transfected BHK-21
cells. This probably could be due to the very low production of
recombinant virus particles, even for the wild-type HCoV-OC43

produced after transfection (P0) with the pBAC-OC43FL

(Fig. 2A).
Our data concerning the complementation of HE mutant vi-

ruses using BHK-21 cells indicate that there is a dose-dependent
effect of the HE protein on the production of infectious virus.
Moreover, the relatively low levels of expression of the HE mRNA
and protein in HE-expressing BHK-21 clones, combined to the
fact that we were never able to detect its expression in HRT-18
subpopulations or isolated clones (data not shown), strongly sug-
gest that the long-term ectopic expression of the HE protein is
deleterious to the cell in contrast to the ectopic expression of the
HE protein of BCoV (34). These results suggest that, in order to
remain viable, the cells had to restrain the level of the HCoV-
OC43 HE protein expression and, in the end, this limited the
production of infectious HCoV-OC43 particles. Therefore, it ap-
pears logical that an approach where the HCoV-OC43 HE protein

FIG 6 Detection of the HE protein in infected cells and partial neutralization of HCoV-OC43 infection by HE-specific MAb. (A) Detection of S protein (MAbs
4.3E4 and 3.2B2) or HE protein (MAb KD-9-40) in HRT-18 cells at 24 h postinfection. The green cells in the bottom panels are infected cells. (B) Before infection,
wild-type recombinant HCoV-OC43 was preincubated with medium or with MAb 3.2B2 or MAb 4.3E4 or KD-9-40. At 24 h postinfection, the cells were analyzed
by immunofluorescence to detect the S protein. (C) Semiquantitative IFA analysis determined that the neutralization of infection by the KD-9-40 MAb was to
a level of almost 90% compared to infection in the presence of medium alone or in the presence of non-neutralizing antibody 3.2B2. The results are representative
of three independent experiments. Statistical significance: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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is expressed only transiently would be more efficient for comple-
mentation of the HE-defective mutant viruses (Fig. 4), producing
up to 10 times more infectious virus compared to the BHK-21
clones HE6F-A3 and HE6F-E3 presented in Fig. 3. This approach
of transient HE expression was also efficient to significantly in-
crease the number of cells that produced the S viral protein after
transfection (Fig. 4C). A hypothesis that could explain this obser-
vation is that recombinant viruses produced in the process of
transfection would be able to infect surrounding BHK-21 cells,
which are susceptible to HCoV-OC43 infection. Indeed, since a
strong acetyl-esterase activity, related to the production of the HE
protein, was already detectable at 24 h posttransfection, cells that
produce the HE protein may also generate more newly produced
infectious virus particles (Fig. 4D), which in turn would be able to
infect surrounding cells Moreover, one can imagine that HE-de-
ficient HCoV-OC43 particles were produced and that the func-
tional HE protein independently produced in the transfected
BHK-21 cells (Fig. 4) helped prevent a possible aggregation of viral
particles, and to regain their capacity to infect a susceptible cell, as
previously suggested (6, 35).

Results presented in Fig. 5 emphasize that the HCoV-OC43 HE
protein plays an important role in the production of infectious
virions that are able to infect susceptible cells and to eventually
spread in cell culture. The HE protein of MHV-JHM was previ-
ously shown to affect the spread of the virus in the CNS without
any influence on the production of infectious virus. However, in
contrast to the latter report (27), it appears that the acetyl-esterase
function of the HCoV-OC43 HE protein is important for optimal
production of new infectious virions and eventual virus spread-
ing. Indeed, even though the HE-complemented virus produced
by cotransfection of pcDNA-HE and pBAC-OC43-HES40T par-
tially disseminated within primary cultures of murine CNS, asso-
ciated with a low production of new infectious virus, it remained
far less effective than wild-type HCoV-OC43 (rOC/ATCC). Nev-
ertheless, the fact that this HE-complemented mutant virus was
able to produce this low amount of infectious virions that could
partially spread in primary cell cultures (Fig. 5) suggests that
HCoV-OC43 does not completely rely on the acetyl-esterase func-
tion of the HE protein for spread within the CNS.

The HE protein possesses both sialic acid binding properties
and an acetyl-esterase enzymatic activity, the latter being postu-
lated to be associated with a receptor-destroying enzymatic func-
tion (reviewed in reference 6). Over the years, a debate has been
on-going about the fact that these two different activities of the HE
protein could contribute to viral entry and/or release from the cell
surface (reviewed in references 6, 10, and 36). Further studies are
currently being pursued to determine the relative contribution of
the HCoV-OC43 HE protein at early steps of infection, during
viral entry, or at later stages, when the virus is assembling or has
assembled and is ready to be released from the cell where it is
produced. Our current results point toward an important role of
the HE protein in helping to produce viral particles that are infec-
tious and that will somehow more efficiently infect susceptible
cells. Even though the precise mechanism remains to be eluci-
dated, one can hypothesize that a fully enzymatically active HE
could release the S protein from the 9-O-acetyl sialic acid on the
cell surface. Indeed, HCoV-OC43 was previously shown to inter-
act with this type of sialic acid (14) that could even serve as a
receptor determinant for infection (37). In such a model, in which
the S protein is responsible for primary attachment of HCoV-

OC43 to the cell surface (6), deletion of the HE protein or inacti-
vation of its acetyl-esterase activity could prevent fusion of cellular
and viral membranes induced by the S protein, which would in-
hibit an efficient entry of HCoV-OC43 into susceptible cells.

The HCoV-OC43 and BCoV are closely related, as they share a
92% degree of nucleotide identity over the genome (38, 39), and
this similarity increases to ca. 95% for the HE gene and protein
alone (40). The BCoV HE protein was previously suggested to play
a role in infection of susceptible cells, as suggested by inhibition of
infection by neutralizing MAbs (26). Therefore, as was suggested
for BCoV (26), our data suggest that the HE protein of HCoV-
OC43 can affect viral infectivity. Moreover, MAb KD-9-40 di-
rected against BCoV, used here, was previously shown to inhibit
the acetyl-esterase activity of BCoV (41) and, as previously cited,
this activity was suggested to be important for BCoV replication
(11).

Even though, for most coronaviruses, the S protein is incorpo-
rated into the envelope in intracellular vesicles near the ERGIC
area, coronaviruses go through the secretory pathway to be re-
leased from the cells after going through the Golgi apparatus.
Considering that 9-O-acetylation of sialic acid linked to glycopro-
teins takes place in the Golgi apparatus in various cells, including
the BHK-21 cell line (33), the S protein (incorporated or not in the
virion) could interact with 9-O-acetylated glycoproteins present
in this subcellular compartment. In the absence of a fully enzy-
matically active HE, this potential interaction of the S protein with
9-O-acetyl-sialic acid would not be cleaved off, which may affect
the release of newly produced viral particles or the infectivity of
these particles. Furthermore, even though lentiviruses assemble
very differently than coronaviruses, data obtained using a pseu-
dotyped lentivirus system suggest that the absence of a fully enzy-
matically active HE protein reduces the amount of S protein in-
corporated in the viral membrane and therefore decreases viral
infectivity (C. Zhang et al., data not shown).

Taken together, our results show that infectious viruses (found
either extracellularly in the cell supernatant or intracellularly)
were never detected after transfection of BHK-21 cells with pBAC-
OC43 cDNA clones without HE protein or bearing an acetyl-
esterase deficient HE protein (HE0). The present study clearly in-
dicates for the first time that the O-acetyl-esterase activity of HE
protein of an HCoV plays a significant and important role in pro-
ducing infectious virions and therefore in subsequent infection of
cells by these newly produced viral particles to disseminate in cell
culture. Furthermore, since HCoV-OC43 is neuroinvasive in both
mice and humans, our results strongly suggest that HE represents
an important viral factor that may influence the outcome of a CNS
infection by this HCoV.
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