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Human coronaviruses (HCoV) cause common colds but can also infect neural cell cultures. To provide
definitive experimental evidence for the neurotropism and neuroinvasion of HCoV and its possible association
with multiple sclerosis (MS), we have performed an extensive search and characterization of HCoV RNA in a
large panel of human brain autopsy samples. Very stringent reverse transcription-PCR with two primer pairs
for both viral strains (229E and OC43), combined with Southern hybridization, was performed on samples
from 90 coded donors with various neurological diseases (39 with MS and 26 with other neurological diseases)
or normal controls (25 patients). We report that 44% (40 of 90) of donors were positive for 229E and that 23%
(21 of 90) were positive for OC43. A statistically significant higher prevalence of OC43 in MS patients (35.9%;
14 of 39) than in controls (13.7%; 7 of 51) was observed. Sequencing of nucleocapsid protein (N) gene
amplicons revealed point mutations in OC43, some consistently found in three MS patient brains and one
normal control but never observed in laboratory viruses. In situ hybridization confirmed the presence of viral
RNA in brain parenchyma, outside blood vessels. The presence of HCoV in human brains is consistent with
neuroinvasion by these respiratory pathogens. Further studies are needed to distinguish between opportunistic
and disease-associated viral presence in human brains.

Multiple sclerosis (MS) is a central nervous system (CNS)
disease characterized by patches of demyelination and infiltra-
tion of inflammatory cells (21). The etiology of this disabling
disease has not yet been determined, but both genetic factors,
such as genes encoding human leukocyte antigens, T-cell re-
ceptors, and myelin basic protein (MBP) (18, 19, 26), and
environmental factors such as viruses have been implicated
(31). At least four human demyelinating diseases have a known
viral etiology: subacute sclerosing panencephalitis as a late
complication of measles virus infection of childhood (35), pro-
gressive multifocal leukoencephalopathy caused by the JC pa-
povavirus (57), encephalopathy and myelopathy (neuro-AIDS)
caused by human immunodeficiency virus (43), and human
T-lymphotropic virus type 1-associated myelopathy/tropical
spastic paraparesis (28). Over the last decades, several viruses
have been associated with MS, based on detection of virions,
viral nucleic acids, or viral proteins in CNS or the presence of
antiviral antibodies in serum and/or cerebrospinal fluid. A con-
firmed association with MS is awaited but may involve more
than one virus.

Several studies have associated human coronaviruses
(HCoV) with MS. Coronavirus-like particles were detected in
autopsied brain tissue from an MS patient (56). Two corona-
viruses that are molecularly related to murine neurotropic
coronaviruses were isolated from brain material obtained at
autopsy from two MS patients (9). Intrathecal anti-HCoV an-
tibody synthesis indicative of a CNS infection was reported in
MS patients (45). HCoV RNA was detected in MS patient
brains (37, 51) and in cerebrospinal fluid of MS and other
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neurological disease (OND) patients (15). Coronavirus anti-
gens were also detected in MS patient brains (37). Moreover,
we have shown that HCoV can infect human astrocytes and
microglia in primary cultures (8) and can acutely and persis-
tently infect immortalized human glial cells (4, 5). Thus, accu-
mulating evidence suggests that these viruses, first isolated as
pathogens of the respiratory tract and now associated with up
to one-third of human common colds (39), might be neuro-
tropic, neuroinvasive, and neurovirulent in humans, as is the
case for their murine counterpart, the coronavirus mouse hep-
atitis virus (MHYV). Interestingly, upper respiratory infections
of viral origin were shown to be an important trigger of MS
attacks (2, 40, 48). Moreover, coronavirus seasonal patterns fit
the observed occurrence of MS exacerbations (48).

MHV-induced demyelinating disease involving coronavi-
ruses is used as an animal model for elucidating the complex
pathogenesis of MS. As for MS, MHV pathogenesis is multi-
factorial (27). Its outcome is influenced by genetics of the host
and virus, dose and route of inoculation, and host age and
immunological status at the time of infection (58). Neurotropic
MHYV strains could invade the CNS following an intranasal
inoculation in mice (34) and could also gain access to the CNS
via the hematogenous and/or lymphatic systems in mice (7)
and in primates (11). Given that HCoV are respiratory viruses,
they might also invade the CNS following a primary infection
of the upper respiratory tract. Moreover, both known strains of
HCoV, OC43 and 229E, can infect macrophages (13, 41) and
229E can infect human brain endothelial cells (10), which are
possible alternative routes for CNS invasion.

Given these observations for animal models and humans,
demonstration and characterization of the neurotropism, neu-
roinvasion, and neurovirulence of HCoV are necessary to elu-
cidate the possible link between these ubiquitous viruses and
CNS pathologies such as MS and possibly others. In order to
characterize the possible in vivo neurotropism and neuroinva-
sion of HCoV in humans, we analyzed human brain samples
for the presence of both known strains, OC43 and 229E. We
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TABLE 1. Primers used to amplify HCoV-229E and HCoV-OC43 N and MBP genes

Primer

RNA amplified (references)

Sequence (5'-3")

Designation: corresponding region on
published sequence

HCoV-OC43 N (4, 29)

CCCAAGCAAACTGCTACCTCTCAG
GTAGACTCCGTCAATATCGGTGCC
GATGGCAACCAGCGTCAACTGCTG

O1 sense: 215-238
O3 antisense: 497-520
O2 probe: 419-442

CATCAGGAGGGAATGTTGTACC
TACTGGTCTTTAGCATGCGGTC
GGATGCCACTAAACCTCAGCAAG
GGTGCGAGTTCTGCAAAGATGG
GGAGCCCCAATAAACAATGC

HCoV-229E N (5, 47)

MBP (52)

HCoV-229E N riboprobe (47)

HCoV-OC43 N riboprobe (29)

TCTGCCAAGAGTCTTGCTCG
AGCATAGCAGCTGTTGACGG
GGAAGTGCAGGTGTTGTGGC
CAAAAGAACAAAAGCATGAAATCG
GCTCAGCAAATTGTGGATAGC
TCAGAACTAGAAAGGGCAAACGG
GGGAGCTTTTGATTGAAGTGTGG
CGTGTTGAAGGTGTCGTCTGG

AGAACTGCTCACTACGGCTCCCTG
TCCAGAGCGACTATCTCTTCCTCC
CTGTCCCTGAGCAGATTTAGCTGG

TACAGTCAAATGGGCTGATG
GCGTTCACCTAGGTTCAGTAAC

CTGGTAATCGCATCCTCAAG
AGAAGGCTGATGTCCTCTGC

O1.1 nested sense: 243-264

03.1 nested antisense: 474-495

O7 sense: 920-942 (738-760)"

09 antisense: 1114-1135 (954-975)*
O8 probe: 1005-1024 (821-840)"

E7 sense: 819-838

E9 antisense: 1035-1054

ES8 probe: 969-988

E7.1 nested sense: 856-879

E9.1 nested antisense: 1009-1029
E11 sense: 337-359

E13 antisense: 525-547

E12 probe: 432-452

M1 sense: 274-297°
M3 antisense: 550-573°
M2 probe: 406-429°

ISH229E-H: 152-171
ISH229E-I: 1543-1562

ISHOC43-H: 138-157
ISHOC43-1: 1465-1484

“ Error in the original publication for nucleotide numbers (the corrected numbers are in parentheses).

b Position on the coding region only, without introns.

looked for the presence of HCoV RNA within the CNS of a
large panel of donors comprising those with MS or OND and
healthy patients. Very stringent reverse transcription-PCR
(RT-PCR) coupled to Southern hybridization was performed.
We report the detection of HCoV RNA in a large proportion
of donors. A preferential association of the presence of viral
strain OC43 with MS was observed. Moreover, we detected
viral RNA by Northern hybridization and in situ hybridization.
Our results provide a strong indication for the neurotropism
and neuroinvasion of these respiratory pathogens.

MATERIALS AND METHODS

Brain samples. Frozen coded brain samples from MS patients and control
donors were received from the following brain banks: The Multiple Sclerosis
Society Tissue Bank, Institute of Neurology, University of London, London,
United Kingdom (Jia Newcombe); Laboratoire de Neuropathologie Raymond
Escourolle, Groupe Hospitalier Pitié-Salpétri¢re, Paris, France (Jean-Jacques
Hauw and Danielle Seilhean); Rocky Mountain Multiple Sclerosis Center Tissue
Bank, Englewood, Colo. (Catalin Butunoi and Ronald S. Murray); Multiple
Sclerosis Human Neurospecimen Bank, West Los Angeles VA Medical Center,
Los Angeles, Calif.) (Virginia Sanders and Wallace W. Tourtellotte); Douglas
Hospital Research Center Brain Bank, McGill University, Verdun, Québec,
Canada (Danielle Cécyre, Yvan Dumont, and Rémi Quirion). Samples were
stored at —70°C.

RNA, RT-PCR, and Southern hybridization. Total cellular RNA from human
brain tissues was extracted as already described (4). Briefly, tissues were lysed
with guanidinium isothiocyanate buffer and then layered onto a cesium chloride
cushion for a 12- to 20-h centrifugation at 150,000 X g. The RNA pellet was
resuspended in H,O. The pairs of primers used for amplification of the RNA of
HCoV-0C43, HCoV-229E, and MBP (internal gene control) are described in
Table 1. Forty picomoles of the inversely complementary primer was incubated
with total cellular RNA at 65°C for 5 min to denature RNA; this was followed by
a slow cool down to 37°C for annealing. Reverse transcription with Moloney
murine leukemia virus reverse transcriptase (38 U; Pharmacia, Baie d’Urfé,
Québec, Canada) was performed at 42°C for 90 min in the presence of a mixture
of 48 to 75 U of RNA Guard (Pharmacia), 0.4 mM (each) deoxynucleoside

triphosphate (ANTP) (Pharmacia), and 1X reverse transcriptase buffer (50 mM
Tris-HCI [pH 8.0], 62.5 mM KCIl, 3 mM MgCl,, 10 mM dithiothreitol [DTT]).
Optimal PCR conditions were determined with cDNA transcribed from positive-
control RNAs. For PCR, one-fifth of the synthesized cDNA was incubated in the
presence of either 20 (O1 and O3, O7 and 09, and M1 and M3 primer pairs) or
50 pmol (E7 and E9 and E11 and E13 primer pairs) of the sense and antisense
primers, with either 2.0 (E7 and E9 and O7 and O9 primer pairs), 2.5 (O1 and
03 and M1 and M3 primer pairs), or 4.0 mM (E11 and E13 primer pair) MgCl,
(Roche Diagnostics, Laval, Québec, Canada), 1X PCR buffer (10 mM Tris-HCl
[pH 8.3], 50 mM KClI; Roche Diagnostics), dNTP (0.2 mM dATP, dCTP, and
dGTP and 0.6 mM dUTP; Roche Diagnostics), and 2 U of uracil DNA glyco-
sylase (UNG; Roche Diagnostics) at 20°C for 10 min (UNG elimination of any
potential contamination from a previous PCR) and then at 94°C for 10 min
(inactivation of UNG and denaturation of DNA), and finally at 60°C for another
5 min (annealing). After the addition of Tag DNA polymerase (2.5 U; Roche
Diagnostics) 30 cycles of 2 min at 72°C, 1 min at 94°C, and 2 min at 60°C were
performed, with a final elongation step of 10 min at 72°C. DNA amplicons were
separated by electrophoresis in a 1.5% (wt/vol) agarose gel. Southern hybridiza-
tion was performed on amplicons according to standard techniques using a
32P-labeled internal oligonucleotide (02, 08, E8, E12, or M2; Table 1). The
suitability of RNA for RT-PCR amplification was verified by an RT-PCR specific
for an internal control, MBP RNA. We worked in very stringent conditions in
order to avoid any contamination from laboratory viruses or previous PCR
amplicons. Positive-displacement pipettes and the UNG carryover prevention
system were used. Moreover, a strict physical separation of pre- and post-PCR
areas was enforced. RNA extracted from infected cells (HRT-18 cells infected by
HCoV-OC43 and L-132 cells infected by HCoV-229E) were used as positive
controls in our RT-PCR. A negative control consisting of master mixture solu-
tion without added RNA or cDNA was included in each reaction of RT and
PCR, respectively, and put also on each agarose gel that was eventually trans-
ferred onto a nylon membrane and hybridized with a radiolabeled oligonucleo-
tide. The sensitivity of the combination of the RT-PCR and Southern testing was
estimated by preparing in vitro-transcribed RNA from the N gene cloned in
pGEM-T vector as described below (“Preparation of riboprobes”). The RNA
was purified from an agarose gel, quantified by spectrometry measurements, and
then diluted and used to perform the RT-PCR and Southern hybridization under
the same conditions used for brain RNA. The sensitivity of our RT-PCR/South-
ern hybridization test was estimated at 10% copies of the viral N gene (data not
shown). We do not consider it possible that the viral sequences detected by
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RT-PCR could have been DNA since the MBP-specific RT-PCR encompassed
different exons. A DNA contamination would have been detected by a larger
PCR product than expected without introns, which we have never experienced
with the numerous samples we have handled.

Nested PCR, cloning, and sequencing of amplicons. Since PCR products were
most of the time not detectable on an agarose gel, a nested PCR was performed
on amplicons that were positive for the first round as detected by Southern
hybridization, in order to obtain enough material for cloning and sequencing.
PCR products yielding a positive signal in Southern blotting were used for nested
PCR to allow sequencing of specific amplicons. Ten microliters of a 1/100
dilution of the first PCR product was incubated with 50 pmol (O1.1 and O3.1 and
E7.1 and E9.1 primer pairs) of sense and antisense primers-0.4 mM (each)
dNTP-1X PCR buffer-2.5 mM MgCl, for 5 min at 94°C and then for 5 min at
60°C. Tag DNA polymerase was then added, and tubes were incubated for 30
cycles as described above. PCR products were cloned into the pCR2.1 vector
(Invitrogen, Carlsbad, Calif.) and XL-1 blue bacteria and sequenced with an
automated sequencer (ALF; Pharmacia) in both directions; at least three clones
were used for each cloning reaction. Nucleotide sequences and predicted amino
sequences were analyzed with Geneworks software, version 2.5.1 for Macintosh
(Oxford Molecular Ltd., Oxford, United Kingdom).

Preparation of riboprobes. RNA from infected cells (HRT-18 cells infected
with HCoV-OC43 and L-132 cells infected with HCoV-229E; both laboratory
HCoV strains were originally obtained from the American Type Culture Col-
lection) was used to amplify a fragment of the N-coding RNA of each viral strain
with primers described in Table 1. RT was performed as described above. PCR
was done as for nested PCR described above; 1/10 of the cDNA was used with
20 pmol of sense and antisense primers. PCR products were cloned into the
pGEM-T vector (Promega; distributed by Fisher Scientific Ltd., Nepean, On-
tario, Canada) and then partially sequenced with an automated sequencer (ALF;
Pharmacia) in both directions to verify the integrity of each sequence as well as
its orientation. Plasmids were then linearized, and 1 to 10 pg of DNA was
transcribed into RNA for 2 h at 37°C in the presence of a mixture consisting of
SP6 or T7 RNA polymerase (20 U; Roche Diagnostics), 40 mM Tris-HCI (pH
7.4), 6 mM MgCl,, 20 mM DTT, 4 mM spermidine, RNase inhibitor (40 U;
Roche Diagnostics), and 0.5 mM ATP, CTP, and GTP and 170 p.Ci of [*>P]JUTP
(800 Ci/mmol, 20 mCi/ml; Amersham) for the riboprobes to be used for North-
ern hybridization or 0.5 mM ATP and GTP and 250 wCi of 3S-UTP and
35S-CTP (10 mCi/ml, >1,000 Ci/mmol; Amersham) for the riboprobes to be used
for in situ hybridization. Plasmid DNA was digested with RNase-free DNase (10
U; Roche Diagnostics) in the presence of a mixture of 25 wg of yeast tRNA, 40
mM Tris-HCI (pH 7.4), 6 mM MgCl,, 10 mM DTT, 4 mM spermidine, and
RNase inhibitor (40 U; Roche Diagnostics) for 15 min at 37°C. A phenol-
chloroform extraction was performed, and the upper phase was transferred onto
a G-50 Sephadex column to eliminate nonincorporated radiolabeled nucleotides.
For in situ hybridization, probes were hydrolyzed in the presence of 40 mM
NaHCO3-60 mM Na,COj for 15 min at 60°C, followed by a neutralization and
precipitation step with 91 mM sodium acetate—0.5% acetic acid—15 pg of yeast
tRNA-608 mM ammonium acetate to which was added 2.5 volumes of cold
ethanol. The RNA pellet was resuspended in H,O. Probes labeled with 3°S were
maintained under reducing conditions by adding a final concentration of 10 mM
DTT.

For Northern hybridization, 3*P-labeled riboprobes were diluted in the hy-
bridization buffer (5% [wt/vol] sodium dodecyl sulfate [SDS], 400 mM NaPO,, 1
mM EDTA, 1 mg/ml bovine serum albumin, 50% (vol/vol) formamide). For in
situ hybridization, 3°S-labeled riboprobes were diluted in the in situ hybridization
buffer (75% [vol/vol] formamide, 3X SSC [1X SSC is 0.15 M NaCl plus 0.017 M
sodium citrate], 0.1X Denhardt’s solution, 200 pg of yeast tRNA/ml, 50 mM
NaPO, [pH 7.4], 0.1 g of dextran sulfate/ml) at a concentration of 3.3 x 10*
cpm/pl.

Northern hybridization. Five micrograms of denatured total RNA was sepa-
rated by electrophoresis on a 1.5% (wt/vol) agarose-20 mM HEPES-1 mM
EDTA-6% (vol/vol) formaldehyde gel. Bands were transferred overnight to a
positively charged nylon membrane (Nytran; Xymotech, Mont-Royal, Québec,
Canada) by capillary action in 10X SSC buffer (1.5 M NaCl, 0.17 M sodium
citrate, pH 7.0). The membrane was dried at 65°C for 1 h, and then RNA was
fixed with UV light. The membrane was stained with methylene blue to verify
adequate transfer. Prehybridization (prehybridization buffer: 5% [wt/vol] SDS,
400 mM NaPO,, 1 mM EDTA, 1 mg of bovine serum albumin/ml, 50% [vol/vol]
formamide) for at least 2 h at 60°C preceded overnight hybridization at 60°C with
32p-labeled riboprobes. Blots were washed for 20 min and then twice for 1 h in
0.1X SSC-0.1% (wt/vol) SDS-1 mM EDTA at 70°C and exposed to Kodak
X-OMAT autoradiography film (17).

In situ hybridization. In situ hybridization was performed with a slight mod-
ification of a published protocol (46). Tissue sections 5 to 10 wm thick were fixed
in 4% (vol/vol) phosphate-buffered paraformaldehyde solution for 1 h at room
temperature and then washed twice in phosphate-buffered saline, pH 7.4. A
proteinase K treatment of 10 min at 37°C was performed (0.1 wg/ml) followed by
the following washes: 5 min in H,O, 5 min in 0.1 M triethanolamine, 10 min in
0.1 M triethanolamine containing 0.25% (vol/vol) acetic anhydride, and then 5
min in 2X SSC. The washes were followed by dehydration in graded ethanol
baths (50 to 95% [vol/vol]). A 3>S-labeled (10°-cpm) riboprobe was added onto
each tissue section, and an overnight incubation at 55°C in a humid chamber with
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75% (vol/vol) formamide was performed. Sections were washed with 2Xx SSC to
remove excess hybridization buffer and then treated for 45 min at 37°C with
RNase A (40 wg/ml), and finally the following washes were performed: three
10-min washes at room temperature in 2X, 1X, and 0.5X SSC and then one wash
for 45 min at 60°C in 0.1X SSC. Sections were dehydrated in graded ethanol (50
to 100% [vol/vol]) prior to coating with K-5 nuclear emulsion (Illford), exposition
for 1 to 2 months at 4°C, and then development with D19 (Kodak) for 2 min and
fixation for 4 min with sodium thiosulfate (30% [wt/vol]). Tissues were dehy-
drated in graded ethanol baths and counterstained with cresyl violet. The coun-
terstain performed after the hybridization procedure does not result in a typical
Nissls staining. Neuron nuclei were weakly stained and are large and pale, while
glial cell nuclei were stained strongly purple-blue and are smaller in size (17).
Slides were observed with an Eclipse 800 Nikon microscope and a Darklite
illuminator (Micro Video Instruments Inc., Avon, Mass.). A positive signal was
characterized by a significant number of silver grains developed over cells com-
pared with background.

RESULTS

Detection of HCoV RNA in human brains. HCoV or mu-
rine-like coronavirus RNA has been previously detected in
human brain samples, with an apparent preferential associa-
tion with MS (37, 51). However, the establishment of the
statistical significance of these observations justified the re-
quirement for a larger number of patients. Therefore, we ver-
ified the presence of HCoV RNA within a large panel of
human brain autopsy samples. We looked for viral RNA and
not viral protein or infectious virions since it has been estab-
lished that during persistent MHV infections of murine CNS,
viral proteins and virions could not be detected for periods as
long as could viral RNA (22). Coded brain samples were
treated blindly, and only when experiments were completed
were the codes broken to ensure complete objectivity in the
interpretation of results. We amplified by RT-PCR segments
of the nucleocapsid protein (N) gene of HCoV since this RNA
is expressed in larger amounts during a viral infection and also
because its sequence is present on all subgenomic and genomic
viral RNAs (32). For each viral strain, two distinct regions of
the N gene were amplified. In order to increase both the
sensitivity and specificity of our assay, a Southern hybridization
was performed on PCR amplicons. An experiment was consid-
ered successful and was included in our final results when both
negative controls (RT and PCR) did not show any signal and
also when the positive control showed a very strong hybridiza-
tion signal. A brain donor was considered positive for one viral
strain only when both RT-PCR primer pairs for that specific
strain showed a positive signal on the Southern blot or RNA
from two distinct extractions amplified by the same primer pair
yielded positive Southern hybridization signals.

A description of patients is presented in Table 2. The time
postdeath prior to brain removal varied between samples but
did not influence the suitability of RNA for amplification by
RT-PCR since we were able to amplify MBP RNA for at least
one block from every patient from which a sample was ob-
tained. A description of the histological localization of positive
signals for viral detection by donors is presented in Table 3,
when this information was available from brain banks. A pos-
itive signal for HCoV detection was often observed in more
than one brain tissue block obtained from the same patient.
Signals were observed in plaque samples but also in grey and
white matter from both controls and MS patients. There was
no apparent correlation between parts of the brain used for
HCoV detection and results obtained.

Overall, 48% of all donors were positive for either one or
both HCoV (Table 4). Considering that we have used on av-
erage a 200-mg tissue sample per block and that a human brain
weighs between 750 g and 1 kg, we used less than 1/1,000 of the
total brain. Given these considerations, we conclude that the
proportion of human brain samples which were positive for

1473a N1 M33aH101149Ig Aq STOZ ‘2T Ydre uo /Bio wse’Ialj:dny woly papeojumod


http://jvi.asm.org/

8916 ARBOUR ET AL.

TABLE 2. Description of autopsy brain samples used and summary
of HCoV RT-PCR results

J. VIROL.

TABLE 3. Information concerning histological localization of
positive signals in patients’ brains

DIl - Mean age HCoV detection?
iagnosis Sex " _
= Tange  229E OC43 Both
MS Male 53 =12 11/20 7/20 5/20
Female 45 =13 9/19 7/19 6/19
Normal control Male 64 £19 9/19 4/19 4/19
Female 67 =17 2/5 1/5 0/5
ONNeurologicalD

Alzheimer’s Male 80 £2 02 0/2 0/2
Female 80 6 2/8 1/8 0/8

Parkinson’s Male 75*+3 3/4 04 0/4
Female 66 +18 12 02 02

Schizophrenia Male 65*+7 13 13 173

Female 67 0/1 0/1 01

Depression Male 81 /1 01 01

Female 793 02 02 02
Amyotrophic lateral sclerosis Male 80 0/1 01 01
Bacterial meningitis Male 70 0/1 0/1 01
Meningoencephalitis Male 68 /1 11 11

“ Number of samples positive for viral strain(s)/number of samples tested.

one or both HCoV (48% of all) was relatively large. Statistical
analysis of our results showed that the 229E strain was present
in all groups and did not show a preferential association for
women versus men or for patients with MS versus those with
OND or normal controls. However, the OC43 strain was pref-
erentially present in MS patients compared to those with OND
(P = 0.0169) or compared to all controls (P = 0.0137) as
calculated by chi-square and Fisher’s exact tests, respectively.
Normal controls did not show a statistically different propor-
tion of HCoV-OC43-positive brains compared to MS patients.

Molecular adaptation of viral strains in human brains. To
ascertain the coronaviral origin and also to verify the possible
molecular adaptation of these viruses in human brain samples
compared to laboratory viruses, we sequenced HCoV ampli-
cons from human brains. It has been shown for the murine
counterpart of HCoV, MHYV, that point mutations and dele-
tions arise during a persistent in vivo infection of the murine
CNS (1, 44). Moreover, certain point mutations were mainly
observed in animals experiencing chronic demyelinating dis-
ease and rarely in asymptomatic animals (42). The viral protein
N was previously shown to have mutated in the CNS of the
viral host (1). We compared sequences obtained to already-
published sequences for each viral strain. We did not observe
point mutations or deletions among the human brain ampli-
cons for the 229E strain compared to viral amplicons obtained
from our positive control (RNA from infected cells). Two
point mutations for the OC43 strain, one leading to an amino
acid change (position 398; AGA—GGA; R—G) and the other
silent (position 442; CTG—CTA) were observed in four dif-
ferent brains: one normal control and three brains of MS
patients. Moreover, an additional point mutation (position
261; GTA—GCA; V—A) was observed in one of the MS
patient brains. These mutations were never observed in any
positive controls (viral RNA from acutely infected patient cell
lines). We conclude that these point mutations were probably
representative of those in viral RNA present in human brains.
Indeed, these changes suggest that HCoV could have adapted
to the CNS, unlike the laboratory viruses, which we obtained
from the American Type Culture Collection and which were
initially isolated from the upper respiratory tract. Moreover,

Detection of

Diagnosis Brain localization HCoV strain:
229E 0C43

MS Plaque - +
Normal grey matter - -

Normal white matter - +

MS Normal tissue encircling plaque + -
Normal grey matter - -

Active MS plaque + -

MS Normal tissue + -
Normal grey matter, cerebellum + -

Normal tissue encircling plaque - +

Active plaque + -

Plaque - +

Plaque - +

Chronic plaque, Pons + -

MS Plaque - +
MS Normal white matter + -
Plaque - +

MS Normal white matter + -
Plaque + -

MS White matter - +
White matter + -

Grey matter + -

Inactive plaque + -

MS Inactive plaque + -
MS Subcortical grey matter + -
Active and inactive plaque + -

MS Active plaque + -
MS Inactive plaque + -
MS White matter + -
MS Inactive plaque + -
Grey matter - +

MS White matter - +
Normal Grey matter + -
White matter + -

Normal Grey matter - +
Grey matter + -

Grey matter + -

White matter - +

Normal White matter + -
Normal White matter + -
Schizophrenia Grey matter + -
White matter + -

relative consistency of the viral sequence for the N gene
strongly suggests that the amplified RNA from human brains
was really from HCoV and not from an unknown source.
Detection of viral RNA in human brains by Northern hy-
bridization. In order to evaluate the amount of viral RNA and
whether a sufficient amount was detectable prior to attempting
in situ hybridization experiments, we performed Northern hy-
bridization on RNA taken from some human brains (four
samples were tested, three of which were positive by RT-PCR
and two of which yielded signals in Northern hybridization).
Representative results obtained are shown in Fig. 1. Expected
viral subgenomic RNAs, all of which retain the sequence of the
N gene, were detected in the positive control (RNA from
virus-infected cells). As expected (32), the subgenomic viral
RNA encoding the N gene was expressed in the largest
amounts in infected cells. Lanes 2, 3, and 4 represent hybrid-
ization to three different brain RNAs. We were able to detect
RNA corresponding to the N gene of the OC43 strain on two
of three RNA preparations. For the 229E strain, even though
the positive control showed a strong signal for all subgenomic
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TABLE 4. Statistical analysis® of the association of the detection of
HCoV RNA in human brain samples with MS diagnosis

No. of samples positive for indicated strain(s)/
no. tested (%)

Diagnosis

229E 0C43 229E and OC43
MS 20/39 (51.3) 14/39 (35.9) 11/39 (28.2)
OND 9/26 (34.6) 2/26 (7.7) 2/26 (7.7)
Normal 11/25 (44.0) 5/25 (20.0) 4/25 (16.0)
Total 40/90 (44.4) 21/90 (23.3) 17/90 (18.9)

¢ For strains 222E plus OC43 and strain 229E alone, P was >0.05 for MS
versus OND, normal controls, and all controls. For strain OC43 alone, P was
0.0169 (Fisher’s exact P value) for MS versus OND, >0.05 for MS versus normal
controls, and 0.0137 (chi-square P value) for MS versus all controls.

viral RNAs, we did not detect any signal in the human brain
RNA tested (data not shown). Thus, viral RNA could be de-
tected in human brains even without amplification by RT-PCR.
Since this technique is less sensitive than RT-PCR coupled to
Southern hybridization but has a sensitivity comparable to that
of Northern blotting, this suggested that viral RNA may be
present in sufficient amounts to be detected by in situ hybrid-
ization, which has even been reported to be more sensitive
than Northern blotting when RNA is localized in a small por-
tion of the tissue (3).

Localization of viral RNA by in situ hybridization. In order
to verify the localization of viral RNA in the CNS, an essential
confirmation of the suspected neuroinvasion, we performed in
situ hybridization on human brain sections, using the same
probe as for the Northern blot showing specific hybridization
to viral RNA. In situ hybridization performed on immortalized

vV 1 2 3
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3 —
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FIG. 1. Northern hybridization for HCoV-OC43 on RNA extracted from
human brains (lanes 1 to 3) or from positive-control HCoV-OC43-infected
HRT-18 cells (lane V). HCoV-OC43 subgenomic RNAs are as follows, from top
to bottom (estimated sizes and encoded proteins are indicated): RNA 2 (11.6 kb;
ns2 protein); RNA 2-1 (8.8 kb; HE protein); RNA 3 (7.1 kb; S protein); RNA 4
(4.0 kb; ns4 protein); RNA 5 (3.3 kb; ns5 protein); RNA 5-1 (3.0 kb; E protein);
RNA 6 (2.5 kb; M protein); RNA 7 (1.8 kb; N).
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human neuronal cells revealed radiolabeled riboprobe signals
only on infected cells and not on noninfected cells (M. Viau, N.
Arbour, and P. J. Talbot, unpublished observations). These
experiments were also performed blindly, in order to provide
absolute objectivity in the interpretation of results. At least two
slides of the same tissue block had to be positive in order to
consider the block positive. Samples from seven donors were
selected on the basis of RT-PCR results. We did not observe
any signal for the 229E strain, most likely because the amount
of viral RNA was not sufficient for detection by this technique
(data not shown). Indeed, we did not detect HCoV-229E RNA
in human brains by Northern blotting, corroborating these in
situ hybridization results (data not shown). On the other hand,
we detected positive signals for the OC43 strain on two blocks
from one MS patient and on one block from a healthy control.
Samples from both of these donors were positive for HCoV-
OC43 by RT-PCR. We did not detect any signal when slides
adjacent to the positive ones were pretreated with RNase A
prior to hybridization (data not shown). We also did not ob-
serve any positive signal with the sense probe, suggesting that
the negative-strand viral RNA was not present in detectable
amounts (data not shown). Hybridization of slides just adjacent
to the positive ones with the 229E strain riboprobe did not
yield any signal (data not shown). Examples of hybridization
signals observed are shown in Fig. 2. Dark-field pictures clearly
show that positive signals were really distinct from normal
background. Three or four positive regions were randomly
distributed on each positive slide. We often observed that more
than one cell was positive in the same region. Signals obtained
were never seen in blood vessels or grey matter but only in the
white matter parenchyma.

DISCUSSION

Some murine coronaviruses are neurotropic, neuroinvasive,
and neurovirulent in rodents (27, 58) and in nonhuman pri-
mates (11, 38), inducing in some cases an MS-like demyelinat-
ing disease. Our goal is to investigate the possible neurotro-
pism, neuroinvasion, and neurovirulence of the related HCoV,
which have so far only been definitively associated with respi-
ratory infections, with occasional reports of associations with
diarrhea and neurologic diseases, mainly MS (39). In the work
presented herein, we searched for the presence of HCoV RNA
in a large number of autopsied brain samples from patients
diagnosed with MS or OND and normal controls. Viral RNA
was present in a surprisingly large number of samples; 48% (44
of 90) of all donors were positive for one or both viral strains.
There was no preferential association of the presence of
HCoV-229E with a specific diagnosis. However, the OC43
strain was preferentially detected in MS patient brain samples
(14 positive samples out of 39) compared to OND patient
samples (2 positive samples out of 26) or the overall control
group (OND patient samples plus normal samples; 7 positive
samples out of 51). Given that HCoV-OC43 RNA was de-
tected in normal white and grey matter as well as in plaques of
MS patient brains, there was no direct association between the
presence of viral RNA and the occurrence of plaques. The
analysis of a larger number of brains positive for HCoV-OC43
would allow the evaluation of the preferential CNS localization
of HCoV and would provide hints as to the potential effects of
this neuroinfection on the CNS. Also, since the proportion of
normal controls that harbored RNA from this viral strain (5
positive samples out of 25) was not statistically different from
that for MS patients (14 positive samples out of 38), other
studies will be necessary to clearly establish any possible asso-
ciation with MS. However, one has to keep in mind that some
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FIG. 2. Photomicrographs showing in situ hybridization for HCoV-OC43 RNA in human brain sections, using a radiolabeled riboprobe for the viral N gene. Results
shown in panels A and B and in panels C and D were taken from two different blocks from the same MS patient. (E and F) Negative control; slides adjacent to those
used for panels A and B; samples were treated by RNase A prior to in situ hybridization. Photographs shown in panels A, C, and E were taken under bright-field
exposure, whereas those shown in panels B, D, and F were taken at the same site under dark-field exposure. Magnification = X100.

of the normal controls, who died without any known neuro-
logical disease, may have had neurological abnormalities
within their CNS without visible clinical signs and could have
represented patients with undiagnosed neurological disease
(24). Our current results are consistent with those reported by
another group showing that coronavirus RNA was also present
in some donors who were not MS patients: 1 out of 5 patients
with OND and 1 out of 16 normal controls (37). In the present
study, we detected HCoV-229E RNA in several OND patients

and normal controls. HCoV-OC43 RNA was detected in a
smaller number of normal controls and OND patients than the
other viral strain.

Given the fact that most human beings have been in contact
with HCoV as respiratory pathogens by the age of five (39), we
suggest that the presence of HCoV RNA in brain samples
correlates with a persistent infection within the CNS. Indeed, it
would be rather surprising that over 40% of the donors were
experiencing an acute infection by HCoV leading to its detec-
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tion within the CNS just prior to their death. Importantly, we
have recently shown that HCoV can persist in some immor-
talized human neural cell lines (4, 5). Given our in vitro ob-
servations, we suggest that HCoV could also persist in vivo.
However, since the blood-brain barrier is damaged in MS pa-
tients (21), we cannot rule out the possibility that HCoV-OC43
could establish a persistent infection in the CNS following
onset of disease, given the easier access to the CNS in MS
patients. However, our detection of HCoV RNA in normal
brains strongly suggests that these viruses have access to the
CNS prior to clinical disease.

Sequencing PCR amplicons confirmed that positive detec-
tion signals had a coronaviral origin and also showed that
sequences of amplified fragments of the nucleocapsid protein
were relatively stable. We did not detect any mutations in the
229E strain compared to the virus used in the laboratory.
However, point mutations never observed in laboratory viruses
were detected in amplicons of the OC43 strain; one point
mutation was present in only one MS patient, and two other
point mutations were present in three MS patients and one
normal donor. Given that point mutations within the HCoV-
OC43 amplicons were detected mainly in MS patients, we
speculate that HCoV-OC43 may adapt to the human CNS and
in certain cases cause neurological abnormalities, either di-
rectly or indirectly. Although we demonstrated, by sequencing
coronaviral amplicons from human brains, that the N gene is
relatively stable, certain positions might be important in the
molecular adaptation of these viruses to the CNS. It will be
important to sequence the RNA encoding the HCoV S protein
since it has been shown to bear important determinants of
neurovirulence in the animal model (16). Moreover, we have
shown that point mutations and deletions arise during in vitro
persistent HCoV infection of immortalized neural cells (4, 5).
In these studies, we observed that the OC43 strain could per-
sistently infect a larger number of cell lines and also that a
greater number of mutations arose during such an infection,
suggesting the emergence of viral quasispecies (4). Given our
observations in human brains and in immortalized human neu-
ral cell lines, we suggest that HCoV-OC43 has the capacity to
persistently infect cells in the human CNS and that such infec-
tions could lead in some cases to specific molecular adaptation
of this virus to the CNS environment.

We have also been able to detect HCoV-OC43 RNA by
Northern hybridization, suggesting a relatively important abun-
dance of this viral RNA within the CNS of some patients. In
situ hybridization experiments were also successfully com-
pleted and yielded convincing positive viral RNA signals,
which were located outside any blood vessels but most proba-
bly within the parenchyma of white matter and plaque samples.
Others have not been able to detect this virus in tissues from
four patients with MS and one patient with a probable diag-
nosis of MS (49), although they probably did not study a
sufficiently large number of patients. Murray and colleagues
have previously reported the detection of viral RNA by in situ
hybridization in human brain samples in 5 out of 12 MS pa-
tients for the HCoV-OC43 strain and in 12 out of 12 for the
murine strain (37). However, their analysis by RT-PCR and in
situ hybridization detected mouse-like coronavirus. These au-
thors concluded that the 3’ ends of coronavirus RNAs they
detected in brain were more MHV-like. They did not detect
the 229E strain in any brain tested and did not detect either the
OC43 strain or the murine one in controls (37). Our study was
designed to specifically detect the HCoV, and it would have
been surprising to have detected mouse-like sequences, since
amplicons obtained by RT-PCR were either identical or very
closely related to HCoV-OC43. Two tissue blocks from one
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MS patient representing two plaque areas were positive for
HCoV-OC43 by in situ hybridization. Results using different
corroborating techniques presented herein strongly suggest
that HCoV-OC43 is neuroinvasive in humans.

In animal models of coronavirus infections using MHV, the
presence of virus or the viral genome or proteins is not always
associated with pathological alterations detectable by clinical
symptoms (14). Indeed, the gene products of the JHM strain of
MHY can persist for prolonged periods without any apparent
neurological disease (50). On the other hand, a persistent
coronavirus infection could provoke a chronic demyelination
in genetically predisposed mice. The demyelination observed
in MHV-JHM-infected mice was reported to be mediated by
immune mechanisms (27). Demyelination in MHV-infected
animals was observed even when the viral antigen and RNA
were detectable only in a small proportion of glial cells and not
in dying oligodendrocytes (6). By analogy, it is also possible
that the outcome of a coronavirus infection in human CNS
could depend on immune responses involved in demyelination
or clearance of virus from the CNS. We suggest that genetic
factors of the host as well as genetics of viruses (58) could
determine the consequence of a persistent presence of HCoV
RNA in human CNS and explain the development of disease in
only some individuals. We are currently also investigating the
possibility that viral RNA could be localized in different re-
gions or in different cell types or in a different persistent state,
latent or chronic, in MS patients versus other patients and that
this histological localization could be related to disease devel-
opment. Nevertheless, our experimental data strongly suggest
that HCoV RNA frequently persists in human brains. Even
though the possible pathological effects of such presence in the
CNS are still unknown, investigations should be pursued given
observations in animal models of neurological disease and the
relevance of coronaviruses in inducing MS-like disease in lab-
oratory animals. Moreover, the results of our study also sug-
gest the possibility that HCoV may be associated with other
neurological diseases.

It has been previously shown that the presence of viruses in
the CNS does not necessarily correlate with disease. It seems
that factors other than the presence of such viruses are neces-
sary for the development of pathology. For example, measles
virus (30) and JC virus (59) were detected in autopsied brain
tissues from patients who had no apparent clinical symptoms.
Similar observations could be envisaged for HCoV in the hu-
man CNS. Human herpesvirus 6 (HHV-6) is another virus
candidate in MS etiology. It seems to be a commensal virus in
human CNS since over 70% of MS patients and controls were
positive by PCR (12). However, HHV-6 antigens were de-
tected in oligodendrocytes of MS patients and not in controls
(12). HCoV and HHV-6 may be part of a virus group impli-
cated in MS etiology. Indeed, various viral pathogens have
been associated with MS over the years, including, for exam-
ple, measles virus and retroviruses (54). Given the large variety
of clinical symptoms of this disease, the involvement of several
viruses would not be impossible (54), although a common
pathogenic mechanism can be envisaged. Alternatively, it is
also possible that a generalized alteration of the immune sys-
tem in MS patients would allow the establishment of viral
persistence or the reactivation of viruses not detectable in
healthy controls.

There are several possible mechanisms by which a virus
could induce a demyelinating disease such as MS. It could be
due to direct consequences of viral infection such as lytic in-
fection of oligodendrocytes, as is observed for JC virus (57). It
could also involve bystander effects of the viral infection, such
as expression of cytotoxic molecules by glial cells. It has been
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shown that during an MHV-induced chronic demyelination in
the CNS of mice, several inflammatory molecules, such as
interleukin 18 (IL-1B), tumor necrosis factor, IL-6, type 2
nitric oxide synthase (53), cytokine response gene 2, RANTES,
and macrophage-inflammatory protein 13, or their mRNAs
are detected (33). Upregulation of MHC class I mRNA and
antigen expression has been observed in MHV-infected ani-
mals (25, 36). The fact that HCoV-OC43 and MHV belong to
the same antigenic group (32) is consistent with the possibility
that this human virus could act similarly to its murine coun-
terpart in the CNS of its host. We are currently testing the
hypothesis that HCoV could induce the secretion of proinflam-
matory cytokines and molecules during infection of neural cells
(19a). It is also possible that a viral infection primes an im-
mune response to cross-react with myelin antigens that are
targeted in MS (20, 23). This hypothesis is being evaluated in
our laboratory, and we have already shown the presence in MS
patients of peripheral cross-reactive T-cell clones recognizing
both HCoV and a myelin antigen (55; A. Boucher, G. Mercier,
P. Duquette, and P. J. Talbot, J. Neuroimmunol. 90:33, 1998).
We hypothesize that the presence of HCoV RNA could lead in
certain circumstances to a low level of viral protein production
that could be involved in the stimulation of immune responses
within the CNS, thereby exacerbating the effect of a coronavi-
ral infection in MS patients.

Given the observations made in animal models, we suggest
that coronavirus neurovirulence may also be possible in genet-
ically predisposed human beings, especially for the OC43
strain. Several host factors in humans could influence the out-
come of the HCoV CNS infection. Animal models may provide
clues for experiments to be performed with human systems.
Thus, HCoV can be added to the growing list of viruses that
persist in the CNS, a viral flora of the brain that could have
pathological consequences in some individuals but remain sub-
clinical and perhaps even beneficial in others.
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