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Epidemiological studies of patients with multiple sclerosis (MS) and animal model data support the hypothesis that 
viruses initiate the immunopathogenic events leading to demyelination in MS. There have been no reports, however, 
of consistent detection of viruses in MS central nervous system tissue. We probed MS and control brain with cDNA 
probes specific for human, murine, porcine, and bovine coronaviruses. We report the in situ hybridization detection 
of coronavirus RNA in 12 of 22 MS brain samples using cloned coronavirus cDNA probes. In addition, tissue was 
screened for coronavirus antigen by immunohistochemical methods; antigen was detected in two patients with rapidly 
progressive MS. Significant amounts of coronavirus antigen and RNA were observed in active demyelinating plaques 
from these two patients. These findings show that coronaviruses can infect the human central nervous system and 
raise the possibility that these viruses may contribute to the pathogenesis of MS in some patients. 
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Multiple sclerosis (MS) is a chronic inflammatory de- 
myelinating disease of the human central nervous sys- 
tem (CNS) without known cause. A popular theory 
proposes that an exogenous stimulus initiates an im- 
mune response against endogenous CNS proteins, pos- 
sibly myelin structural proteins. However, damage to 
the CNS as the result of an immune response to a 
chronic low-grade CNS infection has never been ruled 
out. Therefore, demyelinating lesions in MS may rep- 
resent the final direct or indirect immunopathological 
reaction to an infectious agent. Supporting this hypoth- 
esis are epidemiological studies that strongly implicate 
an environmental factor in the development of MS [ 11. 
Particularly compelling are the MS epidemic in the 
Faroe Islands [2] and the recent study of offspring of 
immigrants to the United Kmgdom from low-inci- 
dence countries in whom MS developed at rates similar 
to the indigenous English population 133. 

Several common human RNA or DNA viruses have 
been implicated in the pathogenesis of MS, but none 
have been definitively associated with the disease 143. 
We have been unsuccessful in detecting herpes simplex 
virus (HSV) type I, cytomegalovirus, varicella zoster 
virus, Epstein-Barr virus or Borrelia bz/rgdovferi (unpub- 
lished data), human T-cell lymphotropic virus [ 5 ,  61, 
or measles, mumps, and rubella viruses (Godec MS. 
Unpublished observations, 1992) in MS brain by in 
situ hybridization, immunohistochemistry, or polymer- 
ase chain reaction. 

Coronaviruses have been implicated in MS as a re- 
sult of the report of virus isolation from the brains 
of two patients with MS and the electron microscopic 
observation of a coronavirus in an MS brain perivascu- 
lar immunocyte 17, 83. Support for the idea that coro- 
naviruses have a role in MS comes from data showing 
that these viruses cause demyelination [9} and are capa- 
ble of stimulating T-cell-mediated autoimmune reac- 
tions in rodents {lo, 11). Although these studies are 
intriguing, more evidence is needed to confirm that 
coronaviruses infect the human CNS before an associa- 
tion between this type of virus and MS can be made. 
Because direct coronavirus isolation from human CNS 
tissue is difficult and fraught with questions concerning 
isolate origin, we used in situ nucleic acid hybridization 
and immunohistochemistry to probe for coronavirus 
RNA and antigen, respectively, in MS and control tis- 
sue. We report the detection of coronavirus RNA se- 
quences in brain and, most important, the presence of 
coronavirus RNA and antigen in demyelinating le- 
sions. 

Materials and Methods 
Experimental Design 
The problem of sampling error of MS brain is significant 
because the ratio of active-to-inactive lesions is low in pa- 
tients autopsied after years of disease. Difficulties in detecting 
and isolating a pathogen arise primarily from the efficiency 
with which the immune system works. In models of viral 
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pathogenesis, the area of acute early inflammation is most 
likely to yield positive results because older lesions may have 
been cleared of the inciting agent. Therefore, we initially 
screened multiple white matter plaque and nonplaque re- 
gions by in situ hybridization using randcimly primed "S- 
labeled complement D N A  (cDNA) probes derived from ge- 
nomic coronavirus RNA. Total genomic probes increase the 
likelihood of detection of closely-related coronaviruses. All 
coronavirus-positive tissue sections and selected control spec- 
imens were then further analyzed by in situ hybridization 
using all cloned cDNA probes specific for the prototypic 
coronaviruses from two of the three major coronavirus 
groups. Noncoronavirus probes were used as well to control 
for nonspecificity of the hybridization procedure. In each 
probe experiment, subjacent sections were used from the 
positive tissue block. In addition, coronavirus-specific poly- 
clonal and monoclonal antisera were used to probe for virus 
antigen by immunohistochemistry in subjacent sections. 

Tisszie 
CNS tissue from 22 patients with MS, 16 control patients 
with non-neurological disease, and 5 control patients with 
other neurological diseases was examined. The other neuro- 
logical diseases included one each of the following: amyotro- 
phic lateral sclerosis, postinfectious encephalomyelitis, bac- 
terial meningitis, subacute sclerosing panencephalitis, and 
radiation-induced cerebral vasculitis. All tissues were rapidly 
frozen and stored at - 80°C. Average duration from patient 
death to tissue acquisition and freezing (autolysis time) for 
MS and control patients was 5.0 and 6.! hours, respectively. 

Hlstofogy 
Where indicated, histochemical stains were performed ac- 
cording to standard methods for hematoxylin ;ind eosin, oil 
red 0, and luxoi-fast blueiperiodic acid-Schiff. Oil red 0 
positivity indicates myelin sheath breakdown products in 
phagocytes by staining estcrified cholesterol red; Luxol-fast 
blue stains intact undigested myclin blue. 

Cefh and Virus 
Delayed brain tumor (DBT) and baby hamster kidney cells 
(BHKZ 1) were maintained in Dulbecco's modified Eagle me- 
dium (Gibco) containing 29: fetal bovine serum, penicillin, 
and streptomycin. Infection of DBT cell monolayers with 
either mouse hepatitis virus strain A59 (MHV A50) or coro- 
navirus SD [7] or BHK21 monolayers with the W strain 
of Theiler's murine encephalomyelitis virus (TMEV) was as 
previously described 112, 13 J. HeLa cells were infected with 
HSV-I ( F  strain) at ;i multiplicity of infection of 0.1 and 
incubated at 37°C for 12 hours. Infected or uninfected cells 
were cytospun onto slides and fixed with either 41?t buffered 
paraformaldehyde, acetone, o r  ethanoliacetic acid. 

In Sitn H.ybridiwtio?i 
'5S-labeled cDNA probe was prepared by reverse transcrip- 
tion of purified viral coronavirus SD or TMEV R N A  1131. 
The specific activity of these probes was approximately 1 X 

10' cpmikg. Specificity of the probes was confirmed by in 
situ hybridization to coronavirus SD-infected or -uninfected 
DBT cells and TMEV-infected or -uninfected BHK2 1 cells. 

Positive hybridization to infected cells was abolished by pre- 
treating the infected cells with ribonuclease A ( R N a e ) .  In situ 
hybridization was performed as previously described E 1 4  I. 
Briefly, 4-km-thick frozen sections of MS and control brains 
were placed onto pretreated slides, fixed with 3 : 1 viv etha- 
noliacetic acid solution, dehydrated through graded alcohols, 
and pretreated to improve probe diffusion. The hybriilization 
mixture contained 0.6 M NaCI, 501% formamide. 10% dex- 
tran sulphate, 1 x Denhardt's solution, 100 pg/mL denaturcd 
human nucleic acids, and "S-labeled probe. Probe concentra- 
tion was adjusted to 1 ngi20 kL. I-Iybridization was at room 
temperature for 72 hours. Following hybridization, sections 
were washed in 50'jX formamide, 10 mM Tris (p€i, 7 .2) ,  and 
I mM EDTA, with manipulations of the salt concentration 
and temperature as follows: 0.3 M NaCl for I 5  minutes at 
45"C, then with 0.1 M NaCl for 1 hour at 55°C. then with 
0.6 M NaCl for 48 hours at room temperature. Sections 
were then dehydrated in graded alcohols containing 0.3 R/I 
ammonium acetate, air dried, coated with NTA-2 photo- 
graphic emulsion (Eastman-Kodak C o ,  Rochester, NY), air 
dried, and placed in a desiccated container at 4°C. Slides 
were developed 14 to 2 1 days later and counterstained with 
hematoxylin and eosin. Positivity was determined by fi ntling 
a significant number of silver grains developed over cells 
compared with background. Microscopic examination of 
slides was done with both brightfield and darkfield optics. 
Some sections subjacent to positive sections were pretreated 
with RNase prior to hybridization to demonstrate that hy- 
bridization was attributable to specific RNA. 

Following analysis with the "S-labeled probes as de- 
scribed, "P-labeled cDNA clones were used f o r  i n  situ hy- 
bridization. We found that "P-labeled probes decredseci 
emulsion exposure times to a maximum of 5 days. Clones 
G344, L8, A3, MN3, and FG5 contain cDNA from MHV 
A59, human coronaviruses 22OE and OC43 (HCV L L O E  and 
HC-V OC43),  bovine coronavirus (BCV), and porcine trans- 
missible gastroenteritis coronavirus (TGEV), respectively 
[15--19}. Clone G344 (insert size, 1.8 kb) contains approxi- 
mately 200 base pairs (bp) of gene 4, all of genes 5 and 6, 
and approximately 200 bp of gene 7. Clone LX (insert size, 
1.2 kb) contains only gene 7 sequences. Clones A3, MN3, 
and FG5 (insert sizes, 1.7, 2. I ,  and 2.0 kb, respectively) all 
extend from the 3' end of gene 6, through gene 7, to the 3' 
end of the genome. Clone SD1001, isolated in this labora- 
tory, was obtained from a cDNA library derived from mes- 
senger RNA (mRNA) extracted from coronavirus SD-in- 
fected DBT cells. Dideoxy sequencing showed that thc insert 
in this clone was 208 bp in length, with 9757 sequence iden- 
tity to the 3' end ofgene  7 and the 3' untranslated region 
of M € W  JHM (unpublished data). Clone pIGA 15 contains 
the HSV-I ICPO gene [20). Inserts were excised from plas- 
mids, purihed by gel electrophoresis, labeled with "P cl ATP 
by the random primer method {2 I}, and desalted on Hio-Gel 
P6 columns (BioRad). Specific activities of the labeled DNAs 
were 1 to 4 x 109 cpmipg. Specificity of all prohes was 
confirmed by hybridization to infected and uninfectcd cells. 
In situ hybridization was as described except for the followinj: 
changes in stringency: hybridization was at 42°C for 24 hours; 
slides were washed at 37°C for 48 hours with 501% for-. 
mamide, 10 mM Tris (pH,  7.21, 1 mM EDTA, and 0.6 M 
NaCl; and emulsion was developed after 3 to 5 exposure 
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days. Sections subjacent to positive tissue sections were hy- 
bridized with TMEV cDNA and cloned HSV-I DNA as 
described for the coronavirus probes or pretreated with 
RNase prior to hybridization with the coronavirus probes. 
Other tissues were carried through the in situ hybridization 
procedure without probe to control for specific silver grain 
development in the emulsion. 

Imnzunobistocbemistv 
Four-micron-thick frozen sections were fixed in ethanollace- 
tic acid (3: I), acetone, or 4% paraformaldehyde, then dehy- 
drated and stored at room temperature. Prior to staining, the 
sections were rehydrated in phosphate-buffered saline (PBS) 
for 3 minutes. Sections were incubated sequentially at room 
temperature with the following reagents at the appropriate 
dilutions for the time shown and rinsed in PBS after each 
incubation: (1 )  normal rabbit serum or normal mouse serum, 
depending on the species of the primary antisera, 20 minutes; 
(2) rabbit polyclonal antiserum to coronavirus A59 [22) ,  or 
mouse monoclonal antibody (mAb J.3.1) to MHV JHM 
[23], 20 minutes; (3) goat anti-rabbit immunoglobulin G 
(IgG) or anti-mouse IgG antibody conjugated to horseradish 
peroxidase, 20 minutes; and ( 4 )  0.5% 3,3-diaminobenzidine 
in 0.01% H202 in PBS, 5 minutes. Sections were rinsed in 
distilled water, blued in 3% copper sulfate for 5 minutes, 
and counterstained with Gill's hematoxylin. Positive controls 
were infected tissue culture cells as described. Negative con- 
trols included uninfected cells stained as described, or tissue 
sections or infected cells stained omitting the primary or sec- 
ondary antibody or the chromophore. The tissue sections 
used for this negative control staining were sections subjacent 
to positive sections. In addition, preincubation with rabbit 
anti-MHV A59 before the addition of murine mAb 5.3.1 
prevented specific staining in infected cells and positive tissue 
sections when the secondary antibody was anti-mouse- 
horseradish peroxidase. 

Results 
Detection of Coronavirus RNA in the CNS 
In the initial screen using 35S-labeled cDNA probes 
prepared from coronavirus genome, coronavirus RNA 
was detected in the CNS from 11 of 2 1 patients with 
MS (52%) and 2 of 21 patients without MS (9.5%). 
Significance was determined by chi square (x2  = 9.02, 
1 degree of freedom, p < 0.005). Specifically, coro- 
navirus RNA was detected in CNS tissue from 1 of 
16 (6%) patients with non-neurological disease and in 
1 of 5 (20%) with other neurological diseases. The 
other patient with neurological disease positive for co- 
ronavirus RNA had radiation-induced cerebral vasculi- 
tis. The positive patients with non-neurological and 
other neurological diseases were both found to have 
coronavirus RNA in frontal cortex. Although coro- 
navirus RNA was detected in 52% of patients with 
MS, the number of sections that were positive was 
relatively low. Only 49 of 442 (1 1.1 %) probed sections 
from patients with MS contained coronavirus RNA. 
Coronavirus RNA was identified in both plaque and 
nonplaque areas of cortex, brainstem, and spinal cord. 

In general, coronavirus-positive cells (probably glial) 
found by this screen were few in number yet consistent 
in subjacent sections. Positive signal was found in only 
3 of 376 (0.8%) white matter sections examined from 
the 2 1 control patients. CNS tissue from both patients 
with MS from which coronavirus SD and coronavirus 
SK were originally isolated 171 were found to be posi- 
tive for coronavirus RNA. Tissues probed with the 
TMEV cDNA or HSV probes were negative. Pretreat- 
ment of positive control coronavirus-infected cells 
or sections sub jacent to coronavirus RNA-positive 
CNS sections with RNase eliminated the hybridization 
signal. 

Coronavirus Specificity in Human CNS 
Following hybridization with the 35S-labeled genomic 
cDNA probes, we repeated the experiments on the 
positive (11 MS and 2 control) patient samples using 
32P-labeled cloned coronavirus cDNA. An additional 
patient with MS with very acute and severe disease 
and 9 non-MS control patients previously used in the 
original screen were probed. The cloned cDNAs, rep- 
resenting full or partial nucleocapsid genes, of MHV 
A59, coronavirus SD, HCV 229E, HCV OC43, BCV, 
and TGEV are described in the Materials and Methods 
section. The results are summarized in the Table. All 
12 MS patient samples had detectable signal with the 
MHV A59 and coronavirus SD probes; sections subja- 
cent to these positive sections were also positive with 
the HCV OC43 probe for 5 of 12 patients. The grain 
density over positive cells in these 5 patient samples 
was lower than that seen in the corresponding regions 
positive with the MHV A59 or coronavirus SD probes. 
All of these tissues were negative for BCV, TGEV, 
and HCV 229E. No detectable signal was seen for the 
11 control CNS tissues with any of the probes. These 
11 control specimens included the two patient samples 
that were positive in the initial screen. MS and control 
sections were negative for HSV and TMEV. As stated, 
RNase pretreatment of subjacent sections of any posi- 
tive tissue resulted in a loss of hybridization signal. The 
distribution and localization of coronavirus RNA in 
tissues detected with these cloned cDNA probes was 
similar to the results obtained with the total genomic 
probe. In two patients with rapidly progressive MS, an 
abundant amount of coronavirus RNA was found in 
active demyelinating plaques. 

Presence of Coronavirus R N A  and Antigen in Active 
Demyelinating Plaques 
In two patients with rapidly progressive MS of recent 
onset, an abundance of coronavirus RNA and antigen 
was found in active demyelinating plaques (Figs 1, 2) .  
These were the only two patients in which antigen was 
detected. Active demyelination was determined by the 
absence of cells containing lwol-fast blue (blue color) 
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In Situ Hybridization and Immunohistochemical Results 

Anti-serum 
- 

In Situ Hybridization Probes 

MHV SD HCV HCV MHV mAb Normal Normal 
A57 1001 OC43 BCV 229E TGEV HSV TMEV" A59 TMEV 1.3.1 Rabbit Mouse 

- 
MS patients 12112 12/12 5/12 0/12 0112 0112 0112 0112 2/12 0/12 2/12 0112 0112 
Controlsubjects Oil1 Oil1 0111 O i l 1  (ti11 O l I I  0/11 Oil1 0111 O / 1 1  11/11 0/11 0111 
A59-infected cells + + + + + . . .  . . .  + +  . . .  + +  . . .  

+ + + -t 
SD-infected cells + + + + + . . .  . . .  + +  . . .  + +  . . .  

+ + + + 
Uninfected cells . . .  . . .  
TMEV-infected . . .  . . .  . . . . . . . . . . . .  . . .  -t+ . . .  + +  . . .  

HSV-infected . . .  + +  ND ND ND N D  ND 

. . .  . . . . . . . . .  

. . .  . . . . . . . . .  

. . .  . . .  . . .  . . .  . . . . . . . . . . . . . . .  . . .  . . .  
. . .  . . .  

cells -t + 

cells 
. . .  . . . . . . . . . . . .  . . .  

+ 
- 

?DNA probe derived from TMEV genome RNA; all other probes are cloned cDNA or DNA.  

MHV A59 = mouse hepatitis virus strain A59; HCV = human coronavirus; BCV = bovine coronavirus; TGEV = bovine transmissihle 
gastroenteritis coronavirus; HSV = herpes simplex virus type I; TMEV = Theiler's murine encephalomyelitis virus; + + + = very strong 
signal; + = weak signal; ND = not done. 

or oil red 0 (red color)-positive lipids. Positive hy- 
bridization was significant in perivascular cells and cells 
throughout the plaque that appeared to be lipid-filled 
macrophages. As stated, coronavirus RNA was de- 
tected with probes specific for MHV A59, coronavirus 
SD, and MHV OC43, but not with the other coronavi- 
rus cloned probes, or the TMEV and HSV probes. 

Although cell-specific markers were not used, many 
of the coronavirus RNA-positive cells appeared to be 
foamy macrophages; these cells stained red with oil red 
0 (see Fig 2). Oil red 0 stains esterified or digested 
lipids red, which are prominent in macrophages active 
in demyelinating plaques. Whether coronavirus RNA 
was present in glial cells could not be determined, but 
grey matter regions were consistently negative. 

Coronavirus antigen was also detected using mono- 
clonal or polyclonal MHV A59 antisera. Coronavirus 
antigen was detected in cells that appeared similar to 
those containing coronavirus RNA (see Fig 2). The 
mAb 5.3.1 is specific for an epitope on the nucleocap- 
sid protein of MHV JHM and cross reacts with the 
nucleocapsid protein of MHV A59 but not HCV 
OC43 [23, 241. As shown in Figure 2, specific binding 
of this mAb could be blocked by pretreating with poly- 
clonal antisera to MHV A59. 

Discussion 
Despite the intensive investigations of neurotropic co- 
ronaviruses in rodents, human neurological 1' isease 
resulting from coronavirus infection has not been 
proved. However, accumulating data suggest that coro- 
naviruses may infect human CNS tissue and that these 
viruses may differ from the prototypical upper respi- 
ratory human coronaviruses 117, 22, 23, 25-27]. The 
results presented herein support the contention that 

coronaviruses are capable of infecting human CNS. 
Surprisingly, of the 12 positive patient samples identi- 
fied with the murine-specific in situ probe, only 5 were 
positive with the HCV OC43 probe. In addition, the 
murine-specific probe produced stronger hybridization 
signal in these 5 samples compared to the HCV OC43 
probe. This finding suggests that the coronavirus de- 
tected in MS tissue may be more closely related to the 
prototypical murine coronavirus in the 3' end of the 
genome, or it may be a human-murine recombinant 
coronavirus. 

The fact that the 5 HCV OC43-positive samples 
were not positive with the BCV probe was unex- 

Fig  1. Representative results of in  situ hybridization with "Y 
labeled cloned probes specific for mouse hepatiti.! i'irus strain 
A59. Similar results were obtained for "P-labeled probes .rrerlfii- 

for coronaviruJ. SD. Emulsions were developed .2fter 72 hourr qf 
exposure fo/lowed by counterstaining of the sections u i t h  henia- 
toxylin and eosin. Brightfield and corresponding darkjield pho- 
tomicrographs are A and D;  B and E ;  C and F :  G and.!: and 
H and K. Silver grains are black 631 brightfield and uihite by 
darkjeld. (A, Dl Perivenular injiltrate of foamy cells most likely 
repre.renting macrophages are laden u i t h  siltier grains. ( B .  E i  
Field adjacent t o  A and D within a well-demuri-atd area y / -  
active denyelination showing coronaz,iruJ R N A  zn loarnj cells. 
(C, F )  Fieid outside of plaque region iiithin grey niatter rhow 
ing absence of hybridization. (G, J I  A subjacent section to A 
and D pretreated with ribonuclease A (RNase! obliterates probe 
hybridization. (H.  K)  A different patient with a similar pat- 
tern of coronavirus RNA detection in foamyappearing cells in a 
perivenula;. area of active demyelination. (1) Delayed brain tu- 
mor cells infected with coronavirus SD demow trating positiiie 
hybridization. (L) Same as (I), except i-ells were pretreated uith 
RNase, with resultant loss of by bridization rignal. (All 
x 400.) 

528 Annals of Neurology Vol 31 No 5 Mav 1992 



Murray et al: Coronavirus in MS Brain 529 



530 Annals of Neurology Vol 31 N o  5 May 15192 



pected, because there is only a 44 nucleotide difference 
between the N gene coding regions of the two viruses 
{ 17). By in situ hybridization, however, the H C V  
OC43 probe weakly hybridized to MHV A59-in- 
fected cells, whereas the BCV probe did not. The 
slight degree of sequence divergence between HCV 
OC43 and BCV may account for this result, but differ- 
ences in hybridization conditions such as probe con- 
centrations or specific activities may also be responsible 
for the lack of hybridization of the BCV clone to the 
tissues and MHV A59-infected cells. 

Even in sections that contained viral RNA, there was 
a paucity of positive cells except in the two patient 
samples shown in Figures 1 and 2. The low percentage 
of coronavirus RNA-containing cells is exemplified by 
the fact that although 52%, of the patients with MS 
were positive, only 11% of the total sections examined 
were positive (see Results section). This finding may 
explain the previously reported negative dot-blot hy- 
bridization study for HCV OC43  sequences in MS 
tissue [28). The dot-blot hybridization technique is 
considerably less sensitive than in situ hybridization 
when attempting to detect a very low percentage of 
positive cells in a total cell population. 

In the two patients with rapidly progressive disease, 
the results from the immunohistochemical screen con- 
firmed those obtained by in situ hybridization because 
grain development was over similar cells that were 
antigen-positive. In addition, the possibility that the 
coronaviruses detected in these human tissue samples 
have a close relationship to the murine viruses is 
strengthened because mAb 5.3.1 is specific for the N 
protein of MHV A59 and MHV JHM but not HCV 
OC43 or HCV 229E 123, 24). This finding clearly 

Fig 2. Detection of coronavirus antigen in  actizle demyelinating 
plaques. (A, B )  Oil red 0 stain of section subjacent to section in 
Figure 1 (Hi. Note the lipid-laden cells (red color! inhltrating 
the zmcuihr ujall. ( C )  Luxol-fast biueiperiodic acid-Schiff stain 
of section subjacent to section in A and B. The faint blue stain 
indicates remaining myelin membranes. Note lack of blue stain 
in  caJcular uJall where lipid-laden cells were noted in A and B. 
ID, Ei Positive brown horseradish peroxidase reaction product 
with polyc/onal mouse hepatitis virus strain A59 (MHV A59i 
antisera in  foamy cells inoading i'ascular wall and present in 
surrounding parenchyma. ( F i  Area adjacent t o  D and E show- 
ing positive brown reaction product in foamy cells. (GI In pa- 
tient studied in Figure 1 A-G, a blood vessel leazing primary 
antibody out of reaction. Note absence of reaction product. ( H ,  I )  
Subjacent section t o  (G) demonstrating positike reaction product 
in foamy cells surrounding the tmaascular wall; primary antibody 
was rnAb J .3 .1 ,  (J, K. L) Positive foamy cells in  active demye- 
linating lesion stained with mAbj.3.1.  In (K) the antibody 
was left out, and in (L) the section was pretreated with poly- 
clonal M H V  A59 rabbit antisera and processed as in (JJ. Note 
the lack of  reaction product in K and L. (A. C ,  D,  and G 
x 400: n, E ,  F ,  H-L x 800.1 

indicates that the 3' end of the genome is more 
murine-like. Interestingly, the coronavirus EWA and 
antigen-positive cells in the two patients with rapidly 
progressive MS appear to be foamy macrophages, 
which have a similar appearance to those seen in acute 
plaques in the rat model of MHV JHM-induced de- 
myelination {29].  Although others have detected viral 
nucleic acid by in situ hybridization in MS tissue C301, 
none have reported detecting the corresponding viral 
antigen. Our study is unique in this regard. 

Although coronaviruses are primarily regarded as 
upper respiratory pathogens, our data show that they 
are capable of entry into the CNS. It is tempting to 
hypothesize, based on work done in the murine system 
[ 3  1-33), that human coronaviruses could gain access 
to the CNS via hematogenous and nonhematogenous 
routes. Once within the human CNS, coronaviruses 
may have a role in the induction or maintenance of 
demyelination, or both, by one or more mechanisms. 
In our primate studies, we have demonstrated that 
MHV JHM and the putative MS isolate coronavirus 
SD can infect, disseminate, and cause demyelination 
[34). Studies of coronavirus infection of rodent CNS 
{9, 12, 351 show that demyelination can be due to 
direct viral infection and lysis of oligodendrocytes {36].  
However, viral persistence in a noncytolytic state ap- 
pears to be critical to the mechanisms of chronic demy- 
elination 12, 36, 373; autoimmune reactivity toward 
CNS proteins may cause demyelination during persis- 
tent MHV JHM infection {ll,  38). The potential 
mechanisms of coronavirus-induced demyelination in 
humans are currently being tested in our primate 
model. 

Finding coronavirus products in macrophages and 
monocytes could represent an infection of these cells 
due to their proximity to the primary infected cell 
types (i.e., macrophages are infected by extracellular 
virus or become infected after phagocytosis of other 
infected cell types). Virus infection of macrophages 
with subsequent virus spread by the macrophages is 
known to occur in other coronavirus systems E391. 
Whatever the mechanism of macrophage infection, we 
have confirmed by dual labeling techniques that these 
cells can be infected in areas of inflammation in the 
CNS of infected primates (unpublished results). The 
presence of macrophages in a plaque does not neces- 
sarily indicate that viral products will be found; this 
finding was observed for the two patients shown in 
Figures 1 and 2. Some plaques containing macrophages 
contained abundant coronavirus RNA whereas others 
did not, which implies a timing factor for detection 
of the viral RNA. This factor was also evident in 
our primate model of coronavirus demyelination [34} ,  
where the immune system cleared detectable virus 
from some areas while other areas retained viral RNA, 
antigen, or both. An alternative explanation for finding 
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coronavirus RNA and antigen in macrophages is that 
these cells can be nonspecifically sequestered in the 
CNS after a systemic infection; this mechanism is cur- 
rently under investigation in a prospective study of pa- 
tients with MS and in the primate system. 

This study indicates that coronaviruses with similari- 
ties to murine coronaviruses are capable of infecting 
humans and thus may represent a previously unidenti- 
fied human pathogen. The data presented herein do  
not establish coronavirus as an etiological agent for MS, 
but they do indicate that coronaviruses are present in 
the human CNS and are preferentially detected in MS 
tissue. Possibly, coronaviruses are not involved in 
pathogenesis; perhaps patients with MS are merely sus- 
ceptible to CNS infection after onset of the disease. 
However, in light of the data on coronavirus-induced 
demyelination in rodents and the demonstration that 
coronaviruses induce encephalomyelitis and demyelin- 
ation in primates [34, 401, it is unlikely that coronavi- 
ruses would be present in human CNS purely as a 
nonpathogenic infection. Further studies are required 
before attributing a definite role for this pathogen in 
the MS disease process. 
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