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Stl~2111ary 

Virus-containing electron-dense membrane-bound cytoplasmic bodies 
are described in tracheal epithelial cells of chickens infected with Infectious 
Bronchitis Virus and in intestinal epithelial ceils of swine infected with 
Poreine Epidemic Diarrhea Virus. 

Using silver-methenamine staining, phosphotungstic acid staining and 
acid phosphatase enzyme cytochemieal staining of ultra-thin sections, these 
bodies were shown to be virus-containing secondary lysosomes and residual 
bodies. 

The accumulation of viral particles in the lysosomes is suggested to 
possibly represent an intracellular defense mechanism. However, no morpholo- 
gical alterations were found indicating a destruction of the viruses by the  
lyric lysosomal enzymes. 

Introduction 

Virus-containing electron-dense bodies (VEB) of a variable diameter are 
often described in eelIs infected with eoronaviruses (5, 7, 8, 16, i9, 22, 24). 

In  spite of their pleomorphism, these bodies have a number of common 
characteristics: they are electron-dense structures, limited by a unit- 
membrane and located in the cytoplasm. Their matrix may be amorphous 
or gramllo-fibrillar. They seem to be particularly numerous after coronavirus 

* Pa r t  of this work was presented as a thesis before the faculty of Veterinary 
Medicine at  the State  Universi ty of Gent. 
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infect ion of the  na tu ra l  host  cells (7, 8, 24), a l though they  are also obvious 
a f t e r  eoronavi rns  infect ion of cell cultures (5). 

A n u m b e r  of au thors  have  considered these s t ruc tures  to be  viral  factories 
(7, 19, 24). Never theless ,  this  would be in contradic t ion  wi th  the  idea of 
coronaviruses  being assembled exclusively b y  budding  th rough  endoptasmic  
ret icululn m e m b r a n e s  (23). 

These electron-dense bodies have  also been suggested to represent  
]ysosomes (2), possibly involved  in the  u p t a k e  and  uncoat ing  of the  vi ra l  

par t ic les  (5). Most  au thors  describe these s t ruc tures  w i thou t  giving a n y  
in t e rp re t a t ion  (8, 15, 16). 

None  of the  p roposed  hypotheses  was ever  proven.  
This  t y p e  of cellular Mtera t ion is no t  unique  for eoronaviruses .  Bo th  

vi ra l  factories  (14, 18, 20) and  v i rus-conta in ing secondary  ]ysosomes (4) 
have  been described wi th  o ther  virus  families. The  purpose  of the  p resen t  
s t udy  was to  examine  the  na tu re  of the  electron-dense bodies and  to s t u d y  
the i r  possible role in the  in te rac t ion  be tween  coronaviruses  and  the i r  host  
cells. For  this purpose,  exper imenta l  infections were done wi th  two corona-  
viruses, name ly  infectious bronchi t is  v i rus  (IBV) in chickens and  porcine 

epidemic d ia r rhea  virus  (PEDV)  in pigs. 
As a working  hypothesis ,  the  V E B  were supposed  to be  of lysosomal  

origin. This  hypothes is  was based  on the  u l t r~s t ruc tura l  appea rance  of the  
bodies. Consequent ly ,  the  morphologie  cr i ter ia  for  the  ident i f icat ion of 

lysosomes,  as p u t  fo rward  b y  DAEMS et al., were tes ted  (2). 

Materials and Methods 

Virus Source 

For the study of VEB in cells infected with IBV, chickens were inoculated with a 
eommerciM]y available H 52 strain of IBV (Intervet, Brussels, Belgium). 

VEB were also studied in cells infected with the CV777 strain of PEDV, after 
experimental inoculation of piglets. The isolation of this strain of ]?EDV has been 
described in detail (6). 

Animals 
Specific pathogen free (SPF) chickens of the Lohman breed, aged 20 to 30 weeks, 

and housed in isolators, were used for the experiments with IBV. 
Caesarean-derived and colostrum-free piglets of the Belgian Landrace, aged 1 to 

2 days, and housed in isolators, were used for the experiments with PEDV. 

Experimental Design 
Two groups of experiments were done with both viruses. Each time, a first group 

of experiments was done to provide material for pure morphologicM uItrastructurM 
study, and a second group of experiments was done to provide materiM for ultra- 
structural enzyme eytochemistry. 

For morphologicM study of the VEB in chicken traeheM epithelial cells l0 SPF 
chickens were inoculated intratracheally with 105 mean egg infective doses (EIDs0) of 
the II52 strain of IBV, while 2 chickens were kept as controls. The animals were 
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euthanatized at 19, 20, 21, 22, 23, 24, 25 and 26 hours after inoculation. Further  details 
of this experimental infection are given elsewhere (10). 

The experiments done with the CV777 strain of PEDV for morphological study 
have been described in association with the ultrastructuraI virus-induced lesions (9) 
and with the morphogenesis of the virus (8). Acid phosphatase eytoehemistry was used 
as an enzymatic marker system for the VEB. 

For this purpose, another group of 9 SPF chickens were infected in t ra t r~hea l ly  
with 10~ EIDa0 of the t{52 strain of IBV. The animals were kept, in isolators and 
euthanatized in three groups at 24, 25 and 27 hours after inoculation. A 10 cm cervical 
tracheal segment was fixed for 90 minutes in a solution containing 2 per cent glutar- 
aldehyde and 0.1 N eacodytate buffer. An additional 3 SPF chickens were used as controls. 
The tracheal segments of the controls were treated in the same way as the infected 
ones. 

Three caesarean-derived and eolostrum-free piglets were inoculated oronasally at 
24 hours after birth with 2.104 pig infective doses of the CV777 isolate of PEDV (6). 
These three piglets were killed at the onset of clinical signs. One additional piglet was 
used as a control and killed at 48 hours after birth. 

Several specimens from the middle of the jejunum of these piglets were fixed for 
2 hours at  0 ° C in 2 per cent glutaraldehyde and 0. t ?4 cacodylate buffer. 

Processing o] the 3'Iaterials 

Tissue specimens from the first group of experiments with both IBV and P E D V  
were processed for electron microscopy of ultra-thin sections as described earlier (8). 
Ultra- thin sections were cut and stained as described. Additional ultra-thin sections 
from the same blocks were bleached with periodic acid to remove osmium contrast. 
These sections were subsequently contrasted with silver-methenamine as described by 
SuzvJ~I and SE~:IYA~ (12) or with phosphotungstie acid in aqueous solution (17). 

Tissue specimens from the second group of experiments were immediately rinsed 
in distilled water after fixation. Thereafter the specimens were t r immed into 1 mm 
cubes. These blocks were then incubated in a medimn containing 0.3 g Pb(NOa)2, 
0.15 g sodium-beta-glycerophosphate and 0.05 M acetate buffer at pH 5.2, for 90 minutes 
at 25 ° C (DEG~EELE, D., pet's, comm.). Thereafter the blocks were rinsed in a solution 
containing 7.5 per cent sucrose and 0.05 M acetate buffer. These blocks were subsequently 
dehydrated and embedded in Spurr's low viscosity medium as described earlier (8). 
Ultra-thin sections were not counterstained with lead salts. Controls for the acid 

phosphatase reaction were done by omitting the sodium-beta-glycerophosphate and 

by adding 0.01 ~ NaF to the incubation medium. 

Results 

T h e  v i r u s  m o r p h o g e n e s i s  a n d  t h e  u l t r a s t r u c t u r a l  a p p e a r a n c e  of V E B  

a f t e r  P E D V  i n o c u l a t i o n  of p ig  i n t e s t i n e  h a v e  b e e n  desc r ibed  ea r l i e r  (8). 

A f t e r  I B V  i n o c u l a t i o n  of ch i cken  t r a c h e a ,  v i ru s  r e p l i c a t i o n  was  m o s t  

f r e q u e n t l y  seen 24 hou r s  l a t e r  in c i l i a t ed  ep i the l i a l  cells. B u d d i n g  of v i r a l  

p a r t i c l e s  was  seen a t  e n d o p l a s m i e  r e t i c u l u m  m e m b r a n e s .  T h e  v i r a l  pa r t i c l e s  

h a d  a d i a m e t e r  of 60 to  100 nm.  T h e y  cons i s t ed  of an  o u t e r  u n i t - m e m b r a n e  

a n d  an  i n n e r  e l e c t r o n - d e n s e  r ing  of 50 t o  80 n m  d i a m e t e r  a n d  a p p r o x i m a t e l y  

10 n m  w i d t h .  T h e  c e n t r a l  ha lo  was  m o d e r a t e l y  e l e c t r o n - t r a n s l u c e n t .  T h e s e  

v i r a l  p a r t i c l e s  w e r e  p r e s e n t  in  d i s t e n d e d  e n d o p l a s m i c  r e t i c u l u m  c i s t e rnae ,  
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Fig.  1. E p i t h e l i a l  eell on  a vi l lus  of the  midd le  of the  j e j u n u m  of a piglet ,  ki l led a t  
36 hou r s  a f t e r  i nocu la t i on  w i t h  P E D V .  The  v i ra l  par t ic les  (1) a n d  t h e  m e m b r a n e s  of 
t he  v i r u s - c o n t a i n i n g  e lec t ron-dense  bodies  (2) are i n t ense ly  con t r a s t ed .  P h o s p h o t u n g s t i e  

acid t echn ique ,  × 23,700 
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in Golgi s~ca, in small cytoplasmic vesicles and also in electron-dense 
membrane-bound cytoplasmic bodies (VEB). These VEB were usually round 
to oval, with a mean diameter of approximately 1.5 ~m. On some occasions 
they were irregularly shaped, with viruses present inside bulges of the 
periphery. They contained a variable number of viral particles. The matrix 
of the VEB was finely granulo-fibrillar and electron-dense. The viral particles 
were either scattered in this matrix, oi" arranged in a row at the periphery. 
Some of these VEB were almost completely filled-up with viral particles. 
The VEB were limited by a unit-membrane, which was of a slightly larger 
diameter than the limiting membranes of other cell organelles. A marked 
clear halo of 20 to 60 nm width usually was present between the matrix and 
the limiting membrane. 

In control non-infected tracheae, no viral particles and no VEB were 
seen in the epithelial cells. 

Treatment of ultra-thin sections from both PEDV-infected and IBV- 
infected material with periodic acid yielded a complete disappearance of 
contrast. 

After staining with phosphotungstic acid a limited number of cell 
organelles became contrasted. In non-infected pig intestinal epithelium the 
apical plasma membrane between the microvilli was slightly contrasted. 
The apical vesicular and tubular system was well contrasted. Also the nuclear 
chromatin and the cytoplasmic polyribosomes were faintly stained. The 
limiting membrane of primary lysosomes was heavily contrasted. In goblet 
cells, the mucus was highly electron-dense. Collagen fibers in the propria 
mucosae also were well contrasted. 

In infected piglets, the same structures were contrasted. Moreover viral 
particles and the limiting membrane of theVEB were intensely stained (Fig. i). 
The stroma of the VEB was weakly contrasted. In the tracheal epithelium 
of non-infected chickens a similar distribution of stain was observed as with 
control pig intenstinal epithelium. 

In infected chickens phosphotungstic acid also stained the viral particles 
and the limiting membrane of the VEB in the ciliated epithelial cells. The 
stroma of the VEB was also faintly stained. 

When periodic acid bleached ultra-thin sections were contrasted with 
silver-methenamine a limited number of cell organelles retained the silver 
grains. 

In control non-infected pig intestines a slight silver stain was present 
on the plasma membranes and on the nuclear membranes. Nuclear chromatin, 
ribosomes and lysosomes were heavily stained. In the lysosomes both the 
limiting membrane and the stroma were positive. With silver-methenamine 
an electron-translucent rim between the lysosomal membrane and the matrix 
was clearly visible. The mucus of goblet cells and collagen bundles was also 
silver stained. 
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Fig. 2. Ep i the l i a l  cell on a vi l lus  of t he  midd le  of t h e  j e j u n u m  of a piglet ,  ki l led a t  
24, hours  a f t e r  i nocu la t ion  w i t h  P E D V .  The  nuc leus  (1) a n d  t h e  v i r u s - c o n t a i n i n g  
e lec t ron-dense  bodies  (2) are  m o s t  in t ense ly  con t r a s t ed ,  iRibosomes (8) also are 
con t r a s t ed .  O t h e r  cell organel les  ha,re l i t t le  eol l t ras t .  No te  t h e  n a r r o w  elect ron-  
t r a n s l u c e n t  r i m  b e t w e e n  t he  l imi t ing  m e m b r a n e  a n d  t h e  s t r o m a  of t h e  v i r u s - c o n t a i n i n g  

e lec t ron-dense  bodies  (~) .  S H v e r - m e t h e n a m i n e  t eehn ique ,  × 23,700 
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In  infected pig intest inal  epi thel ium the  same s t ructures  were contras ted 
with the silver salts, plus the V E B  and the  viral particles (Fig. 2). An electron- 
t rans lucen t  r im was visible between the  l imiting membrane  and  the ma t r ix  
of the  VEB.  

In  control  chicken t racheal  epithelia the dis tr ibut ion of silver grains was 
comparable  to  t h a t  in control  pig intest inal  epithelial cells. 

In  infected chickens also the  V E B  and the viral particles were cont ras ted  
wi th  s i lver-methenamine.  Again there  was a t rans lucent  r im under  the 
l imiting membrane  of the  VEB.  

Acid phosphatase  enzyme  ac t iv i ty  was demons t ra t ed  in u l t ra- th in  
sections by  an electron-dense lead-phosphate  precipitate.  

I n  control  non-infected pig intestine,  acid phosphatase  enzyme react ion 
p roduc t  was observed in the  lysosomM s t roma of the  epithelial cells. A 
posi t ive react ion was also observed in the  fenes t ra ted  sacs of tile G E R L  
sys tem in the Golgi complex. Occasional endoplasmic re t iculum strands 
conta ined a l imited amoun t  of enzyme react ion product,. A modera te  electron- 
dense precipi ta te  was found in the  nueleus of the  cells. This precipi ta te  had  
a dis t r ibut ion similar to the he teroehromat in .  

Fig. 3. Epithelial cell on a villus of the middle of the jejunum of a piglet, killed at 
21 hours after inoculation with PEDV. Strongly acid phosphatase positive secondary 
lysosomes contain few viral particles (1). These viral particles (arrows) are completely 
surrounded by the lead-phosphate precipitate. Lysosomes containing many viral 
particles are moderately acid phosphatase positive (2), whereas residual bodies which 
are heavily loaded with viral pro-titles contain little acid phosphatase (3). Modified 
Gomori technique for the demonstration of acid phosphatase enzyme activity, counter- 

stained with uranylaeetate, × 23,700 
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In pig intestinal epithelial cells containing coronavirus particles, acid 
phosphatase enzyme reaction product was observed in the VEB (Fig. 3). 
The intensity of staining of the VEB was variable. VEB containing few viral 
particles were heavily stained. In contrast, VEB which were filled-up with 
viral particles only showed small patches of stain. Some VEB were completely 
negative for acid phosphatase. The viral particles were usually present in 
acid phosphatase negative gaps in the VEB. Golgi strueutres containing 
viral particles usually had a low or negative GERL acid phosphatase 
staining. 

In control chicken tracheal epithelium the same organelles were positive 
for acid phosphatase as with control pig intestinal epithelium. In IBV 
infected tracheae the VEB were acid phosphatase positive. The distribution 
of the reaction product was very similar to that  in PEDV infected pig 
intestines (Fig. 4). 

Blocking the acid phosphatase enzyme activity with NaF or omitting 
the substrate from the reaction resulted in uncontrasted ultra-thin sections 
both in ehieken tracheae and pig intestines with and without virus infection. 

Fig. t. Epithelial eel1 in the traehea of a chicken, killed at 25 hours after inoculation 
with the tt52 strain of IBV. Acid phosphatase positive virus-containing secondary 
lysosome (1). Modified Gomori technique for the demonstration of acid phosphatase 

enzyme activity, counterstained with uranylaeetate, x 23,700 
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Discussion 

The results of the acid phosphatase enzyme cytoehemistry and the silver- 
methenamine and phosphotungstic acid staining techniques indicate that  the 
VEB in cells infected with PEDV or with IBV most probably are lysosomes, 
as proposed in the working hypothesis. The results were very similar for 
PEDV and for IBV. 

The ultrastructural morphological characteristics of lysosomes (2) were 
present in the VEB. Most significant here was the presence of an electron- 
translucent rim between the thick limiting membrane and the granulo- 
fibrillar stroma, as was observed after silver-methenamine staining. 

Biochemically, the acid phosphatase enzyme is the model enzyme for 
the group of acid hydrolases and its presence is considered to be the standard 
criterion for determining an organelle as a, lysosome (11). Nevertheless, the 
absence of acid phosphatase does not preclude an organelle being of lyso- 
somal origin. Acid phosphatase is present in significant amounts only in 
lysosomes and in the GEI~L region of the Golgi apparatus. Small amounts 
are present in a limited number of EI~ strands (2, 13). This was also observed 
in the control tracheal and intestinal epithelial cells of the present study. 
Acid phosphatase thus is a useful marker enzyme for lysosomes (2). Other 
lysosomal acid hydrolases have a more variable intracellular distribution 
and techniques for the demonstration of these enzymes are less reliable. 
Consequently, other acid hydrolases were less indicated as marker enzymes 
for our purpose. Acid phosphatase was demonstrated in many of the VEB 
in the present material using lead phosphate as an electron-dense marker. 

The phosphotungstie acid and silver-methenamine techniques were useful 
alternatives to enzyme cytoehemistry since they stained lysosomes fairly 
specifically. The advantage of these techniques is that  they can be applied 
to routinely fixed and embedded materials. They are particularly helpful 
for the detection of acid phosphatasc negative residual bodies. 

The intensity of the acid phosphatase reaction was inversely proportional 
to the number of viral particles present in the VEB. This is in accordance 
with the eytoehemistry of secondary lysosomes, which lose their acid 
phosphatase enzyme activity when "aging" (2). The acid phosphatase 
negative VEB could thus be considered to be virus-filled residual bodies, 
although this cannot be proved, since residual bodies lack specific markers. 

The role of the VEB in cells infected with eoronaviruses is difficult to 
define. Lysosomes have been suggested to play a role in uneoating following 
the uptake of viral particles (i, 3, 5). Viral particles inside lysosomes may 
thus come from outside the cell. In the present material the virus-containing 
lysosomes were present in cells with many viral particles and with signs of 
active virus multiplication. This suggests that  the viral particles in the 
lysosomal matrix can also be newly formed viral particles. 
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The viruses possibly enter the lysosomes by fusion of virus-containing 
vesicles with lysosomes. Presence of viruses at the periphery of the VEB 
and inside bulges of the VEB limiting membrane support this viewpoint. 
I t  is also possible though that  eoronavirus particles and acid phosphatase 
enzyme are packaged together as they leave the GERL region of the Golgi 
apparatus, since both are thought to follow the same path, traversing the 
Golgi structure from the cis to the trans side. The low acid phosphatase 
content of the virus-containing Golgi structures nevertheless pleads against 
this viewpoint. 

Anyway, secondary ]ysosomes seem to aecunmlate eoronavirus particles 
in cells infected with IBV or with PEDV. This could represent an intra- 
cellular host defense mechanism. Nevertheless, the lytie acid phosphatase 
enzyme does not cause any appreciable alteration of the morphology of the 
viral particles. 

In the present material, virus-containing Golgi structures usually had 
a low acid phosphatase activity. The Golgi apparatus thus probably has 
little hydrolysing effect on the viruses. I t  rather has a role in packaging of 
the viral particles into secretory vacuoles (8, 21). In normal cells, glyeo- 
sylation is one of the major functions of the Golgi complex (13). In cells 
infected with eoronaviruses, envelope proteins of the viruses become glyco- 
sylated during intraeellular transport (19, 21). A second function of the Golgi 
complex in the morphogenesis of eoronaviruses may thus be glycosylation 
of the envelope proteins. This would be in accordance with the observation 
of transport through and accumulation of eoronavirus particles in the Golgi 
sacs (7, 8). 

In conclusion, virus-containing electron-dense cytoplasmic bodies were 
frequently seen in the late stages of infection of cells with IBV and with 
PEDV. These bodies were probably lysosomes accumulating viral particles. 
They may represent an intracellular defense mechanism which segregates 
the viral particles from the host cell cytoplasm. The lyric lysosomal enzymes 
nevertheless seem to be unable to destroy the accumulated viruses. 
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