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Summary 

Influenza strains produced by recombination and tested as possible live vaccine 
candidates were studied in organ cultures of trachea. Two strains which proved 
to be too virulent in human volunteers regularly caused damage to the ciliated 
epithelium and viruses grew to high titre. Two strains which proved to be attenuat- 
ed for volunteers did not cause appreciable damage, although they replicated to 
low titre in the epithelium. Similar results were obtained with influenza A virus 
attenuated by passage in the presence of horse sera. The method may be of value 
for detecting virulent live influenza vaccine candidates without risking severe 
illness in volunteers. 

1. Introduetion 

Attenuated influenza viruses have been produced recently by genetic recombi- 
nation of avirulent laboratory-adapted strains and virulent parents (BEARE and 
HALL, 1971; McCAHo~ and S C H I L D ,  1972). This method, which is the most rapid 
means of producing attenuated influenza strains to date, results in a spectrum of 
both attenuated and virulent clones as judged by their effects in human volunteers. 
Unfortunately, virulence cannot be predicted by laboratory tests such as yield in 
eggs, mouse virulence, and growth at high temperatures and volunteer tests are 
slow and difficult to quantitate. This method might occasionally result in the pro- 
duction of new phenotypes with characteristics not seen in either parent and a 
recombinant more virulent than the virulent parent strain could be produced 
(KILBOVR~S,, 1969). For these reasons we wished to find a new in vitro marker of 
influenza virus virulence. This paper describes a method using the ciliated 
epithelium of human foetal tracheal organ culture. 

. 

1-Please address reprints to Dr. STEVEN R. Moscow, Department of Medicine, 
Cleveland Metropolitan General Hospital, 3393 Scranton Road, Cleveland, OH 44109, 
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2. Materials and Methods 

2.1. Viruses 
All t he  v i ruses  t e s t ed  were p r o v i d e d  b y  Dr.  A. S. Beare .  The  p a r e n t  s t r a ins  were 

A / P R  8/34 (HON0)  of u n k n o w n  passage  h i s t o r y  which  h a d  been  passed  once in o rgan  
cu l tu res  of h u m a n  e m b r y o  t r a c h e a  a n d  once in leukosis  free eggs, a n d  a H o n g  K o n g  
v a r i a n t  k n o w n  as A / E n g l a n d / 9 3 9 / 6 9  (H 3 N 2 ) w h i c h  h a d  been  i so la ted  in leukosis-free 
eggs f rom a n  in f luenza  pa t i en t .  

Two c loned r e c o m b i n a n t s  of 939 • P R  8 were also p r o v i d e d  for tes t ing.  These  h a d  
been  p r e p a r e d  f rom t he  above  p a r e n t s  b y  Dr .  D. McCahon  a n d  Dr.  G. C. Schi ld  of the  
N a t i o n a l  I n s t i t u t e  for Medical  Resea rch  b y  m e t h o d s  p rev ious ly  descr ibed  (MeCAI~OX 
a n d  SCmLD, 1972). 

F ina l ly ,  two s t ra ins  of A / E n g l a n d / 5 0 1 / 6 8  ( H 2 N  2) were also tes ted .  These  were a n  
unmod i f i ed  i n h i b i t o r  sens i t ive  s t r a in  (IS 501) a n d  a n  i nh ib i t o r  r e s i s t an t  s t r a in  ( IR  501) 
which  h a d  rece ived  several  passages  a t  25 ~ C. 

2.2. Organ Culture 
The  m e t h o d  is a mod i f i ca t ion  of those  used  b y  o thers  (CHEa•Y a n d  TAYLOI~- 

ROBInSOn, 1970; H.~R~ETT a n d  HOO]?E~I 1968; HOOR~r a n d  TYRI~ELru, 1969). Tracheau  
f rom h u m a n  e m b r y o s  were p rov ided  b y  t he  R o y a l  Mar sden  Hosp i t a l  t i ssue  b a n k .  
Foetal age varied 15 to 24 weeks. After transportation on ice in Parker's 199 medium 
to the laboratory, the tracheas were dissected free of connective tissue. Complete rings 
were prepared by cutting transversely between the tracheal cartilages in a Petri dish 
supported on a plastic platform containing a light source. The rings (8--12 per embryo) 
were carefully transferred to sterile screw-top tubes (Flow Laboratories) containing 
I ml of L-15 medium (LEIBOWTZ, 1963) to which had been added i per cent L-glutamine 
(final concentration), I00 units of penicillin, and 100~g streptomycin. 

Ferrets were given a lethal dose of sodium pentothal. The skin was dissected free 
over the abdomen and pulled upwards and over the head to provide a sterile environ- 
ment over the trachea. The trachea was dissected free of connective tissue, removed, 
placed in medium, and handled as above. 

2.3. Grading el Ciliary Activity 
Afte r  pos i t ion ing  on  t he  side of t h e  t u b e  oppos i te  t he  m e d i u m ,  t he  pe rcen tage  of 

each  r ing  b e a t i n g  was e s t i m a t e d  us ing  t r a n s m i t t e d  l igh t  a n d  t he  low power  ob jec t ive  
of a n  o rd ina ry  microscope.  Differences  in  t he  v igour  a n d  speed w i t h  which  t he  cilia b e a t  
were  discernible ,  b u t  these  were ignored.  Read ings  were recorded  b y  t he  same observer  
(SRM) each  day.  T he  fe r re t  r ings,  because  of t he i r  large  size, were  r ead  w i t h  a n  i n v e r t e d  
microscope.  

2.4. Inoculation el Virus 
The  t i ssue  was rol led for 2 4 - - 4 8  hours  before  inocu la t ion  w i t h  v i rus  to  r emove  free 

cells a n d  mucus .  Af te r  a n  add i t iona l  m e d i u m  change ,  105EIDs0 of v i rus  in  0.2 ml  was 
i n t r o d u c e d  in to  t he  t u b e  which  was t h e n  rol led con t inuous ly  a t  33 ~ C. The  v i rus  was 
a l lowed to  adsorb  for 2 hou r s  a n d  t h e n  t he  t i ssue  was w a s h e d  th r ee  t imes  w i t h  med ium.  
A t  24 hours ,  a n d  t h e r e a f t e r  eve ry  48 hours ,  t he  tubes  were h a r v e s t e d  a n d  fresh m e d i u m  
added .  

2.5. Harvesting el Virus 
The  en t i re  1 ml  of m e d i u m  f rom each t u b e  was r e m o v e d  aseept ica l ly  eve ry  o the r  

day  for t he  f i rs t  two weeks a n d  m i x e d  w i t h  a n  equa l  vo lume  of n u t r i e n t  b ro th ,  pooled,  
and stored at - - 7 0  ~ C. 

2.6. Titration o/ Virus 
Serial  10-fold d i lu t ions  of v i rus  were in jec ted  in to  t he  a l lan to ic  cav i ty  of groups  of 

t h r ee  10-day e m b r y o n a t e d  ch icken  eggs. Af te r  i n c u b a t i o n  a t  33 ~ C for 48 to 72 hours ,  
t he  a l lantoic  f luid was h a r v e s t e d  a n d  t e s t ed  for h a e m a g g l u t i n i n  (HA) w i t h  0.5 per  cen t  
ch icken  red  b lood  cells (RBC). T i t res  were expressed  as 50 pe r  cen t  egg infec t ious  
doses pe r  mil l i l i t re  (EIDs0/ml).  
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2.7. Volunteer Data 
Volunteers were studied in isolation by  s tandard methods as already described 

(BEARE and HALL, 1971). The number of days of symptoms and signs above a baseline 
were combined to provide a symptom score. 

2.8. The Method 
The use of L-15 medium and rolling the screw-topped tubes prolonged the survival  

of the ciliated epithelium beyond tha t  obtained using other s tandard  media, and, in the 
conditions finally used, the human embryo trachea regularly survived for periods of 
30--50 and occasionally 90 days. The rings tend to adhere to one side of the tube and 
remain in this position if undisturbed. To prevent  the accumulation of debris in the 
centre of the x'ing, thus obscuring the cilia, the tubes were shaken gently each day.  
Occasionally i t  was necessary to dislodge a ring because flbroblasts appeared at  the point  
of a t tachment  after 12--14 days and obscured the cilia. 

Finally,  after preparat ion of the rings, there was a definite improvement  of the 
ciliary ac t iv i ty  over the first 24--72 hours. Therefore the reading on the day  of inocula- 
t ion was used as a baseline. I t  was frequently impossible to test  all the viruses in the 
t rachea from the same embryo on the same day,  and for this report  the da ta  have been 
pooled and are based on the observation of 15--20 rings infected with each virus. 
Several uninoeulated cultures were included in each test. 

3. Results 

3.1. The Behaviour o/ the Viruses in Human Tissue 

3.1.1. Virus S t ra in  A / P R 8 / 3 4  (HON0)  

As shown in F igure  1, the  c i l iary  a c t i v i t y  in cul tures  infected wi th  this  s t r a in  
was the  same as t h a t  in un inocu la ted  tubes  and  in fact  the  cilia in some inocula ted  
tubes  were more  ac t ive  t han  in controls.  The vi rus  grew to low t i t re ,  as shown in 
F igure  2. 

3.1.2. Virus  S t ra in  A/Eng.~939~69 ( H 3 N 2 )  

This s t ra in ,  b y  cont ras t ,  r egu la r ly  des t royed  ci l ia ted epi thel ium.  The ear l ies t  
effects, no t iceable  b y  the  th i rd  d a y  af te r  inoculat ion,  were the  appea rance  of 
mucus  and  m a n y  d e s q u a m a t e d  cells wi th in  the  ring. The cilia of some of these  
shed cells con t inued  to  bea t  for a few hours.  A t  this  t ime the  ci l ia ted epi the l ium 
looked in tac t ,  b u t  b y  4 - - 6  days  i t  was m a r k e d l y  d a m a g e d  and  b y  10 days  c i l ia ry  
a c t i v i t y  h a d  ceased. His to logica l  sections showed t h a t  the  epi the l ium was denuded  
of c i l ia ted cells. I n  a few t racheas  the  process was de layed  b y  two or three  days .  

The  g rowth  of virus  p receded  the  des t ruc t ion  of the  ci l ia ted epi the l ium and  t h e  
t i t re  was the  highest  of a n y  vi rus  tes ted  (Fig. 2). The g rowth  of v i rus  con t inued  
a t  a low level a f te r  the  cilia were des t royed  and  was de tec ted  a t  t i t res  be tween  
102 and  103 EIDs0/ml  for up  to 35 days .  

3.1.3. Clone 64c ( P R 8  x 939) 

This v i rus  behaved  s imi lar ly  to the  A / P R  8 p a r e n t  and  caused ve ry  l i t t le  c i l i a ry  
damage .  However ,  i t  g rew to s l ight ly  higher  t i t res  in the  ci l iated epi the l ium than  
d id  the  paren t .  

3.1.4. Clone 6 (PLY8 x 939) 

This r ecombinan t  was of i n t e rmed ia t e  pa thogen ic i ty  for cilia, bu t  more  closely 
resembled  the  A/Eng.  pa ren t .  I n  o ther  words  some rings would resis t  g rowth  a n d  

25* 
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Fig.  1. Effects of parent  and recombinant  strains of influenza virus on ciliated epithelium of human  foetal trachea 
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Fig. 2. Growth (expressed as logloEIDso per ml) of parent  and recombinant strains of influenza v i rus  in ciliated 
epi thel ium of human  foetal trachea 
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des t ruc t ion  for a few days  longer  t han  average,  bu t  widespread  damage  occurred 
b y  10- -12  days ,  and  v i ra l  g rowth  was qui te  s imilar  to  the  A/Eng .  p a r e n t  as shown 
in F igure  2. 

Thus,  bo th  b y  obse rva t ion  of c i l iary  a c t i v i t y  and  b y  t i t r a t i ng  the  v i rus  pro-  
duced,  the  viruses  fall  in to  t he  order  P R 8 ,  64e, 6, A/Eng. /939/69 f rom the  leas t  
to  the  mos t  v i ru len t  for cu l tu red  cells. As shown in Table  1, this  corresponds  
exac t ly  to  the  order  of vi rulence found  in exper iments  in h u m a n  volunteers  and  
r ecen t ly  r epo r t ed  b y  BE~mE and  HALL (1971). 

Table 1. Summary o] Comparison o/ Virulence Markers o] Parent and Recombinant 
Strains o] In]luenza Virus in Volunteers and in vitro Tests in Both Human Foetal and 

Adult Ferret Trachea 

Virulence m a r k e r s i n  v~ro 

Virulence in volunteers Ciliary activity ~ Mean virus titre d 

Infect-  Clinic. H u m a n  Ferret  H u m a n  Ferret  
Virus strains ivity a Score b trachea e trachea trachea trachea 

None --  2.0 ~ 0 19 neg. neg. 
A /PR 8/34 13/55 2.6 9 30 3.45 3.20 
Clone64c(PR8•  939) 5/12 8.6 4 19 3.86 3.89 
Clone 6 (PR 8 • 939) 7/11 18.2 47 25 4.95 4.98 
A/Eng./939/69 6/10g 36.0 89 23 5.62 5.00 

a No positive (shedding virus or ant ibody rise)/No tested. 
b Total  score of symptoms and signs observed; score of > 35 correspond to clinical 

influenza, while those < 10 represent extremely mild reactions. 
c Percent reduction on day  10. 
d LOgl0EIDs0/ml in medium collected on day  5. 
e Mean of 12 experiments.  
t Average score in 12 volunteers receiving diluent only. 
g These volunteers received wild A/HK/1/68 or A/Eng./878/69; the in vitro tests were 

performed with the similar wild virus A/Eng./939/69. 

3.2. The Behaviour o] Viruses in Ferret Tissue 

As shown in F igure  3, i t  was no t  possible to  d i f ferent ia te  the  A / P R  8 p a r e n t  f rom 
the  o ther  viruses  t e s ted  b y  the  effect on cilia. However ,  this  v i rus  grew to low 
t i t r e  as i t  has in h u m a n  t issue (Table 1). A l though  the  A/Eng .  p a r e n t  des t royed  
the  ci l ia ted ep i the l ium of h u m a n  tissue, i t  has  l i t t le  effect on fer re t  t rachea .  I n  one 
expe r imen t  in which cul tures  were held for a long t ime,  the  e i l ia ted  ep i the l ium 
was des t royed  af te r  abou t  th ree  weeks. 

F u r t h e r m o r e ,  the  A/Eng .  v i rus  mul t ip l ied  to  high t i t re ,  range f rom 108.16 to 
106.2EID50/ml a t  5 days .  The r ecombinan t  viruses d id  no t  cause c i l iary  damage,  
b u t  a t  5 days  the  g rowth  in fe r re t  ep i the l ium was s imilar  to  t h a t  in h u m a n  tissue. 
I n  o ther  words,  clone 64c a t t a ined  t i t res  (range a t  5 days  103.5 to  104.4EIDs0/ml) 
s imilar  to the  A / P R 8  pa ren t ,  and  clone 6 a t t a i n e d  t i t res  (range a t  5 days  104.5 to  
105-5EID50/ml) s imilar  to the  A/Eng.  pa ren t .  

3.3. The Behaviour o /an  Attenuated Inf luenza Virus not Prepared by Recombination 

Since the  differences in the  behav iour  of the  viruses might  have  been re la ted  
to  the  fact  t h a t  t h e y  were p r e p a r e d  b y  recombina t ion ,  r a the r  t h a n  to  the  a t t enua -  
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tion itself, a virus, A/Eng./501/68 (H2N2),  attenuated by serial passage in eggs 
in the presence of horse serum, was tested in human foetal trachea. In Figure 4 
the avirulent A/Pl~8/34 (HON0) and virulent A/Eng./939/69 (H3N2)  viruses are 
sho~m for reference. It can be seen that the inhibitor resistant virus (IR 501) which 
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:Fig.  3. E f f e c t s  o f  parent  and recombinant  strains of inf luenza virus on cil iated epi thel ium of ferret  trachea 
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F i g .  4. :Effec ts  of  inf luenza viruses prepared by  means  other than  recombinat ion on ciliated epi the l ium of h u m a n  
foetal  trachea 

is known to be attenuated for man (BEARE and BYsoE, 1969) failed to destroy 
cilia, whereas an inhibitor sensitive variant of the same virus (IS501) which is 
known to be virulent for man (BEARE and BYSOE, 1969) rapidly and completely 
destroyed the cilia. 
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4. Discussion 

Even when optimally constituted, the usual doses of inactivated influenza 
virus vaccines are variably effective in preventing disease (SeHoENBAUM, MOSTOW, 
DOWDL]~, CO]~AN and KAYE, 1969). Live at tenuated vaccines are a possible 
alternative but  before they can be introduced it is necessary to be able to obtain 
rapidly and reproducibly from wild virus, strains which grow to high titre in eggs 
and which are a at tenuated for man. 

I t  is generally believed tha t  virulence is determined by  multiple genes and 
KILBOURNE (1969) suggested tha t  recombining a virulent strain with an avirulent 
one would give progeny with intermediate virulence and might therefore be used 
as a means of simultaneous " ins tant"  at tenuation and adaptat ion to eggs. This 
has been shown to be possible but  two of four reeombinants were inadequately 
a t tenuated (BEARE and HALL, 1971) and it would therefore be useful to be able to 
distinguish at tenuated reeombinants in the laboratory. 

The method of evaluation in organ culture seems to give repeatable and consist- 
ent results as was noticed in a preliminary paper  (MosTow and TYRRWLL, 1972). 
This paper reports further results and a number  of important  points of technique. 
There appears also to be some variability in the susceptibility of different tracheas. 
The data were pooled for this report, but nevertheless each individual experiment 
ranked the viruses in the same order; however, we think it is important  to include 
the virulent and at tenuated parent  in each test as controls. Using the technique 
described, there was a clear correlation between free growth in organ culture, 
damage to cells and the ability to produce disease in man. We do not know whether 
this correlation would hold with tracheas from other species, if not, there could 
be difficulty using the test because of lack of an adequate supply of suitable human 
tracheal cultures (SHAAFF, BOSWELL and MUFSON, 1971). 

Our results with the parental  strains of influenza were not particularly sur- 
prising. The basic pathology of the disease is damage of the tracheal cells by  
the virus and since the laboratory adapted strain, A/PR 8/34, does not cause disease 
in humans, we did not expect it to damage the eiliated epithelium from man. 
Nevertheless, the cultures were infected whereas the volunteers often were not. 
Conversely, recently isolated influenza A strains cause clinical influenza and would 
be expected to destroy eiliated epitholium. 

I t  has been shown that  influenza viruses which have squired ts markers as a 
result of recombination with mutagen-treated strains are at tenuated for man 
(C~ANOCK, personal communication). I t  is now necessary to determine whether 
these strains are a]so avirulent in our tests. Likewise recombinants made with other 
a t tenuated strains should be tested to establish the validity of the test. I f  it can 
be established it would suggest tha t  the only really important  factor in virulence 
for man  is whether the virus multiplies in tracheal cells. 
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