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Summary 

The genetic and biological properties of 13 recombinant influenza A clones 
derived at 25°C from the A/AA/6/60-cold variant (by crosses with 4 different 
wild type strains) were compared with a set of 5-FU induced ts-mutants. The 
5-FU mutants had previously been placed into 7 complementation-recombination 
groups; the A/AA/6/60-cold parent (PI-7) and the 12 cold recombinant clones 
which were ts  were shown to share a lesion with only one of these groups. The 
parental strain and 5 recombinant clones were evaluated for replication in the 
lungs and nasal turbinates of hamsters. Each virus appeared to be attenuated; 
genetic stability correlated with the level of viral replication in the hamster lung, 
i.e., viruses which grew best showed a tendency to revert to the ts + phenotype. 
Characterization Of the ts  + revertants for the presence of the cold adaptation 
property revealed that these viruses exhibited a spectrum of cold adaptation 
properties. Two viruses, PI-7 (the parental cold variant)and the Ct~6 recombinant 
(A/Queensland/6/72) did not revert in either the lungs or nasal turbinates of 
hamsters. 

Introduction 

Cold adapted variants of influenza A virus have been suggested as candidate 
live virus vaccine strains or as donors of attenuation factors to new antigenic 
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variants. These viruses have been shown to be attenuated with respect to replica- 

tion in man, mice, and ferrets (1--3, 7--10, 12, 22). A potential advantage of cold 

variants as donors of attenuation genes is the association of an in vitro marker 

with this property. Thus, variants and recombinants can be assessed for the cold 

adaptation (ca,) property in tissue culture prior to evaluation in man. In addition 

many of the cold variants and recombinants are temperature sensitive in chick 

kidney and rhesus monkey kidney tissue culture (7--10, 13, 23, 26). The ts prop- 

erty provides a second in vitro marker, and allows genetic analysis to determine 

the nature of the ts'lesi0n(s) in these viruses. As probes for ts lesions we have used 

9 ts mutants of influenza A virus derived by 5 fluorouracil (SFU) mutagenesis. 

The 5 FU mutants have been placed into 7 complementation-recombinabion groups 

(25) on the basis of a eomplementation-recombination assay carried out directly 

on the tissue culture monlayer. 

The updating of ts vaccine strains has been demonstrated in studies in which 
recombinants have been prepared using a well characterized ts strain, as a donor of 
attenuating genes to antigenically different wild type (w t )  strains (15, 19, 21). 
These recombinants were evaluated for several properties: i) genetic analysis was 
carried out by the complementation-reeombination assay to determine whether 
the recombinant viruses had each of the lesions present in the ts parent and only 
these lesions, ii) attenuation was evaluated by comparing the efficiency of plaque 
formation at 33 °, 37 °, 38 ° and 39 ° C and by studying restriction of growth in the 
lungs and nasal turbinates of infected hamsters, and iii) genetic stability was 
evaluated by studying the frequency of isolation of ts+ revertants from the lungs 
and nasal turbinates of infected animals. The present studies used the A/AA/6/60 
cold variant as a donor of attenuating genes to 4 different wt strains. The 13 
recombinant clones derived at 25 ° C were evaluated by the above 3 cliteria. 

Materials and Methods 

Viruses 

t8 Mutants 
The production and characterization of the ts mutants and ts reeombin~nts used 

as prototypes for each of the complementation groups has been detailed previously 
(17, 19, 24, 25). The history and phenotype of the viruses used in the hamster studies 
are summarized in Table I. 

Cold-Adapted Variants and Recombinants 

The derivation of prototype cold-adapted A/Ann Arbor/6/60 (I-I2N2) virus by 
successive multiple passages in chick kidney (CK) tissue at progressively lower temper- 
atures has been described (7). This variant had been cloned by 7 successive plaque-to- 
plaque passages in CK cells at 25 ° C before preparing working seed stocks by passage 
in eggs. Four recombination experiments were done to transfer cold-adaptation genes 
to wild-type H3N2 strains A/Queensland/6/72, A/Ann Arbor/9/73, A/I)unedin/4/73 
and A/Scotland/840/74, and the recombinants derived were designated respectively 
CI~6, CR 12, CI% 13 and CR 18. The method of recombination by mixedly infecting CK 
cells at 25 ° C with wild-type virus and A/Ann Arbor/6/60 has been previously describ- 
ed (9, II), as has another slight modification of the technique t,o isolate 10 clones of 
c g  18 (6). 

Antigenic Analysis  
The identity of the hemagglutinin (HA) in all recombinant cold-adapted viruses 

was determined initially by HI  testing using ferret sera to the parental wild-type 
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H 3 N 2 a n d  c o l d - a d a p t e d  I-I 2 N  2 viruses.  C on f i rma t ion  of t h e  i d e n t i t y  was o b t a i n e d  
b y  us ing  a n t i s e r u m  to  a p p r o p r i a t e  r e c o m b i n a n t  s t r a in s  c o n t a i n i n g  H 2 or H 3 hem-  
agg lu t in in  a n d  t h e  n e u r a m i n i d a s e  of A/equine/Prague/1/56 (Neq 1). The  i d e n t i t y  of 
t h e  n e u r a m i n i d a s e  (NA) in  r e c o m b i n a n t s  was  d e t e r m i n e d  b y  N I  t e s t i n g  u s ing  r a b b i t  
i m m u n e  s e r u m  to  t he  i so la ted  N A  of A / A n n  A r b o r / 6 / 6 0  (5) or to  a r e c o m b i n a n t  A / e q u i n e /  
P r a g u e / i / 5 6  (Heq  1) -Por t  Cha lmers /1 /73  (N 2), s ince all  w i ld - type  H 3N 2 v i ruses  u sed  
in  th i s  s t u d y  possessed a n e u r a m i n i d a s e  an t igen ica l ly  s imi lar  to  t h a t  of t h e  A / P o r t  
Cha lmers /1 /73  (Kenda l ,  u n p u b l i s h e d  obse rva t ion) .  

Growth and Assay o/In]ectious Virus 
The  p rocedures  used  to p roduce  v i rus  suspens ions  a n d  to a s say  t h e i r  i n f ec t i v i t y  

h a v e  been  de ta i l ed  p rev ious ly  (14, 16). I n f e c t i v i t y  was t i t r a t e d  b y  inocu la t ion  of serial  
10-fold d i lu t ions  of a v i rus  suspens ion  in to  p r i m a r y  rhesus  m o n k e y  k i d n e y  (I~MK) 
rol ler  t u b e  cu l tu res  or 24-well Cos tar  t i ssue  cu l tu re  pla tes .  Af te r  3---5 days  i n c u b a t i o n  
a t  33 o or 39 ° C t he  presence  of v i rus  was d e t e r m i n e d  b y  h e m a d s o r p t i o n  w i t h  0.1 pe r  cen t  
gu inea  pig  e ry th rocy t e s .  

Suspens ions  of ts m u t a n t s ,  cold va r i an t s ,  or  cold r e e o m b i n a n t s  were  p r e p a r e d  b y  
a l l an to ie  i nocu la t i on  of 10 d a y  old  e m b r y o n a t e d  eggs. T h e  a l lan to ic  f lu id  was  h a r v e s t e d  
a f t e r  4 8 - - 7 2  h o u r s  i n c u b a t i o n  a t  33 ° C. E m b r y o n a t e d  eggs were  o b t a i n e d  f rom e i the r  
Trus low F a r m s  (Ches te r town,  Mary l and )  or  S P A F A S  Inc .  (Storrs,  Connec t icu t ) .  

P l a q u e  assays  were  p e r f o r m e d  us ing  R M K  m o n o l a y e r s  g rown on  p las t ic  pe t r i  
dishes.  A n  aga r  ove r l ay  cons i s t ing  of 0.9 pe r  c en t  agarose,  m e d i u m  L-15 a n d  an t ib io t i c s  
was  used  (14, 16). I n  s tud ies  p e r f o r m e d  a t  r e s t r i c t ive  t e m p e r a t u r e s  (37 °, 38 ° a n d  39 ° C) 
t h e  t i ssue  cu l tu re  p la tes  were sealed in  steel  boxes  wh ich  were p laced  in a c o n s t a n t  
t e m p e r a t u r e  c i rcu la t ing  w a t e r  b a t h  ( m a x i m u m  v a r i a t i o n  0.05 ° C). Tissue cu l tu res  were 
p u r c h a s e d  f rom F low Labora to r i e s ,  Inc .  (Roekvil le ,  Mary land) .  

S tudies  c o m p a r i n g  t h e  eff iciency of p l a t i n g  of v i rus  s t r a ins  a n d  isolates a t  25 ° a n d  
33 ° C were car r ied  ou t  in  CK cul tures .  T he  p r e p a r a t i o n  of these  cells f rom 1 to 4 d a y  
old chicks a n d  t he  a s say  p rocedure  h a v e  been  p rev ious ly  descr ibed  (7, 8). The  cu l tu res  
cons is ted  p r i m a r i l y  of ep i the l ia l  cells, b u t  some f ib rob las t s  were also observed .  

Complementation-Recombination Assay 
The  t e c h n i q u e  for  d e t e c t i o n  of c o m p l e m e n t a t i o n - r e e o m b i n a t i o n  on  t h e  a s say  p l a t e  

has  been  deer ibed  p rev ious ly  (14, 25); i t  is ou t l i ned  in  t he  Resu l t s  sect ion.  

Hamster Studies 
O u t b r e d  female  Sy r i an  h a m s t e r s ,  4~--6 weeks old, were o b t a i n e d  f rom L a k e v i e w  

A n i m a l  F a r m s ,  Inc . ,  (Ph i lade lph ia ,  P e n n s y l v a n i a ) .  An ima l s  were  a n e s t h e t i z e d  b y  
i n t r a p e r i t o n e a l  a d m i n i s t r a t i o n  of p e n t o b a r b i t a l ,  a n d  0.1 ml  of v i rus  suspens ion  was  
a d m i n i s t e r e d  in t r anasa l ly .  E a c h  day  for 1 to  4 days  pos t - infec t ion ,  groups  of h a m s t e r s  
were a n e s t h e t i z e d  a n d  the i r  lungs  a n d  :nasal t u r b i n a t e s  r emoved .  The  lungs  f rom each  
a n i m a l  were  m i x e d  w i t h  a l u n d u m ,  g r o u n d  w i t h  a m o r t a r  a n d  pest le ,  a n d  suspended  in  
7.5 ml  of H a n k s '  BSS c o n t a i n i n g  0.5 pe r  cen t  ge la t in  a n d  an t ib io t i c s  (14). Af te r  
c e n t r i f u g a t i o n  a t  1500X g for 15 m i n u t e s  a t  4 ° C, t he  s u p e r n a t a n t  was  r e m o v e d  a n d  
s to red  f rozen  a t  - - 7 0  ° C. T he  t u r b i n a t e s  were  t r e a t e d  iden t ica l ly  excep t  t h a t  t h e y  
were  s u s p e n d e d  in  4 m l  of H a n k s '  BSS ;  th i s  p rocedure  r e su l t ed  in  an  a p p r o x i m a t e  
10 pe r  cen t  w / v  suspens ion  for  t h e  lungs,  a n d  5 pe r  c en t  w / v  for  t h e  t u r b i n a t e s .  

The  v i ra l  c o n t e n t  of t h e  t i ssues  was  d e t e r m i n e d  b y  t i t r a t i o n  in  R M K  rol ler  t u b e  
cu l tu res  or  24 well  Cos ta r  t i s sue  cu l tu re  d ishes  m a i n t a i n e d  w i t h  a I :1 m i x t u r e  of 
Eag le ' s  m e d i u m  a n d  m e d i u m  199 c o n t a i n i n g  an t ib io t i cs .  E a c h  10-fold d i lu t ion  of t h e  
t i ssue  suspens ion  was i n o c u l a t e d  in to  4 ro l l e r - tube  cu l tures ,  a n d  t he  p resence  of v i rus  
de t ec t ed  b y  h e m a d s o r p t i o n  a f t e r  3 days  of i n c u b a t i o n  a t  33 ° C (2 cul tures)  or 39 ° C 
(2 cul tures) .  Vira l  t i t e r s  of t he  t i ssue  suspens ions  expressed  as 50 pe r  cen t  t i ssue  cu l tu re  
in fec t ive  doses (TCID~0) a t  33 ° C were  e s t i m a t e d  b y  t h e  m e t h o d  of I~AaBER (4). The  
f lu id  :medium f rom t i ssue  cu l tu res  t h a t  h a d  b e e n  inocu la t ed  w i t h  t he  u n d i l u t e d  t i ssue  
suspens ion  a n d  i n c u b a t e d  a t  330 C was s aved  a n d  des igna t ed  as t he  R M K  isolate.  
Vi rus  p r e sen t  in  these  isolates  was  s u b s e q u e n t l y  t e s t ed  for i ts  ab i l i ty  to  i n i t i a t e  p l a q u e  
f o r m a t i o n  a t  33 ° or  39 ° C. 
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Plaques Vhat appeared at 39°C were picked and inoculated onto t~MK tissue 
culture. The fluids from these cultures were harvested after 3 days incubation at 
33 ° C. The RMK suspensions were subsequently used as inocula for 9 day old em- 
bryonated eggs. The virus in the allantoic fluid was then characterized for its ts and 
ca properties in RMK and CK tissue cultures respectively. 

Resu l t s  

Antigenic Analys is  

Analysis by  the H I  technique indicated tha t  each of the recombinan t  viruses 
had the hemagglu t in in  derived from the wild type  pa ren t  (Table 1). S tudy  of the 
reeombinants  by  the neuraminidase- inhib i t ion  technique (Table 2) indicated t ha t  
the C1~6, CR12 and  CR13 viruses had the neuraminidase  characteristic of the 
wild type  parent .  Of the 10 clones derived from the A/AA/6/60-eold var ian t  (PI-7) 
X Scotland cross, 6 had N260 ant igen while 4 had N274 antigen.  

Table 1. History and phenotype el cold adapted variants, cold recombinants and ts re- 
combinant viruses used to inject hamsters 

Comple- 
Clone Shut menta- 
designa- Antigenic off tion 
tion Origin of clone~ subtype ~ temp. b group b 

PI-7 

CR6 

CR 12 

CR 18 
Clone 6 
Clone 7 

ts-1 [El 

ts-[189] 

ts- [clone 13] 

Cold adaptation of wt-A/AA/6/60 

Recombination of PI-7 with 
wt-A/Queensland/6/72 

Recombination of PI-7 with 
wt-A/AA/9/73 

Recombination of PI-7 with 
wt-A/Scot/840/74 

Recombination of H 2 N 2-ts- 1 
with wt-A/Hong Kong/45/68 

Recombination of H 3 N 2-ts- 1 [A] 
with wt-A/Udorn/307/72 

Recombination of wt-A/Udorn/ 
307/72 and lrI3N2-ts-I [El 

I-I 260N 280 37 1 

H372N272 37 1 

I{ 373N 273 38 1 

H 374N 274 38 1 
37 1 

H 3~sN265 38 1, 2 

g372N26s 37 1 

I-137~N 272 39 1 

a References: P 17, CI~6, CR 12 (7, 11); ts-1 [El (24, 25); ts-[189] (19); ts-[clone I3] (20) 
') The determination of these characteristics is described in the text 

Characterization o/Cold Recombinants With Respect to 
E/]iciency o/ Plaque Formation ( E O P )  

None of the wt parental  viruses formed plaques at  25 ° C (Table 2). The plaque 
t i ter  of the A/AA/6/60~eold var ian t  (PI-7) and  the 13 cold recombinants  in CK 
cells was only sl ightly reduced at  25 ° C compared to 33 ° C. Thus  the A/AA/6/60 
cold var ian t  (PI-7) and  its 13 cold recombinan t  clones were cold adapted.  
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Repl ica te  sets of R M K  monolayers  were inoculated with serial di lut ions of the  

cold v a i i a n t  or one of the cold recombinants  and incuba ted  for 3 days a t  37 °, 38 ° 

or 39 ° C or for 5 days at  33 ° C. Table  2 presents  the average log10 reduct ion  of 

tiger a t  each of the 3 resti  ic t ive tempera tures  wi th  respect  go t i ler  ag the permissive 

t empera tu re  (33 ° C). Two to three tests were performed oll different  lots of R M K  

cells. The shutoff t empera tu re  of each m u t a n t  was arbi t rar i ly  chosen as the lowest 

t empera tu re  a t  which there  was a 100 fold or greater  decrease in tiger. The tiger 

of each of the  paren ta l  viruses was the same a t  33 °, 37 °, 38 ° and  39 ° C. Al though  

all 13 r ecombinan t  clones were der ived f rom the same cold paren t  (PI-7) there  

were 5 clones wi th  a shut-off  t empera tu re  of 37 ° C and 7 clones wi th  a shuv-off 

t empera tu re  of 38 ° C. The A/Dunedin /4 /73  recombinant  (CR 13) was not  temper-  

a ture  sensi t ive;  i.e. i t  was not  res t r ic ted in plaque format ion  ag 39 ° C and was 

therefore  not  sui table for genetic analysis. 

Table 2. Growth o] parental strains, cold variant and cold recombinants at permissive and 
restrictive temperatures 

Log10 reduction of t i ler  at 
Log10 reduc- indicated restrictive tern- 
lion of l i ter  perature from liter ob- Shut 
at 25 ° C from served at permissive tern- off 
t i ler  observed perature (33 ° C) in RMK temper- 

Virus at 33 ° C in CK a~ure ~ 
Parental  wt strains 37 ° C 38 ° C 39 ° C 

A/AA/6/60 b > 8.3 0.0 0.0 0.0 > 39 
A/Queen/6/72 > 7.3 0.0 0.0 0.0 > 39 
A/AA/9/73 > 7.0 0.0 0.0 0.0 > 39 
A/Dunedin/4/73 >6.8  0.0 0.0 0.0 >39  
A/Scot/840/74 > 7.5 0.0 0.0 0.0 > 39 

Parental cold variant 
(PI-7-A/AA/6/60) b 0.I >5.9 >5.9 >5.9 <37 

Cold reeombinants of PI-7 
CR 6 (A/Queen/6/72) e 0.1 2.3 >6.7  >6.7 -<37 
C1~12 (A/AA/9/73) 0.1 0.9 4.9 >6.3  38 
CI~ 13 (A/Dunedin/4/73) 0.5 0.O 0.0 0.0 > 39 

C g  18 (A/Scot/S40/74) 
Clone i N2  (74) a 0.4 1.5 >6.0  >6 .0  38 
Clone 2 N2 (74) 0.3 3.7 >8 ,0  >8 .0  37 
Clone 3 N2 (60) 0.5 1.4 >7.5  >7.5  38 
Clone 4 N2 (60) 0.5 3.0 >7.0  >7.0  37 
Clone 5 N 2 ( 6 0 )  0.1 1.0 >7.3  >7.3  38 
Clone 6 N2 (74) 0.3 0.9 >6.2  >6.2  38 
Clone 7 N 2  (74) 0.7 >7.0  >7.0  >7.0  ~37  
Clone 8 N2 (60) 0.5 0.8 >7.2  >7.2  38 
Clone 9 N2 (60) 0.0 >7 .0  >7.0  >7 .0  ~37  
Clone 10 N2 (60) 0.6 1.6 >6.9  >6.9  38 

a De f i nedas a  100 fo ldorgrea te r redue t ion inp laqu ingef f ic ieneyonl%MNmonolayers  
b Datafor theA/AA/6/60andPI-7v irusesarealsopresentedinPaperIo f th isser ies(23)  
e wt parent 
a Neuraminidase subtype 

16b* 
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Genetic Charaeterization o/Cold Adapted Variants 

The PI -7  pa ren t  a n d  12 cold r ecombinan t  ts clones were ana lyzed  genet icMly 
b y  the  p la te  complemen ta t ion - recombina t ion  technique.  The  nine 5 F U  m u t a n t s  
p rev ious ly  ass igned to 7 complemen ta t ion  groups were used as p r o t o t ) T e  s t rums 
(24). The procedure  has been de ta i led  prev ious ly  (24, 25). Briefly,  pai rs  of m u t a n t s  
were mixed  and  incuba ted  a t  4 ° C  for 18 hours ;  serial  d i lu t ions  of the  mix tures  
were m a d e  and  inocula ted  onto t~MK cell monolayer  cul tures  which  were then  in- 
cuba ted  a t  39 ° C. Each  of the  m u t a n t s  was also assayed  sepa ra t e ly  b y  the  p laque  
techn ique  a t  33 ° C and  39 ° C. The resul t ing t i t e r  a t  33 ° C was used to e s t ima te  the  
mul t ip l i c i t y  of i npu t  (MOI). F e w  if a n y  plaques  deve loped  following incuba t ion  of 
s ingly infected cul tures  a t  39 ° C. I n  each tes t  wild t ype  inf luenza A / H o n g  Kong /  
1968 virus  and/or  the  wt pa ren t a l  s t ra ins  were assayed a t  33 ° C and  39 ° C and  the  
t i te rs  were a lways  a p p r o x i m a t e l y  equal  a t  the  2 tempera tures .  Complementa t ion  
was assumed to occur in dua l ly  infected cells i ncuba ted  a t  39 ° C when the  number  
of p laques  which developed equal led or exceeded the number  expec ted  assuIning a 
Poisson d i s t r ibu t ion  of dua l ly  infected cells and  an efficiency of p laque fo rmat ion  
b y  such cells of 100 per  cent. 

The resul ts  summar ized  in Table 3 represent  a t  least  4 tes ts  for each m u t a n t  
pai r .  Al l  10 clones of the  CI~ 18 r ecombinan t  exh ib i ted  the  same genetic behavior ,  
therefore  only  the  resul ts  wi th  CR 18 clones 6 and 7 are p resen ted  as these 2 clones 
were subsequen t ly  used in the  hams te r  studies.  The d a t a  suggest  t h a t  the  A/AA/6 /  
60 cold va r i an t  (PI-7) and  the  12 ts cold recombinan t s  all share the  ts lesion re- 
p resen ted  b y  complementa t ion  group 1. 

Table 3. Production o/ plaques at restrictive temperature /ollowing dual injection with 
putative single lesion ts mutants, and cold parent or cold recombinants o~ influenza A virus 

Ratio of number of plaques observed at  39°C over the 
number of plaques expected in mixed infection of RMK 

monolayers with the indicated pairs of viruses ~ 

Cornplementation group and prototype  viruses b 

1 2 3 4 5 6 7 

ViIals R 1 R 8 2C 304 315 422 454 464 463 

Cold parent  (PI-7) c < . 0 0 t  50 5 250 2 6 20 20 100 

Cold reeombinants 
CR 6 < .001 10 10 250 10 30 15 10 20 
CR 12 < .001 25 5 500 30 I00 70 20 500 

CR. 18-clone 6 % .002 6 5 50 50 5 50 30 i0 
CR t8-clone 7 ~ .002 4 10 150 50 5 50 200 80 

Based on Poisson distribution, assuming that it is necessary for a cell to receive one 
plaque forming unit of each virus to produce a plaque at 39 ° C. The formula 
(1--e -raA) (1--e  -m•) (number of cells) is used where mA and mB are tile input  multi- 
plicities of the infecting viruses. Values are representative of a minimum of 4 tests 
between each pair. Each test was carried out on a separate lot of RMK cells and 
calculations of input  virus were based on the t i ter  a t  33 ° C of each mutan t  on that, 
lot of cells 

b Reference 25 
c Data for the PI-7 virus are also presented in paper I of this series (23) 



Cold Variants and Cold Reeombinants of Influenza A 239 

Biological Characterization o/Cold Adapted Variants in Hamsters 

Previous studies with ts m u t a n t s  of inf luenza A virus had demonst ra ted  ~ cor- 
re la t ion between the level of t empera tu re  sensi t iv i ty  and  the degree of restr ict ion 
of repl icat ion in the hamster ' s  lungs, i.e. the lower the shut-off t empera ture  the 
greater the restr ict ion of replicat ion (14, 20, 25). Since the cold adapted  paren t  
PI-7  and  its recombinants  differed in tempera ture  sensit ivity,  it, was possible tha t  
a gradient  of restr ict ion of pu lmona ry  viral  replication might  also be observed. 

Hamsters  were therefore inoculated in t ranasa l ly  with the PI-7 cold adapted  
parent ,  one of the cold recombinants ,  either C1%6 or Ct~ 12, or with the homologous 
wild type  virus. I n  addi t ion,  the ts- [189] (5FU mu t a n t )  and  its homologous U d o m  
wild type  paren t  were s tudied (Tables 1 and  4). The ts-[189] virus was chosen 
since genetic studies had shown tha t  it had the group 1 Iesion and  37 ° C shutoff 
t empera ture  (19). 

24 hamsters  were infected with each virus and the lungs and  nasal  tu rb ina tes  
of 6 individual  hamsters  were harvested daily for 4 days and  analyzed for virus 

Table 4. Growth o] a cold variant, 2 o/its cold recombinants, and a ts mutant in the lungs 
and nasal turbinates of hamsters 

Virus 

Shut off 
tempera- 
ture 

Mutant virus, 
Maximum yield ~ (Log10 
TCIDso per gram of tissue) 

Homologous wild type, 
Maximum yield b (Log10 
TCIDs0 per gram of tissue) 

Lungs Turbinates Lungs Turbinates 

PI-7 37 2.4± 1.2 a+ 2.2~:0.8 ++ 6.7±0.4* 3.34-1.1 ++ 

CR6 37 2.1:~ 1.0"* 3.7~:0.7 ++ 7.2q-0.0" 5.64.1.2"* 

CR12 38 4.14.0.8"* 4.24-0.8 ++ 6.5±0.2* 4.14.0.8"* 

ts-[189] 37 1.6±0.8 + 3.84.1.3 ++ 7.14-0.5 + 5.64-0.8 + 

Virus 

Shut off Log10 reduction Number of isolates 
tempera- in maximum titer from which ts + virus 
ture compared to wild type recovered c 

Lungs Turbinates Lungs Turbinates 

PI-7 37 4.3 1.1 0/6 0/5 

CR 6 37 5. t 1.9 0/8 0/17 

CR 12 38 2.~ 0.1 0/13 2/21 e 

ts-[189] 37 5.5 1.8 0/2 t/11 f 

Maximum virus yields: *=~day 1, +=day  2, ** virus titers on days 1 and 2 were 
essentially the same, ++ virus titers on days 2 and 3 were essentially the same 

b See Table 1 for wild type parent of each variant  
e Isolates from day 1--4 were tested for revertant virus. Although 24 hamsters 

were inoculated with each virus not  all animals were infected; in addition some 
isolates did not, yield sufficient virus for t i tration 

a Standard error 
e The ratios of P F U  at 39 ° C/PFU 33 ° C were 0.01 and 0.001 respectively 

The ratio of P F U  at 39 o C/PFU 33 ° C was 0.0001 
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content .  The 3 viruses (P 17, CR 6 and  ts- [189]) wi th  the  lower shutoff  t empera tu re ,  
i .e.  37 ° C, were more res t r ic ted  in repl ica t ion  in the  lungs t h a n  was the  Ct~I2 
r ecombinan t  which had  a 38 ° C shut  off t empera tu re .  I n  add i t i on  each of these 
viruses mani fes ted  a grea ter  level of res t r ic t ion  in the  wa imer  lower r e sp i r a to ry  
t r ac t  (37 ° C) t han  in the  cooler upper  r e sp i r a to ry  t r ac t  (34 ° C). 

To de te rmine  whether  revers ion to  the  ts + pheno type  occurred dur ing repli-  
ca t ion  in the  hams te r  two assays  were used:  i) roller tube  cultures were inocula ted  
wi th  organ homogenates ,  incuba ted  at  39°C and subsequen t ly  tes ted  for hem- 
adsorp t ion ,  ii) isolates f rom R M K  roller  t ube  cul tures  i ncuba ted  a t  33°C were 
eva lua t ed  for thei r  ab i l i t y  to  form plaques  a t  33 ° C or 39 °. I~ever tant  (ts+) virus  
was not  found in the  lungs of a n y  of the  animals  despi te  the  fact  t h a t  the  isolates 
ob ta ined  f rom the  lungs grew to t i te rs  of 102 to 107 P F U / m l  when assayed  in R M K  
cells a t  the  permiss ive  t empera tu re .  Most  isolates were assayed  twice on 2 separa te  
lots  of R M K  monolayers .  I sola tes  from the  nasal  t u rb ina t e s  of two animals  in- 
ocula ted  wi th  the  CR 12 virus  however,  y ie lded  virus  whose t i ter  in R M K  cells a t  
39 ° C was 0.1, or 1.0 per cent  of i ts  t i t e r  a t  33 ° C indica t ing  t h a t  r e v e r t a n t  v i rus  
was present  as a minor  subpopula t ion  in the  isolate.  Also one of 11 hamste rs  in- 
fec ted  wi th  ts [189] y ie lded  ts+ virus  wi th  a ra t io  of P F U  a t  39 ° C / P F U  a t  33 ° C of 
0.0001. The proper t ies  of these ts + r eve r t an t s  as well as several  i so la ted  in sub- 
sequent  exper iments  are discussed below. 

I n  a second s t u d y  the  genet ic  s t ab i l i t y  of the  CR 12 r ecombinan t  was compared  
wi th  t h a t  of the  ts-1 [El  and  is-(clone 13) viruses. The CR12 r ecombinan t  was 
chosen, since of the  3 cold a d a p t e d  viruses i t  grew to the  highest  t i t e r  in the  
hams te r  r e sp i r a to ry  t rac t .  Ts-1 [El was selected because i t  has been well charac- 
ter ized in m a n  (15) and  in hamsters  and  l ike CR-12 has the  group 1 ts lesion and  a 
38 ° C shut-off  t e m p e r a t u r e  (24) ; ts- (clone 13) has  the  group 1 ts lesion and  a 39 ° C 
shut-off  t e m p e r a t u r e  (20, 21). F i f t een  hamste rs  were inocula ted  wi th  one of the  ts 
viruses or wi th  CR 12, and  all  an imals  were sacrif iced on d a y  2 since previous  
s tudies  ind ica t ed  t h a t  this  was the  d a y  of m a x i m u m  vi rns  repl ica t ion  for these 
viruses. W h e n  tes ted  in paral lel ,  the  C R I 2  r ecombinan t  appea red  to  be more 
s table  genet ica l ly  t han  ei ther  the  ts-1 [El  or ts-[clone 13] virus  (Table 5). More 
t h a n  half the  animals  infected with  the  l a t t e r  2 viruses (9/14 and  10/15 respect ively)  

Table 5. Comparison o/ genetic stability in the hamster lung o/ cold recombinant C R 1 2  
and two ts mutants (ts-1 [ E l  and ts-[clone 13]) 

Virus 

Shut off Yield day  2 Number of isolates 
temperature  (Log10 TCID~0 from which ts + virus 
(°C) per gram of tissue) recovered ~ 

CP~ 12 38 2.7J: 1.1 1/10 b 

ts-[clone 13] 39 5.0~2.2 10/15 c 

ts-1 [El 38 4.0-~ 2.1 9/i4 a 

a Although 15 hamsters were inoculated with each virus, not  all animals were infected; 
in addit ion some isolates did not  yield sufficient virus for t i t rat ion 

b The ratio of PFU 39 ° C/PFU 33 ° C was 0.001 

o The ratio of PFU 39 ° C/PFU 33 ° C was from 0.0001 to 0.I 

d The ratio of PFU 39 ° C/PFU 33 ° C was from 0.001 to 0.01 
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had "revertant" virus in the lung isolates, whereas "revertant" virus was found in 
the lungs of only one of the I0 hamsters infected with Cl~ 12. 

The low level of reversion observed in hamsters infected with the PI-7, CR6 
and CR 12 viruses suggested that these viruses might be more stable genetically 
than ts viruses derived by 5FU mutagenesis. However, neither the PI-7 or CR6 
viruses replicated to high tiler in the hamster's lungs. Previous studies with ts 

viruses indicated that the level of reversion was related to the level of replication 
in the hamster's lungs (18, 20, 25). We therefore initiated a third study using PI-7, 
CR 18 clone 6, CR 18 clone 7 and their parental wild type strains (Table i) to infect 
hamsters. Both clones 6 and 7 had the hemagghtinin and neuraminidase antigens 
of the Scotland parent, but differed in that clone 6 had a shut-off temperature of 
38 ° C, while clone 7 shut-off at 37 ° C. 

As seen in Table  6: i) both  CR 18 clones repl icated well in the hamster  hmg;  

ii) clone 6, which had the higher shut-off tempera ture ,  grew to higher t i ter  than. 

clone 7; iii) the  level of repl icat ion in the tung and the  f requency  of revers ion to 

the  ts+ pheno type  of these 2 clones was comparable  to t h a t  of the ts-1 [El and 

Table 6. Growth el a cold variant, P I -7 ,  and two o] its cold recombinants in  the lungs 
and nasal turbinates el hamsters 

Virus 

Shut off 
tempera- 
ture 

Mutant  virus, 
maximum yietd~ (Log~o 
TCID~0 per gram of tissue) 

Homologous wild type, 
maximum yield (Log10 
TCID~o per gram of tissue) 

Lungs Turbinates Lungs Turbinates 

PI-7 37 2.8~=0.4 *b 2.4~=0.4"* 4.9±0.9* 2.9~:0.7"* 

CR 18- 38 4 .0~ 0.8 + 4 .0± 0.9 + 6.7 ~: 1.4+ 3.0 =~ 0.5* 
clone 6 

CR18- 37 2.9±0.3 + 4.4~ 0.3" 6.7±1.4 + 3.0~0.5" 
clone 7 

Virus 

Shut off Log10 reduction Total number of isolates 
tempera- in maximum ti ler  from which ts + virus 
ture compared to wild type recovered c 

Lungs Turbinates Lungs Turbinates 

PI-7 37 2.1 0.5 0/9 0/18 

CR 18- 38 2.7 - - I . 0  7/17 3/28 
clone 6 

CR 18- 37 3.8 - -1 .4  6/16 t/28 
clone 7 

a Maximum virus yields: * ~ d a y  t, +=day  2, **=virus  titers on days 1 and 2 were 
essentially the same 
See Table 1 for wild type parent of each variant  

b Standard error 
c Isolates from day 1---4 were tested for ts + virus. Although 24 hamsters were in- 

oculated with each virus not all animals were infected; in addition some isolates did 
not yield sufficient virus for titration. The ratio of P F U  at 39 ° C/PFU 33 o C was 
between 0.01 and 0,001 
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ts- [c lone  13] v i r u s e s ;  iv)  t h e  r a t i o  of P F U  a t  39 ° C / P F U  a t  33 ° C v a r i e d  f r o m  0.001 

t o  0.01 in  t h e  v a r i o u s  i so la tes .  F u r t h e r  c h a r a c t e r i z a t i o n  of s e v e r a l  of t h e s e  i so la t e s  

is d i s c u s s e d  be low.  

Characterization o / t s  + Virus Isolated From Hamster Organs 

T o  s t u d y  ts + v i r u s  i s o l a t e d  ( R M K 1 )  I f r o m  a n i m a l s  i n f e c t e d  w i t h  C l g l 2  o r  

CI{ 18 we p i c k e d  p l a q u e s  w h i c h  a p p e a r e d  a t  39 ° C w h e n  i so la tes  f r o m  t u r b i n a t e s  or  

l u n g s  were  t i t r a t e d  o n  R M K  m o n o l a y e r s .  T h e s e  p l a q u e s  ( R M K  2) were  s u b s e q u e n t l y  

Tab le  7. Characterization o/ ts  + virus isolated ]rom the lungs and nasal turbinates 
o] hamsters infected with cold reeombinants 

Log10 r educ t i on  
of t i t e r  f rom 
t h a t  a t  33 ° C 

at at 
39 ° C 25 ° C Appearance~ of Inter- 

Plaque Infecting in in plaques on CK preta- 
n u m b e r  a v i rus  Organ  b (RMK) (CK) (25 ° C) t i on  a 

i a Ct~ 12 N T  0.0 2.0 la te ,  m i n u t e  I N T  
1 b CR 12 N T  0.5 0.4 early,  n o r m a l  CA 
1 c CR 12 N T  1.0 1.6 late,  m i n u t e  I N T  
2 Ct~ 12 N T  0.3 1.4 la te ,  m i n u t e  I N T  
3 CR 12 L u n g  0.2 t .  1 ear ly ,  n o r m a l  CA 
4 a  CR t8-c lone 6 N T  0.9 2.0 late,  m i n u t e  I N T  
4 b  C g  18-clone 6 N T  2.9 > 4.6 none  NCA 
5 CI~ 18-clone 6 L u n g  3.1 --  0,1 early,  n o r m a l  CA 
6 CI:~ 18-clone 6 L u n g  3.0 0.7 early,  n o r m a l  CA 
7 CI~ 18-clone 7 L u n g  1.6 3.6 la te ,  m i n u t e  I N T  
8 CI~ 18-clone 7 L u n g  2.2 0.4 ear ly ,  n o r m a l  CA 
9 CR 18-clone 7 L u n g  3.2 1.0 early,  n o r m a l  CA 

10 CR 18-clone 7 L u n g  4.1 2.3 early,  n o r m a l  CA 

P a r e n t a l  v i ruses  

CR t 2 > 6.3 0.1 ear ly ,  n o r m a l  CA 
CR t8-c lone  6 > 6.2 0.3 ear ly ,  n o r m a l  CA 
CR18-c lone  7 > 7 . 0  0.7 early,  n o r m a l  CA 
A/AA/9 /73  0.0 > 7.0 none  NCA 
A/Scot /840 /74  0.0 > 7.5 none  NCA 

P laques  were p icked  f rom m o n o l a y e r  cu l tu res  i nocu la t ed  w i t h  t h e  isola te  de r ived  
f rom ind iv idua l  h a m s t e r  o rgans  a n d  i n c u b a t e d  a t  39 ° C. I n  the  case whe re  severa l  
p laques  were p icked  f rom a single isolate  t he  des igna t ion  a, b, etc., is used  

b N T  nasa l  t u r b i n a t e  
c Cold a d a p t e d  v i ruses  a re  selected on  t h e  c r i t e r ia  t h a t  t h e y  p roduce  p laques  on  ch ick  

k i d n e y  cells a t  25 ° C a n d  t h a t  t h e  p l aques  s t a r t  to  a p p e a r  a t  3 days  a f t e r  i nocu la t i on  
a n d  increase  in size w i th  t i m e ;  hence  t he  des igna t ion  early,  no rma l .  T h e  p l aques  
descr ibed  as m i n u t e  a n d  la te  do no t  a p p e a r  un t i l  5 to  7 days  a f te r  i nocu la t ion  a n d  
do no t  increase  in size 

a See t e x t  for  discussion.  CA cold adap t ed ,  N C A  no t  cold a d a p t e d ,  I N T  in ter -  
m e d i a t e  

1 I n d i c a t e s  t he  n u m b e r  of passages  in  cu l tu re  of v i rus  f rom the  l ung  or t u r b i n a t e  
h o m o g e n a t e .  
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passaged once in IgMK roller tubes (33 ° C) ; egg pools were then prepared using 
the roller tube virus as inoculum. These egg pools (RMK3, Egg 1) were then 
characterized for the ts property by titration at 33 ° C and 39 ° C on RMK mono- 
layers and for the ca property by titration at 25 ° and 33 ° C on CK monolayers 
(Table 7). All 12 isolates studied were ts +, however, the ratios of PFU at 390/33 ° C 
varied from 0.0001 to 1. The majority of these ratios differed from that of the 
initial RMK isolate and suggest that  either the initial isolate ( R M K  1) was hetero- 
genous or that the population of ts + viruses changed during passage to the RMK3, 
Egg 1 passage level. 

When the ts + viruses were studied for their ca property three types of clones 
were seen (Table 7): i) cold adapted: i.e., the ratio of PFU 25o/33 ° C was between 
0.1 and 1; plaques appeared in 3--5 days and increased in size with time (6 
clones) 2 ; ii) not cold adapted, i. e., no plaques appeared at 25 ° C (1 clone) ; iii) inter- 
mediate, i.e., the ratio of PFU 25°/33° C was between 0.1 to 0.01; the plaques 
appeared at 5--7 days and did not increase in size (5 clones). The ca phenotype 
did not appear to correlate with the ratio of PFU 39°/33 ° C. In the 2 cases where 
more than one ts + clone was derived from the turbinates of a single animal dif- 
ferences in the ratio of PFU 39o/33 ° C and the ca property were noted. 

Diseussion 

The Nature o/ the Genetic Lesion(8) in the A / A n n  Arbor/6/60-Cold-Adapted 
Variants and Recombinants Derived From I t  

Previous analysis showed that  the A/Ann Arbor/6/60 cold variant contained a 
single conditionally let:hal ts lesion which failed to complement with ts mutants of 
group 1 (23). The present study confirms this finding and demonstrates that in 
3 of 4 recombination expeliments carried out at 25 ° C the gene carrying the con- 
ditionally lethal ts lesion of the A/Ann Arbor/6/60 parent was transferred to other 
strains of the H 3 N 2  subtype (CR6, CR12, C1%18). The overall degree of tem- 
perature-sensitivity of the recombinant viruses varied however, as judged by their 
shut-off temperature when titrated in RMK cells. 

The mechanism(s) responsible for the different level of temperature-sensitivity 
of the cold adapted recombinants remains unknown. I t  is possible that the gene(s) 
that  are responsible for the temperature-sensitive phenotype have multiple nueleo- 
tide substitutions and that  reversion or suppression of these alterations can result 
in a decrease in the level of temperature-sensitivity. In addition the level of 
temperature-sensitivity could be modified by the action of non-ts lesions in genes 
coming from either parent. 

RNA mapping studies of reeombinants deriving cold-adaptation and con- 
ditionally lethal ts properties from A/AA/6/60 show that these can only be specified 
by at most three genes : RNA band 3 (coding for one polymerase polypeptide), the 
nucleoprotein, and the matrix protein genes (6, 6a, 12). Biochemical analysis of the 
recombinants is continuing in an attempt to determine which of these three genes 

2 Despite a ratio of PFU 25o/33 ° C = 0.005, plaque 10 was classified as ca because 
of the size and time of appearance of the plaques which were markedly different from 
those of the intermediate group. 
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contains the conditional lethal ts lesion, and how many  of these genes are essential 
for cold adaptation. The finding that  CR 13 recombinant is cold-adapted but not 
ts  suggests that  ts  and cold-adaptation lesions may be on separate genes which 
segregated during recombination; however several alternative explanations are 
possible. 

B i o l o g i c a l  P r o p e r t i e s  o/  the C o l d - A d a p t e d  V i r u s e s  

Previous studies with ts mutants  of influenza A virus demonstrated that  
restriction of replication in hamster lung was greatest for the most temperature- 
sensitive viruses. This suggested tha t  it is the ts property itself which is responsible 
for the lower growth in the hamsters lungs (temperature 37 ° C) compared to the 
upper respiratory tract  (34 ° C) (18, 20, 25). Results with cold-adapted viruses 
described here are consistent with this hypothesis, in that  those mutants  with the 
shut-off temperature of _~37°C (A/Ann Arbor/6/60 mutant ,  CR6 and CR18, 
clone 7) were more restricted in growth in hamster lungs than mutants  with a shut- 
off temperature of 38 ° C (CR 12 and CR 18 clone 6). 

Our analysis of the reversion to ts + phenotype of mutants  following replication 
in hamster lungs provide some support for another previous observation, that  ts + 

revertants are most frequently detected for mutant  viruses that  replicate to the 
highest titers in the hamster lungs (20, 25). Thus, revertants were not found for 
the mutant  A/Ann Arbor/6/60 parent or its recombinant CR6, both of which re- 
plicated poorly in hamster lungs, whereas revertants were consistently found for 
recombinants CR12, CR18 clone 6 and CR18 clone 7 which replicated well in 
hamster lungs. 

Characterization of the ts + viruses isolated from hamster lungs infected with 
CR 12 or CR 18 recombinants showed that  reversion of the ts phenotypic property 
was only rarely accompanied by  total  loss of the cold-adaptation phenotypic 
property. This provides an assurance about the potential safety of cold-adapted 
viruses as live vaccine strains, since it is probable that  viruses retaining some cold- 
adaptation properties will still be restricted in their ability to cause disease or to 
be highly transmissible in man. This potential safety factor must be added to the 
other observations that ;  i) ts + revertants are found only as a small proportion of 
the total  virus produced in hamster lungs (above), and ii) human volunteers in- 
fected with a cold-adapted recombinant derived similarly to those studied here 
shed very low levels of virus for only a short period of time (12). 

The preliminary characterization of ts + virus isolated from hamsters also 
suggests that  the ts and ca properties can be dissociated. Further insight into the 
roles of the ts  and ca properties may  emerge from studies: i) comparing the re- 
plication of ts + revertants and the ts parent in the hamster lung ii) comparing the 
replication of recombinants derived from a cross of the A/Ann Arbor/6/60 cold 
variant  and a particular w t  strain and selecting for study a set of recombinants 
having all of the possible combinations of the ca and ts properties. 
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