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1. INTRODUCTION 

Much of the notor ie ty  at tached to the fel ine leukemia virus (FeLV) stems from its 

ab i l i t y  to induce lymphoma and leukemia in natural ly  outbred cats which share the same 

environment wi th man. Leukemia and lyrnphoma, however, represent uncommon 

manifestat ions of FeLV infect ion. In its more frequent interact ions with cat hemopoietJc 

and lymphoid tissues, FeLV behaves as a t r i pa r t i t e  agent. It acts as an in[ect ious agent, 

a genet ic agent, and rarely, as a disease-causing agent. Moreover, the fel ine host 

exhibi ts a t r id imensional  micro-env i ronmenta l  response to FeLV. Lymphoret icu lar  and 

marrow (:ells serve as the pr imary targets for viral  repl icat ion,  as the pr imary ef fectors  

of v i ral  rest r ic t ion and as the pr imary targets for FeLV-Jnduced cy topro l i f e ra t i ve  and 

cytosuppressive disease. Last ly,  there are tr inal  rnacroenvironmental  influences on the 

immunobiology of FeLV infect ion and FeLV-related diseases. These include evolut ion, 

fel ine social habits, and in tercurrent  pathogens. 

lI. BIOLOGY OF FeLV 

A. FeLV as an Infect ious Agent 

1. Classi f icat ion,  morphology and proteins 

FeLV is an enveloped, oncogenic RNA virus containing reverse transcriptase (RT) and 

is classif ied as an oncovirus in the fami ly Ret rov i r idae (Fenner, i97~). Cer ta in  v i ral  

proteins have defined contr ibut ions to the biology of FeLV. The internal  core of FeLV 

consists of t ight ly  coi led viral  RNA packaged and protected from nucleases by 

hexagonal ly arranged core proteins of 27,000, 13,000, and 10,000 daltons, and designated 

p27, pI3(C) and p l0,  respect ive ly (Graves and Velicer, 197#; Schafer and Bolognesi, I977). 

This core complex also encompasses the vir ion reverse transcr iptase (RT) (Scolnik et al., 

1970) required for synthesis of DNA complementary  to the RNA of the infect ious FeLV. 

The core complex is surrounded by acidic proteins of 12,000 daltons (p12) which const i tu te 

the inner coat. Centr i fugad to the inner coat is the viral  envelope whose major 

component is a glycosylated protein of 70,000 daltons (gp70) arranged as spheres displayed 

on radiat ing spikes derived from the minor envelope protein which masses i ) ,000 daltons 

(pIS(E)) (Bolognesi et al., 1978). 

2. Repl icat ion of FeLV 

Fol lowing adsorption and penetrat ion, FeLV is uncoated and the RNA is copied into 

a single strand of complementary  DNA (cDNA) using the vir ion RT primed by a small 

tRNA molecule (reviewed in Varrnus, 1982; L i tvak and Araya, 1982). The de novo 

synthesized DNA serves as a template for the format ion of the double-stranded DNA 

provirus which c i rcular izes and integrates to become part of the (:at genome. Synthesis 

and integrat ion of the provirus occur only in those ceils that  undergo DNA synthesis 

(Temin, 197l). Viral RNA (vRNA) is transcribed from the integrated provirus by DNA-  

dependent RNA polymerases and translated on host ribosomes to generate precursor 

st ructural  and envelope polyproteins. These polyproteins migrate to the plasma 

membrane to thicken the l ipid bi layer and in i t ia te  the evaginat ion known as the viral  bud 
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(Schafer and Bolognesi, 1977; Bolognesi et  al., 197g). Peripherally,  the envelope 

precursors undergo post- t ranslat ional  cleavage and the minor f ragment  (pl§(E)) spans the 

plasma membrane as t ransmembranous spikes firmly embedded in the lipid bilayer 

(Bolognesi et al., 197g). Protruding knobs represent ing the major f ragment  are 

glycosylated (gp70) and are welded to the spikes of plS(E) by disulfide linkages (Bolognesi 

et  al., 197g). Centrally,  the s t ructural  precursors are processed and the individual 

proteins re-associa te  according to their biochemical and biophysical propert ies  to 

encapsidate  the ribonucleoprotein core (Graves and Velicer, 1974; $chafer and Bolognesi, 

1977; Okasinki and Velicer, 1977; Pinter  and Fleissner,  1979). 

3. Feline oncornavirus-associated cell membrane antigen (FOCMA) 

The expression of all the viral s tructural  and envelope proteins in the cytoplasm of 

~ells with productive or partially productive FeLV infections is corre la ted  highly with the 

expression of gp70 and p27 at the cellular membrane (Yoshiki et al., 1974). Expression 

of FeLV proteins and FeLV-induced tumor antigens, however, are discordant.  FeLV- 

induced hemolymphatic  malignancies are distinguished by a common tumor-speci f ic  

antigen, the feline oncornavirus-associated cell membrane antigen (FOCMA) which is 

present  on t ransformed cells from cats  with highly expressed (productive) FeLV infections 

and from cats  with minimally expressed (nonproductive) FeLV infections (Essex et  al., 

1971a, b; Hardy et  al., 1977, 19g0). FOCMA likely is present  on preneoplast ic  lyrnphocytes 

in the bone marrow and mesenter ic  lymph node (t~ice and Olsen, 19gl) and recent  

investigations using monoclonal antibodies suggest that  the expression of FOCMA and the 

partial expression of FeLV C envelope genes (env genes - see Sections ll.B.2., [II.C.3.) are 

in terdependent  events  (Vedbrat et  al., 1983). While the exact  origins and functions of 

FOCMA remain speculat ive,  it is clear that  antibody to FOCMA determinants  e f fec t s  

ant i - tumor  immunosurveil lance in the cat  lymphoma/FeLV model (Essex et  al., 197§ and 

see Section I]l.B.t~). 

t~. Biologic propert ies  of FeLV proteins 

The major core protein p27, known as the major group specific antigen (GSA), 

confers  interspecies  antigenic cross react ivi ty  to FeLV (Hardy et  al., [973). Its presence 

in the cytoplasm of circulating neutrophils and platelets  by fixed cell immunofluorescence 

assay (Hardy et  al., 1973) has a 98% correlat ion with recovery of infectious virus 

(Fischinger et  al., 197t~) from plasma (Hoover et  al., 1977; 3arre t t  e t  al., 1983) and 

defines the FeLV viremic (persis tent  productive - see Sections II.A.6, IlI.A.l.b) s ta te .  

Soluble p27 in serum, generally measured by enzyme-l inked immunosorbent assay (EL1SA 

Saxinger et  al., 1980; Rice and Olsen, 1981), may manifest  e i ther  viremia (68% of 

EL]SA-positive cats) or occult  FeLV infection (32% of ELlSA-positive cats  - Lutz et  al., 

1980; Saxinger et  al., 1980; Rice and Olsen, 1981 and see Section III.B.9). 

Three antigenica]ly dist inct  forms of the major envelope glycoprotein (gp70) specify 

three subgroups (serotypes) of FeLV, designated FeLVA, FeLVB, and FeLV C. These 

envelope gene products de te rmine  infect ivi ty,  in te r ference ,  host range propert ies,  and 
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pathogenici ty,  and as subgroup-specific antigens evoke the virus neutral iz ing antibody 

responses important  in the reversal of v i remia in cats that regress FeLV infect ion (Sarma 

and Log, 1973; Schaller and Olsen, 1975; Hardy et al., 1976; Jar re t t  and Russell, 1978; 

Russell and 3arret t ,  197g). Virus adsorption, and hence in fec t iv i ty ,  is dependent upon the 

a f f in i t y  o£ gp70 for host cel lu lar FeLV receptors and virus neutral iz ing antibody blocks 

in i t ia l  adsorption. Dessication, heat (56°C, 3 rain) and u l t rav io le t  l ight detach gp 70 and 

inact ivate FeLV. 

The minor envelope protein (pl5(E)) causes the profound depression of T lymphocyte 

function that accompanies v i remia (Mathes et al., 1978, see Section l l l .C. l . ) .  The binding 

of pIS(E) to the f irst component of complement (Bartholomew and Esser, 197g) act ivates 

the classical pathway. This causes complement consumption and results in inef fect ive 

vi ro lys i s  in c a t s  (Kobi l insky e t  al . ,  1979, s ee  Sec t ion  III.B.8.). 

5. T r a n s m i s s i o n  of FeLV 

D o m e s t i c  c a t s  a r e  exposed  to FeLV fo l lowing  p ro longed  c o n t a c t  wi th  t he  sa l iva  or 

u r ine  of n a t u r a l l y  v i re rn ic  c a t s  (F r anc i s  e t  al . ,  1977; Hoove r  e t  al . ,  1977). High t i t e r s  

of  i n f e c t i o u s  FeLV a re  e x c r e t e d  by p h a r y n g e a l ,  sal ivary~ b ladder  and i n t e s t i n a l  e p i t h e l i a  

but  v i rus  su rv iva l  a t  room t e m p e r a t u r e  or under  c o n d i t i o n s  of d e s s i c a t i o n  is less  t han  2 

hours  ( F r a n c i s  e t  al . ,  1977). T h e r e f o r e ,  e* f i c i en t  v i rus  t r a n s m i s s i o n  a p p e a r s  to r equ i r e  

e i t h e r  d i r e c t  c o n t a c t  b e t w e e n  c a t s ,  t r a n s f e r  o5 sa l iva  on hands  or t e e d i n g  u t ens i l s ,  or 

e x p o s u r e  to r e c e n t l y  voided u r ine  in c o m m u n a l  l i t t e r  pans .  

The p r e s u m e d  por ta l  of  e n t r y  fo l lowing c o n t a c t  in n a t u r e  (Hardy  e t  al . ,  1973; ] a r r e t t  

e t  al . ,  1973) is t he  o ronasa l  pha rynx ,  and  e x p e r i m e n t a l  o ronasa l  c h a l l e n g e  (Hoover  e t  al . ,  

1972) of  c a t s  wi th  FeLV leads  to v i r e m i a  and d i s e a s e  or n o n p r o d u c t i v e  i n f ec t i on  and 

i m m u n i t y  (see  below). C o n g e n i t a l  t r a n s m i s s i o n  of FeLV has  been  p roposed  to a c c o u n t  for 

t h e  c l in ica l  o b s e r v a t i o n  t h a t  v i r e m i c  q u e e n s  m a y  bea r  v i r e m i c  k i t t e n s ,  bu t  t he  q u e s t i o n  

of i n t r a u t e r i n e  v e r s u s  l a c t a t i o n - a s s o c i a t e d  v e r s u s  c o n t a c t  e x p o s u r e  of k i t t e n s  has  not  been  

r e so lved  ( C o t t e r  e t  al . ,  1975). R e c e n t  e x p e r i m e n t s  d o c u m e n t  t he  t r a n s p l a c e n t a l  p a s s a g e  

of FeLV and i ts  i so la t ion  f rom t he  e m b r y o n i c  h e m o l y m p h a t i c  t i s s u e s  of  f e t a l  k i t t e n s  

o b t a i n e d  by h y s t e r e c t o m y  f rom v i r e m i c  g rav id  q u e e n s  (Hoover  e t  al . ,  1983). 

6. P a t h o g e n e s i s  of FeLV r ep l i c a t i on  

Six s e q u e n t i a l  s t a g e s  in t he  p a t h o g e n e s i s  of FeLV r e p l i c a t i o n  have  been  i den t i f i ed  

us ing  i m m u n o f l u o r e s c e n c e  a s say  for  p27 in p a r a f f i n - e m b e d d e d  t i s sue  s e c t i o n s  (Table  1, see  

Rojko  e t  al . ,  1979a). F e L V / h o s t  cel l  c o n t a c t  is i n i t i a t ed  in t he  l y m p h o e p i t h e l i a  and 

fo l l i cu la r  l y m p h o c y t e s  in t he  p h a r y n g e a l  and p a l a t i n e  tons i l s  (S tage  1) in t he  f i r s t  2 days  

a f t e r  e x p o s u r e  (DAE) via  o ronasa l  in s t i l l a t ion .  

The  v i rus  n e x t  is a m p l i f i e d  in t he  d ra in ing  lymph  node  and  i n f e c t i o u s  FeLV is 

t r a n s p o r t e d  by l y m p h o c y t e s  and  m a c r o p h a g e s  (S t age  2) to s e c o n d a r y  s i t e s  ( m a r r o w ,  

s y s t e m i c  and g u t - a s s o c i a t e d  lympho id  t i s sue  - GALT)  w h e r e  m a s s i v e  viral  a m p l i f i c a t i o n  

o c c u r s  (S t ages  3, z~). This  m o n o n u c l e a r  c e l l - a s s o c i a t e d  v i r e m i a  is r e m i n i s c e n t  of t h a t  

d e s c r i b e d  for o t h e r  o n c o g e n i c  ( E p s t e i n - B a r r  Virus - Eps t e in  and  Achong ,  1977), and  
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nononcogenic viruses (Feline Panleukopenia - Carlson et  al., 1978). It provides rapid, 

e f f ic ien t  distribution of FeLV to the mitotical ly act ive cells in the marrow and GALT. 

This is vital because cells initially infected by retroviruses must enter  mitosis to permit  

integrat ion of provirus and to support replication of progeny infectious virus (Temin, 

1971). Cell association also protec ts  FeLV from ret iculoendothel ial  c learance and from 

inactivation by humoral lipid or protein moiet ies as described for feline (Welsh et  al., 

1975; Sherwin et  al., 1978; Bartholomew and Esser, 197g), murine, and bovine retroviruses 

(Welsh et  al., 1975; Sherwin et  al., 197g; Bartholomew and Esser, 197g; de Noronha et  al., 

1978; Schwartz  et  al., 1979; Gupta and Ferrer ,  1982). 

Table 1. Stages of FeLV Replication in Cats 

Stage 

1 
2 
3 

Location Duration of Stage in: 
Pers is tent  Viremia Latency & Immunity 

Tonsil /Pharyngeal LN 2-14 DAE 
Cel l -Associated Viremia 1-14 DAE 
Systemc Lymphoid Tissue 3-12 DAE 
GALT 
Bone Marrow/GALT 7-21 DAE 
Systemic Lymphoid Tissue 
Intestinal Crypt  Epithelia 

5 Marrow Origin Viremia 14-25 DAE 
6 Epithelia -28-56 DAE 

2-1t~ DAE 
l-lt~ DAE 
3-12 DAE 

7-21 DAE 

RARE 
ABSENT 

Prol iferat ion of FeLV in the spleen, lymph nodes, and GALT distant  from the site 

of inoculation is evident  in cats  between 3 and 12 DAE (Stage 3). FeLV p27 is most 

concen t ra ted  in the rapidly dividing lymphoid cells of the germinal centers  of cort ical  

follicles. This early viral tropism for B-lymphocytes (see Section III.A.I.) mimics the 

proclivity of cer ta in  MuLV strains for germinal cen te r  immunoblasts early in infection 

(Hanna et  al., 1970; Ruddle et  al., 1976; Isaak et  al., 1979). 

The fourth stage (7-21 DAE) of widespread infection of nonlymphoid hematopoiet ic  

cells in the bone marrow overlaps the systemic lymphoid phase. Megakaryocytes 

accumulate  large amounts of cytoplasmic viral antigen, resulting in infection of 

developing platelets .  The majority of the marrow cells containing p27 are developing 

myelomonocytic  precursors.  The concentra t ion  of p27 increases as the cell matures.  

Uninfected clones of granulocytes and monocytes  usually are identifiable.  P27 is rare in 

eosinophil precursors.  In erythroid series cells, intensity of FeLV replication is inversely 

re la ted to cell maturation.  Replication in early erythroid precursors is extinguished when 

hemoglobinization and nuclear pyknosis distinguish the basophilic normoblast  (rubricyte). 

Concomitant  with marrow infect ion is the onset  of multiple foci of productive infection 

in the crypt  (germinal) epithelium of the small and large intest ines.  Viral antigen is 

confined to the basilar mitot ic  cell population and is absent from the mature distal 

absorptive epithelium lining the villi. Retroviruses generally are not cytopathic  and 
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repl icat ion of FeLV in the rapidly div id ing cells of the marrow, ]yrrlphoid tissue, and 

intest ine is not associated wi th over t  cy topath ic  change (necrosis, po lykaryo(ytos is ,  et( . ) .  

The presence of FeLV in lyrnphoid and rnarrow tissues, however, may depress normal cei l  

turnover and in i t ia te  atrophy (see Sections [I I .C.],2). 

The appearance of p27-posit ive neutrophJls and p late lets  in the c i rcu lat ion is 

considered the f i f th  stage in the evolut ion of progressive FeLV infect ion ( ]t~-2g DAE ). 

This phase d i rec t ly  ref lects infect ion of marrow progenitors and is the onset e l  marrow- 

or igin v i remia (Hardy et al., 1973) which is the harbinger of persistent virernia and the 

induction of fatal  FeLV-related disease (Hardy et al., i973; Hoover e t a ] . ,  1977; Rojko et 

al. ,  1979a). 

The ini t ia l  m a r r o w  r e i e a s e  of F e k V - i n f e c t e d  n e u t r o p h i l s  and  p l a t e l e t s  c o i n c i d e s  

e x a c t l y  wi th  d e v e l o p m e n t  of  p r o t r a c t e d  n e u t r o p e n i a  and  ly rnphopen ia  (21 to 56 DAE - 

Cocke re l l  e t  al . ,  1976b; Rojko e t  at . ,  i979a)  and t h r o m b o c y t o p e n i a  ( P e d e r s e n  e t  al . ,  1977). 

T h e s e  m a y  be e f f e c t e d  by a t r o p h i c  or ap ]a s t i c  r e s p o n s e s  of  h e m o t y r n p h a t i c  p r e c u r s o r  ce l l s  

(see S e c t i o n s  III.C.1,2), e x t r a v a s c u l a r  s e q u e s t r a t i o n  of F e L V - i n f e c t e d  ce l l s  in myc lo id  or 

lympho id  t i s sue  (see Sec t ion  III.A.1), or i m m u n o l o g i c  e l i m i n a t i o n  of F e L V - i n f e c t e d  (:ells by 

t he  hos t  (see Sec t ion  III.t3.9.). A l t h o u g h  the  onse t  el m a r r o w  origin v i r e m i a  usua l ly  

s ign i f i e s  t he  e s t a b l i s h m e n t  of  p r o g r e s s i v e  FeLV in fec t i on ,  s o m e  c a t s  st i l l  a re  able  to 

r e v e r s e  th is  s t a t e  by c l e a r i n g  F e L V - i n f e c t e d  ( e l l s  and  p roduc ing  both  vi rus  n e u t r a l i z i n g  

(VN and F O C M A  an t ibody  (Hard}, e t  al . ,  1976; Rojko  e t  al . ,  1979a). This  l a t t e r  g roup  el  

c a t s  is a t  p a r t i c u l a r  risk for r e a c t i v a t a b l e  FeLV i n f e c t i o n s  (see Sec t ion  III.B.9.) and p27 

a n t i g e n e m i a  (Lu tz  e t  al . ,  1950; Sax inge r  e t  al . ,  1980; R ice  and Olsen ,  198i ;  Rojko e t  al . ,  

1952a). 

In c a t s  t h a t  fail  to deve lop  VN and F OC M A ar)tibody, FeLV i n f e c t i o n  e x t e n d s  to 

m u l t i p l e  m u c o s a l  and g l andu l a r  ep i the l i a l  t i s s u e s  b e t w e e n  28 and z~2 DAE and t h e r e a f t e r .  

The  e a r l i e s t  and m o s t  c o n s i s t e n t l y  i n f e c t e d  ep i the l i a l  t i s s u e s  a r e  t hose  of the  o r o p h a r y n x ,  

n a s o p h a r y n x ,  la rynx,  t r a c h e a ,  s t o m a c h ,  sa l iva ry  g land,  p a n c r e a s ,  and u r i na ry  b ladder .  

R e p l i c a t i o n  beg ins  in m u l t i p l e  foci  in t he  m i t o t i c  l aye r s  and p r o g r e s s e s  to d i f f u s e  

i n v o l v e m e n t  of t he  m u c o s a  of the  b ladder ,  oral and nasa l  pha rynx ,  and t r a c h e a  and t he  

r e l e a s e  of i n f e c t i o u s  FeLV in to  the  s e c r e t i o n s  of p e r s i s t e n t l y  v i r e m i c  ca t s .  

In d r a m a t i c  c o n t r a s t  is the  t i s sue  d i s t r i bu t i on  of FeLV p27 in c a t s  t h a t  deve lop  

i m m u n e  ( r eg re s s ive )  i n f e c t i o n  b e t w e e n  28 and 42 DAE and t h e r e a f t e r .  I m m u n e  c a t s  

deve lop  F O C M A  and VN an t i body  by l& to 56 DAE (Rojko e t  al. ,  1979a; R ice  and Olsen ,  

19gi ;  Rojko  e t  al . ,  1952) and a re  able  to abo r t  v i rus  p roduc t i on  pr ior  to w i d e s p r e a d  

marrow or epi thel ia l  infect ion. Recent evidence indicates that immune cats remain 

la tent ly  infected with FeLV (Post et al., 1980; Rojko et al., 1982a; Madewel l  and ZIarrett, 

1982). Having experienced ear ly cel l -associated v i remia and systemic lymphomyelo id 

v iral  repl icat ion,  regressor cats must e l iminate al l  ceils with in tegrated ecotropic  FeLV 

proviruses to t ru ly  ablate infect ion. Most do not and rather develop a persistent 

nonproduct ive infect ion. The evidence for and the consequences of latent  FeLV infect ions 

a re  p r e s e n t e d  in Sec t ion  l l [ .g .9.  
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B. FeLV as a Genet ic  Agent 

1. Structure  ot viral RNA 

The s t ructure  of the ecotropic  FeLV viral RNA (reviewed in Varmus, 1982; Weiss et  

al., 1983) is shown in Fig. 1. Ecotropic viruses are not endogenous to the genome and 

are acquired by infection.  It is charac te r i s t ic  of retroviruses that  two identical 35S 

subunits conjoin to Iorm the viral RNA. Each has an extra  cap nucleotide added at ttle 

5' end and each is finished with a 3' tail of polyadenylic acid. Each subunit is te rminated  

by' repeated (R) sequences shared by the 5' and 3' ends and unique (U) sequences found 

at tile 5' (US) and 3' (U3) ends. These are regulatory domains. The initiation site for 

reverse  transcript ion (induction o~ negative strand DNA synthesis) is located at the 3' 

boundary of the U5 domain. This is where the priming t ransfer  RNA (tRNA) ol host 

origin is a t tached by hydrogen bonds (Livak and Araya, 1982). Centrally located are the 

coding domains for the virion structural  proteins and replicat ive enzyme RT organized 5' 

to 3' into gs_g, p_£l, and env regions. The group-associated gene ( g ~ )  sequences encode 

the polyprotein precursors ol the internal core proteins (plS(C), p12, p27, pl0), the 

polymerase (£ol) region is responsible for the reverse t ranscr iptase ,  and the envelope 

(env) sequences encode the envelope polyprotein precursor which is glycosylated and 

cleaved post translat ionally to yield gp70 and pl3(E). 

FeLV RNA 
R5 U5 U3 R3... Poly A 

/t'R N B gag pol env 

5' pl5(C) p12 p27 plO IReverse mranscriptose Igp70 pl5(E) 3' 

TR TR 

5' LTR gog 
Cellular , ~  

DNA . I pl5(C) p12 p27 

/ N 
/ N 

/ N 

)°3 flusi 
( - )  Primer Site 

IntegratiOsite Box / 
Cap Site 

pot 
plO [ ReverseTrQnscriptose Jgp70 

FeLV PROVIRUS 

(+) Primer Site 

LTR 

I~[} 3, plS(E) Cellular 
• DNA / \ 

/ 
/ \ 

\ 

 _o3 J=os l 
BOX Integration 

S i te 
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Figure 1. Structure of FeLV Viral RNA and FeLV Provirus. See Text Sections 
lI.B.l,2 for discussion. 
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2. Structure, location, and signif icance of FeLV provirus 

In the synthesis of the corresponding DNA provirus (Fig. l), the U3 and U3 

regulatory domains are duplicated and found at both the 5' and 3' ends in the order U3, 

R, U3 (reviewed in Varmus, 1992~ Weiss et ai.~ 1993). These redundancies are termed the 

long terminal  repeats (LTR's) and are f lanked at the 5' and 3' ends of the ent i re provirus 

by virus-specif ic inverted repeats of base pairs (IRs). These redundancies are cr i t ica l  to 

reverse transcript ion of the viral  RNA, integrat ion of the newly synthesized, c ircular 

FeLV provirus, and serve as nontranscribed regulators of expression of the integrated 

proviral  DNA. Nucleot ide sequence analysis of cloned re t rov i ra l  LTR's (Hughes et ah, 

197g) predicts that LTR's provide functions cr i t ica l  to eukaryot ic  gene expression such as 

promotion, in i t ia t ion,  and polyadenylat ion of transcripts. The U3 sequence related to the 

"TATAA box" probably determines the in i t ia t ion site for transcript ion. 

The question whether proviruses integrate at random or into specific sites in v ivo is 

not resolved. In a mass-infected population, provira l  integrat ion is mul t i focal  (Hughes et 

al., 197g~ Weiss et a]., 1993). Recently,  Mull ins et al. (19gl) have cloned exogenous 

(ecotropic) FeLV proviruses obtained from FeLV-infected human fibroblasts free of 

background retroviruses endogenous to fel ine DNA (see below). Their studies have 

revealed that rep l icat ion-competent  ( infectious via transfection) and rep l icat ion-defect ive 

(noninfectious) FeLV proviruses do not show preferred integrat ion sites nor do they d i f fer  

structural ly.  While provirus integrat ion into virus- infected, nonneoplastic (:ells l ikely is 

random~ it  often is at preferred sites in neoplastic cells (Neel e ta ] . ,  19gl~ Tschilis et al., 

1983). It is thought that ei ther the provira l  insertion causes the neoplastic event or that 

cells with common provlra] insertions are selected for during expansion of neoplastic 

clones. Preferred integrat ion fac i l i ta tes oncogenesis by promoter insertion in avian bursal 

lymphomagenesJs. Using a cloned probe specific to the U3 region of the LTR of 

exogenous FeLV, Casey et al. ( l gg l )  have demonstrated that some FeLV-posit ive 

lymphomas have preferred integrat ion sites and others do not. The signif icance of this 

to the leukemogenic process is commented on in Section lIt.C.3. 

Infect ion of cycl ing cells with FeLV leads to the format ion and stable integrat ion of 

up to t~0-.50 proviruses into the cel lu lar DNA. Integrated proviruses have been likened to 

a nasty genetic dowry (Bishop~ 1982). These can be inserted at many sites, carry inherent 

potent regulatory elements in their  long terminal  repeats (LTRs)~ but also are subject to 

host regulatory influences (reviewed in Varmus, 1982~ Weiss et al., 1983). Proviruses may 

act as insert ional mutagens: even t ranscr ipt ional ly  inact ive (defect ive) forms in terrupt  

and inact ivate cel lu lar  genes which may di rect  the synthesis of proteins impor tant  to 

normal cell morphology~ movement, or function. A l te rnat ive ly ,  these may designate 

repressor substances responsible for the regulat ion of normal cell pro l i ferat ion and 

adhesion properties. 

Transcr ipt ional ly act ive FeLV proviruses inst i tute viral  repl icat ion and encode 

proteins with potent ia l  pathogenic i ty  l ike the immunosuppressive plS(E) (see Section 
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I I I .C. I . ) .  Product ion of su f f ic ien t  in fect ious virus to cause v i r em ia  increases the 

p robab i l i t y  of new prov i ra I  in tegra t ions  and the l i ke l ihood of genet ic  damage. Proviruses 

may transduce ce l lu la r  proto-oncogenes and generate  rep l i ca t ion-de fec t ive~ acute ly  

t rans fo rming  viruses l ike the na tu ra l l y  occurr ing fe l ine sarcoma viruses (see Section 

III.C.3). A l t e rna t i ve l y ,  the p rov i ra l  LTR regu la to r  may evoke the expression of ad jacent  

ce l lu la r  genes. If these neighbor ing genes are ce l lu la r  oncogenes (c-onc genes), the 

expression of the t rans fo rming  prote ins encoded may produce the t rans fo rmed phenotype. 

This mechanism is cal led downst ream promot ion  because the evoked genes usual ly are to 

the downst ream (3') side of the upstream (5') v i ra l  LTR. A l though not yet  proven for 

FeLV, this is a common means by which o ther  long la tency leukemia  viruses w i thou t  

in t r ins ic  t rans fo rming  genes cause neoplast ic  change (see Sect ion II1.C.3). Last ly ,  even 

t ranscr ip t iona l l y  inac t i ve  FeLV proviruses may serve as a reservo i r  of la ten t  in fect ious 

FeLV. Reac t i va t i on  of these genes in v ivo  or in v i t r o  in i t ia tes  rep l i ca t ion  and release of 

in fect ious FeLV (see Sect ion III.B.9). 

3. Endogenous fe l ine re t rov i ruses 

The ce l lu la r  DNA of the domest ic  cat contains two unre la ted nucleic acid sequences 

homologous to two d is t inc t  re t rov i ruses and represented by mu l t ip le  copies (Niman et  al., 

1977a,b; Okabe et  al., 1978; Koshy et  al., 1980; Casey et  al., 19gl; Mullins et  al., 19gl; 

Soe et  al., i983). Eight to 10 copies of endogenous FeLV sequences per haploid genome 

consist  of discrete ,  nontandemly arranged genes that  differ  qualitatively and quant i ta-  

tively from exogenous, ectropic  proviruses. The U5 LTR sequence is variable in location 

and copy number (up to 15 copies per cell) between cats .  Each cat ,  however~ has the 

same sequence organization in d i f ferent  tissues, indicating that  the U5 pat tern  is 

inherited throughout the germ line. Cells infected with ecotropic  FeLV have 10-fold 

increases in U5 sequences but, again, U5 pat terns are charac te r i s t i c  to the cat, not 

endogenous versus exogenous sequences. In contrast ,  the U3 region of the LTR is shared 

between exogenous FeLV serotypes (see Sect ion l l .C . l )  and is absent f rom endogenous 

FeLV and can be used to i den t i f y  exogenously acquired FeLV sequences in neoplast ic  or 

nonneoplast ic  cat  cel ls (Casey et  al., 1981). 

Insight into the or ig in  and organ iza t ion  of endogenous FeLV e lements has been 

prov ided by Soe et  al. (1983) who have cloned and charac te r i zed  endogenous FeLV 

sequences f rom a cat genomic l i b ra ry  constructed f rom p lacenta l  DNA of a speci f ic-  

pa thogen- f ree  cat.  Endogenous sequences reveal  de let ions in the ~ - p ~ l  and env regions 

tha t  render them incapable of encoding in fect ious virus and expla in  the subgenomic 

expression of  endogenous FeLV in p lacenta  and the non- induc ib i l i t y  of endogenous FeLVs 

f rom cat  cel ls (Benveniste et  al., 1975). I t  is l i ke ly  that  endogenous FeLVs have 

or ig ina ted  e i the r  by ge rm- l i ne  inser t ion of a comp le te  eco t rop ic  FeLV w i th  subsequent 

de le t ion,  or by inser t ion of a de fec t i ve  var ian t  (Soe et  al., 1983). 

Other  fe l ine ret rov i ruses,  RD-118 and l ike viruses (McA l l i s te r  et  al., 1972; 

Benveniste et  al., 1975) are unre la ted to FeLV but are c losely re la ted to baboon 
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endogenous retrovirus, and have not been impl icated in natural disease. These have 

xenotropic host ranges, and can be induced from, but wi l l  not infect,  fel ine cells in v i t ro.  

RD- l lO  readi ly infects heterologous f ibroblasts and was isolated or ig inal ly  from cat-  

passaged, human rhabdomyosarcoma cells (&1cAllister et al., 1972). Although norrnal l)  

repressed in viv_ o, RD-IIL~ mRNA is expressed in placenta, in aging animals, zLnd in some 

FeLV-posi t ive and FeLV-negat ive tumors (Nirnan et  al., 1977a,b) but expression probabl} 

is for tu i tous to tire t ransforming event. An unusual recombinant FeLV /RD- I I b  virus is 

discussed in Section I I .C. I .  

C. FeLV as a Disease-Causing Agent 

1. I~.ole of serotypes and viral  recombinants 

FeLV A is the most cornmon subgroup isolated from natural ly  infected pet cats, 

repl icates to high t i ters in cats, and always is present when mixtures of FeLV subgroups 

are isolated. FeLV A has a narrow host range in v i t ro  (Sarma and Log, 1973), being mostly 

rest r ic ted to (tat cells. FeLV B always is isolated in conjunct ion wi th FeLVA, replic~,tes 

to lower t i ters and FeLV B virernia is delayed in appearence re lat ive to FeLV A viremJa. 

FeLV B has an extended host range in v i t ro.  FeLV C only is recovered if FeLV B and FeLV C 

also are present (Sarma and Log, 1973; Jar re t t  and Russell, i97g) and repl icates in cat, 

human and guinea pig cells. 

Evidence has accumulated suggesting that FeLV subgroups induce d i f fe ren t  types of 

disease. Inoculat ion of susceptible k i t tens wi th the Ohio State passaged Rickard strain 

of FeLV-FeLV-R (subgroup /\B) leads to a high incidence of v i remia (g5%) ,  severe 

immunosuppression, and thymic  lymphornas in those animals surviving i7 to 30 weeks 

(Hoover et al., ]972; i973). In contrast,  exposure of eats to the Glasgow passaged 

Rickard strain of FeLV, which contains subgroup /\ only~ generates a low incidence of 

virernia, hemorrhagic enter i t is  and neutropenia, and occasional a l imentary  lyrnphomas or 

myelogenous leukemias a f ter  a very long la tent  period ( ] a r re t t  et al., ]971; i973). 

Although not associated wi th a specif ic disease state, FeLV B is intensely cytopath ic  for 

fel ine marrow cells in v i t ro  (Onions e ta [ . ,  19g0). Recent reports of homologous sequences 

shared by FeLV B and a rnurine ret rov i rus cy topath ic  for mink cells (mink ceil  focus- 

forming-RICF-virus) have raised speculations as to the or igin and leukemogenic i ty  of 

FeLV B (Elder and ~Muilins, 1983). MCF viruses are spontaneous env gene recombinants 

between ecotropic  and xenotropic retroviruses with high leukernogenici ty in vivo, 

cy topa th ic l t y  and extended host range in v i t ro.  FeLV B is the most frequent helper FeLV 

impl icated in natural transduct ion of the fes proto-oncogene from cat f ibroblasts and the 

resultant generat ion of acutely t ransforming fel ine sarcoma viruses (FeSVs). 

The ext reme delay in the appearance of free, infect ious FeLV C in plasma may result 

f rom its re la t ive defect iveness for repl icat ion in vivo. Vedbrat et al. (1993) report  that 

even ceils that produce only FeLV A or FeLV A and FeLV B as ce l l - f ree virus have many 

par t ia l ly  repl icated,  immature FeLV C buds embedded in the plasma membrane and suggest 

that the part ia l  expression of ]FeLV C is equivalent to FOCk~A-L expression (see Section 
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III.C.3). Based on its delay in appearance and defectiveness for repl icat ion of FeLVc and 

induczion by FeLVc-devoid v i ra l  stocks, many workers have considered FeLV C also ~ 

candidate recombinant virus. 

Another putat ive recombinant virus isolated by in v i t ro  cloning of FeLVA substrains 

has envelope character ist ics similar to both FeLV and R D - i ] 8  (Haberman and Veticer, 

1980). Further character izat ion of ti l ls strain, PR-S, which is part ly  cytopathic for fel ine 

f ibroblasts in v i t ro  and induces eoslnophil ic leukemia or hypereosinophil ia in vivo (Lewis 

et al., 19g3b), should enhance the understanding of the relat ionship between env gene 

products and biologic ac t iv i ty  of retroviruses. 

The Kawakami-Thei len strain of FeLV(-FeLV-KT) is a mixture of FeLVABc, and 

causes profound erylhrosuppression and death wi thin 9 weeks of inoculation of neonatal 

k i t tens but is v i r tua l l y  apathogenic in weanlings and adults (Hoover et al., 1974~ Mackey 

et al., 1975~ Onions et al., 1982). Passage of FeLVAB C through guinea pig cells in v i t ro  

selects for biological ly cloned FeLV C (Sarma strain) (Sarma and Log, 1973). That this 

FeLV C reduces v i remia and erythroJd aplasia in vivo and suppression of erythro id colony 

format ion in v i t ro  suggests a direct  relat ionship between product ive FeLV C infect ion and 

anemiagenesis (Onions et al., 19g2). 

2. Requirement for v i remia 

The induction of FeLV-related disease usually fol lows the onset of marrow origin 

v i remia.  Even though the leukemogenic event probably is random, high levels of v i remia 

ensure that the damaging virus wi l l  be present when cells of the appropriate histogenesis 

and maturat ion reach a cr i t ica l  stage in their  cycle, in the mouse, (see Section llI.C.3), 

chronic ant igenemia with MuLVgp71 incites chronic immunost imulat ion of uninfected T- 

cells and renders them susceptible to the leukemogenic event, in cats, c i rculat ing vir ion 

proteins are immunosuppressive (FeLVpIS(E), see Section l l l .C.1), erythrosuppressive 

(FeLVcgpT0? , see Section III.C.2), and embryosuppressive (Hoover et al., 1993) and result 

in deaths long before leukemia can develop. Other c i rculat ing vir ion proteins may be 

compJexed to antibody to t r igger immune complex disease. Even transient marrow origin 

v i remia and probably mononuclear cell-associated v i remia are important.  I t  is true that 

cats wi th these usually develop immunity,. However, the heavier the or iginal FeLV 

burden, the smaller the l ikel ihood that the cat wi l l  e l iminate all FeLV-infected cells, and 

the larger the l ikel ihood the cat wi l l  maintain persistent poorly expressed FeLV infections 

and risk nonproducer disease (see Section IlI.B.9). 

III. BIOLOGIC RESPONSES OF THE CAT TO FeLV 

A. Hemolymphoret icu lar  Cells as Targets for FeLV Repl icat ion 

1. In Vivo 

The  p a t h o g e n e s i s  of  s p o n t a n e o u s  vi ra l  i n f e c t i o n s  o f t e n  c e n t e r s  a round  a v i r u s / h o s t  

l y m p h o m y e l o i d  r e c i p r o c i t y  in wh i ch  c e r t a i n  ce l l s  a re  t a r g e t s  for  p r o d u c t i v e  or nonpro-  

d u c t i v e  ( l a t en t )  i n f e c t i o n ,  o t h e r s  a r e  t a r g e t s  for  c y t o s u p p r e s s i v e  or c y t o p r o l i f e r a t i v e  

d i s e a s e ,  and  o t h e r s  a r e  e f f e c t o r s  of  an t i v i r a i  or  a n t i t u m o r  r e s i s t a n c e  (Rouse  e t  al . ,  197g~ 
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Prof i t t ,  1979; Huddlestone et  aI., 19g0). A sequence of lymphoret icular/virus interact ions 

charac te r izes  the infections of cats  with FeLV: initial virus replication in hemolympho- 

reticular cells (see Section I1.A), es tabl ishment  of pers is tent  productive versus self- 

limiting (persis tent  nonproductive) lymphomyelopoietic infection (see Section lIl.B.l), and 

development  of FeLV-related neoplasia (see Section III.C.3) or aplasia (see Sections 

1II.C.2,3) of the lymphoid or hematopoiet ic  system. Available evidence suggests that  the 

histogenesis and immunologic identi t ies  of the ceils involved in early virus replication, 

virus conta inment  and latency, chronic (preleukemic) virus replication, and eventual 

oncogenesis are divergent (Table 2). 

Table 2. Hemolymphoret icular  ta rgets  for FeLV Infection 

Type of Infection 

Acute Productive 

Productive Preleukemic 

Latent  

Target Ceils 

Circulat ing T lymphocytes 
B lymphocytes 
Macrophages 
Myeloid Series 

B lymphocytes 
Macrophages 
Myeloid Series 
Neoplastic T lymphocytes 

Myelornonocyt ic Precursors 
Nodal T lymphocytes 
Macro hp~es  

a. Acute productive infection 

Oronasal exposure of ca ts  to FeLV-R simulates natural exposure and init iates FeLV 

replication in lymphoreticular  cells in the tonsil, blood, germinal centers  of lymphoid 

tissues, thymic medulla, and bone marrow, in that  order (Ro/ko et  al., 1979a). 

Apparently, closely related events  occur in other horizontally t ransmi t ted  oncogenic viral 

infections,  e.g., primary infections with the human EBV (Epstein and Achong, 1977), 

murine mammary tumor virus, and Marek's disease herpesvirus. It is thought that  EBV 

enters  the oropharynx, infects  tonsillar and blood lymphocytes with complement  receptors  

and specific EBV receptors ,  and is disseminated via an early lymphocyte-associa ted  

viremia. The rationale for FeLV infection of specif ic  lymphoid subsets, whether  due to 

distribution of FeLV receptors ,  capaci ty for spontaneous DNA synthesis, and distribution 

or migrat ion patterns in vivo, current ly  is not understood. 

b. Product ive preleukemic infect ion 

In progressive FeLV infections, a persistent polyclonal infect ion of fo l l icu lar  

lymphocytes and bone marrow precursors but not thymocytes in association wi th 

protracted lymphopenia and neutropenia (Rojko et al., 1979a; J9gl) and l imi ted ant i -FeLV 
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humoral responses during preleukemia precede the emergence of neoplastic T-cells in the 

thymus and elsewhere (Rojko et al., 1979a~ Hoover et al., ]978). The principal FeLV- 

infected cel l  in the lymph nodes of v i remic cats is a nonadherent, CR-bearing B- 

lymphocyte (Rojko et al., 19gl). P27 is diffuse in large (20-t~5 urn) lymphoblasts with 

eccentr ic,  large, round to cleaved nuclei and prominent nucleoli. Plasma ceils are densely 

stained and are ident i f ied by eccentr ic round nuclei wi th highly condensed chromatin, 

dense homogeneous cytoplasm at the rounded cell periphery and a perinuclear (Golgi 

region) clear space. The pattern of increasing intensi ty of intracytoplasmic p27 staining 

wi th increasing d i f ferent ia t ion in B-l ineage cells is reminiscent of that described for 

myelomonocyt ic  series ceils in the bone marrow. Purif ied T-cells and adherent 

macrophages are not par t icu lar ly  enriched for infectious FeLV nor do they contain p27. 

The functional in tegr i ty  of the B-lymphocytes that repl icate FeLV is unknown. In 

the mouse, splenic B-lymphocytes that are concurrent ly infected with MuLV produce less 

antibody to sheep erythrocytes than do uninfected spleen cel]s~ but this is most probably 

due to increased T-suppressor ac t i v i t y  (Cerny and Sti l ler,  1975). Natura l ly  v i remic pet 

cats have adequate IgM but inef fect ive and delayed lgG responses to a synthetic T- 

dependent antigen and a systemic T-helper defect has been postulated (Trainin et al., 

1993). Exper imental ly- induced v i remic cats also produce lgM but not IgG antibody in 

response to FeLV-associated antigens (Mathes et al., 19gl). These facts may signify 

al tered B-cell  function, al tered regulat ion by T-helper, T-suppressor or accessory cells, or 

a changed microenvi ronment  (FeLV-infected lymph node versus control  lymph node). 

Regarding the last, re lat ive increases in nodal T-cells and FcR-cells have been reported 

to be simultaneous with the FeLV-associated peripheral blood ]ymphopenia in preleukemia 

(Rojko et al., ]9g l ) .  Redistr ibut ion of lymphoid subpopulations also has been reported for 

preleukemic MuLV infections (Gi l le t te  and Fox, 19g0), and increased numbers of CR- and 

Fc R-posit ive cells have been described in preneoplastic routine mammary tumor virus 

infections (Epstein et ah, 197g). The probable mechanisms important  in preleukemic 

immunomodulat ion are described fur ther in Section I I I .C.I .  

A cr i t ica l  feature that distinguishes persistent product ive FeLV infect ion from 

persistent nonproductive infect ion is v i ra l  repl icat ion by d i f ferent ia t ing granulocytes and 

macrophages in the marrow and elsewhere. Furthermore, marrow origin v i remia is 

accepted universal ly as the harbinger of fa ta l  FeLV-associated disease (Hardy et al., 1973~ 

Hoover, e t a ] . ,  1977). In contrast, in cats that regress product ive marrow infect ion and 

develop latent  FeLV infect ion (see Sections HI.B.I.d, III.B.9), refractoriness of myelo- 

monocyt ic  series cells to FeLV repl icat ion is correlated d i rect ly  with increasing 

maturat ion.  Even in v i remic cats which experience extensive FeLV repl icat ion in myeloid 

progeni tor cells, d i f fe rent ia ted granulocytes, and marrow adherent macrophages, most 

mature peri toneal macrophages are spared (Hoover, et al., 19gl). I t  is speculated that 

these are derived from uninfected myeloid clones, or become ref ractory  to, or abort  FeLV 

infect ion during, the process of d i f fe rent ia t ion in vivo (Hoover et al., 19gl~ Rojko et ah, 
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1982a). This relat ionship between macrophage suscept ib i l i ty  to product ive viral  infect ion 

and disease progression also holds for mice infected wi th the leukernogenic Friend MuLV 

complex (Marce l le t i  and Furmanski, 1979), and was described or ig inal ly  for mice and 

monkeys infected with such non-oncogenic viruses as herpes, corona, pox and f lav i  viruses 

(Mogensen, 1979; Daughaday et al.,  1981; Peiris et al., 1981; Schlesinger and Brandriss, 

1981). Suscept ib i l i ty  versus resistance of macrophages to v iral  repl icat ion is central  to 

the mechanism o1 age-related suscept ib i l i ty  versus resistance to v iral  persistence. This 

topic is ampl i f ied in Sections III.B.2,3. 

c. Product ive leukemic infect ion 

FeLV repl icat ion in fo l l icu lar  (B) lymphocytes and myelornonocyt ic series cells is a 

constant feature of persistent product ive FeLV infect ion. In contrast,  repl icat ion in 

putat ive T-cel l  regions is l imi ted to the rec i rcu lat ing lymphocyte  pool and to the thymi< 

medulla early in infect ion (Rojko et al., 1979a). The disappearance of repl icat ing FeLV 

from T-cel l  areas during preleukemia is associated with lymphopenia (Rojko et al., 1979a; 

Cockerel l  et al., 1976a,b,c) loss 05 c i rcu la t ing T-suppressor cel l  (S t i l l  and Olsen, 1982) 

and T-cel l  mi togenic function, thymicolyrnphoid atrophy (Perryman e* al., 1972; Hoover 

et al., 1973), and redist r ibut ion of la tent ly  infected T-cel ls to the mesenteric lymph nodes 

(Rojko et al., 198•), and precedes the emergence ol product ive ly  infected T- lympborna 

cells in the subcapsular cor t ica l  thymus and elsewhere (Cockerel l  et al., 1976a; Hoover 

et at., 1978; Rojko et al., 1979). Neoplastic: lymphocytes trom exper imenta i ly  and 

natura l ly  infected cats usually bear T-cel l  markers (E rosette forming capaci ty,  surface 

thyrnocyte antigen - Cockerel l  et al., 1976a) but rarely do appear as SIgC-bearing B-cells 

or null cells (Hardy et al., 1977). The re lat ive matur i ty  of the transformed T- lymphon/a 

cells is dernonstrated by its lack of terminal  transferase. Similar dissociation between 

lymphocyte tropisms for v i ra l  repl icat ion and virus-associated t ransformat ion have been 

observed in Moloney and AKR rnurine lymphornas (Lee and lhle, 1979; Isaak and Cerny, 

1983) and its impl icat ions are summarized in Section •II.C.3. 

d. Latent  infect ion 

Cats that regress product ive marrow and lymphoid infect ion and become immune 

must ei ther e l iminate al l  cells wi th integrated FeLV proviruses or risk persistent 

nonproduct ive infect ion. Cells most l ikely to escape immune e l iminat ion are those with 

a long interphase as re t rov i ra l  antigens are max imal ly  expressed in mi to t i c  cells. Based 

on this premise, candidate marrow and lymphoid cells would include the s low- to-cyc le  

commi t ted  myelomonocyt ic  precursor defined in the mouse by the in v i t ro  spleen colony- 

forming unit assay (CFU S o5 Ti l l  and McCul loch [196t~]), memory lymphocytes, and long- 

l ived T- lymphocytes.  While none of these cells have been ident i f ied in the cat, i t  is 

known that the target  cells for latent  FeLV infect ion are compat ib le:  marrow 

myelomonocyt ic  precursor cells, macrophages, and Staphyloccocal Protein A (SPA)- 

react ive T- lymphocytes in the systemic lymphoid tissue. React iva t ion  and consequences 

of l a t e n t  i n f e c t i o n  a re  c o n s i d e r e d  in Sec t ions  III.B.9, III.C.3. 
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2. In Vitro 

a. Repl ica t ion of FeLV in lymphocytes  

The age - r e l a t ed  suscept ibi l i ty  (Hoover et  al., 1976; see Section II1.B.2) of k i t tens  

versus  adults  to progress ive FeLV infect ion in vivo is paralleled by 30-fold and 3-5-fold 

i nc remen t s  in the suscept ibi l i ty  of lymphocytes  (Rojko et al., 1981) and peri toneal  

macrophages  (Hoover et  al., 19S1; see Section III.B.3), respect ively ,  to product ive 

infect ion in vitro. Freshly isolated,  peripheral  blood mononuclear  leukocytes  (PBML) are 

not permiss ive  to product ive  infect ion with FeLV-R. Induction of viral repl icat ion is 

dependent  upon incubation of PBML for 08 hours prior to exposure to FeLV-R. This 

r e f r ac to r iness  of freshly isolated PBML would be compat ib le  with a r equ i rement  for 

unmasking  or synthes iz ing  cell su r face  recep tors  for FeLV during in vitro incubation as 

has been descr ibed for poliovirus infect ion of pr imary kidney cells. However,  f reshly 

isolated PBML can absorb and t r ans fe r  in fec t ious  FeLV to au toch thonous  suscept ib le  

per i toneal  macrophages  (MO) and, the re fore ,  are capable of passive vect ion or reversible  

receptor  binding (Rojko et  al., 1981). 

Al te rna t ive ly ,  d i f fe ren t ia l  suscept ibi l i ty  between freshly isolated and aged PBML 

could re f lec t  a l t e ra t ions  in the lymphocyte  populat ions present  at 0 hours versus 08 hours 

of incubation.  Many PBML, especial ly  uns t imula ted  B and T lymphocytes ,  are shor t - l ived 

in vitro. Only ~0-70% of the feline PBML originally isolated are viable a f t e r  48 hours 

and feline T cells lose their  FcR within 24 hours in vitro (Rojko et  al., 19S2b; Stiff  and 

Olsen, 1982). Fur the rmore ,  the removal  of FoR-posi t ive  PBML at the t ime  of cu l ture  

in i t ia t ion leads to a 1325-fold enhancement of product ive infect ion when preincubated 

PBML are infected wi th FeLV-R (Rojko et al., 19g1). This suggests that natural ly 

occurring FcR cells l imi t  the outgrowth of FeLV-infected cells or maintain FeLV-infected 

cells in a virus-nonproduct ive state. Similar suppression of EBV-infected cells by EBV- 

naive T cells with FcR is known to be mediated by inter feron (Thorley-Lawson, 19g0). 

Interest ingly, the preincubation prerequisite for product ive infect ion of PBML is not 

applicable to mononuclear leukocytes isolated from marrow or thymus (Onions et al., 

]980; Rojko et a]., 1983) and fel ine marrow and thymus essential ly are devoid o:f FcR- 

bearing, nonadherent ]ymphocytes (Rojko et al., 1992b). 

The heterogenei ty in target  cell susceptibi l i ty to infect ious FeLV-R has been 

invest igated using quiescent and mi togen-act ivated cells f rom blood, spleen~ lymph node, 

thymus and marrow cultured with lymphocyte growth factors (Rojko et al., 1981). 

Lymphocytes of al l  histogenetic origins are permissive to FeLV repl icat ion. Ac t iva t ion  

of lymphoid subsets by d i f ferent ia l  mitogenesis may lead to enhanced lymphocyte survival 

in v i t ro,  the generation of more target  cells, DNA synthesis, and favorable condit ions for 

provira l  in tegrat ion and repl icat ion. A l te rnat ive ly ,  residual mitogen may inact ivate virus, 

or mi togen-act ivated lymphoblasts may have direct  ant iv i ra]  ac t i v i t y  as has been 

described for PHA-st imulated human lymphoblasts exposed to coxsackie or inf luenza- 

viruses. Lastly, act ivated lymphoblasts may suppress the outgrowth of FeLV-infected 

cells as has been reported for human lymphocyte cultures exposed to EBV (Thor]ey- 



122 

Lawson, 19g0). In the cas~ of the FeLV/feline lymphocyte model, it appears that FeLV- 

infected or sham-infected lyrnphoblasts may be init iated spontaneously or by exposure to 

mitogen. Continued growth is dependent upon the inclusion of lymphocyte conditioned 

medium as a source of growth and viabi l i ty factors only (Rojko et aI., 19gl). 

Permissiveness to productive infection, however, may be enhanced by the feline FoR and 

T cell mitogen, SPA, and tile B cell mitogen, lipopolysaccharide (LPS). Other T cell 

mitogens (phytohemagglutinin-PHA, pokeweed mitogen (PWM), and concanavalin iX (conA) 

and a B cell mitogen (dextran sulfate - DXS) have inhibitory ef lects on FeLV replication 

(Rojko et al., [981) by currently unexplained mechanisms. 

b. R e p l i c a t i o n  of FeLV in m a c r o p h a g e  

T h i o g l y c o l l a t e - s i i m u l a t e d ,  p e r i t o n e a l  m a c r o p h a g e s  i so la t ed  f rom FeLV-na ive  c a t s  

have  been  r e p o r t e d  to be i n h o s p i t a b l e  hos t s  for FeLV in v i t ro  {Hoover  e t  al . ,  1981). The 

s u s c e p t i b i l i t y  of  m a c r o p h a g e s  is a u g m e n t e d  200-600- fo ld  when  p e r i t o n e a l  m a c r o p h a g e s  

f rom FeLV-na ive  c a t s  a r e  e x p o s e d  to va r ious  c o n c e n t r a t i o n s  of h y d r o c o r t i s o n e  and is 

c o m p a r a b l e  to t h a t  of h ighly  p e r m i s s i v e  e m b r y o n i c  cel l  c u l t u r e s  used  to p r o p a g a t e  FeLV 

in v i t ro .  G l u c o c o r t i c o i d  e n h a n c e m e n t  is spec i f i c  for  ce l l s  of  the  m a c r o p h a g e  se r i e s :  

t i t e r s  i n c r e a s e  200-600- fo ld  in m a t u r e  p e r i t o n e a l  ma( : rophages ,  3 -~- fo ld  in m a r r o w  

a d h e r e n t  m a c r o p h a g e s ,  and not  a t  all in c i r c u l a t i n g  m o n o c y t e s  or l y m p h o c y t e s  of va r i ab l e  

h i s t o g e n e s i s  ( sp leen ,  node,  blood, t hymus ) .  As r e t r o v i r a l  r ep l i c a t i on  n o r m a l l y  d e c r e a s e s  

wi th  cel l  m a t u r a t i o n ,  m a c r o p h a g e s  should  be r e l a t i v e l y  n o n p e r m i s s i v e  ce l l s .  In o t h e r  cei l  

culture systems, giucocorticoids are thought to exert their most dramatic effects in 

naturally nonpermissive cells. Both induction of viral receptors and induction of viral 

synthesis in nonproductively infected cells have been proposed as mechanisms. Although 

glucocorticoid receptor sites have not been determined for feline macrophages, high- 

af f in i ty binding sites for glucocorticoids are present on thioglycol late-el ic i ted peritoneal 

macrophages in mice (Schultz et a]., 1979). In the cat macrophage, hydrocortisone 

treatment evokes a doubling in the DNA synthetic rate but a 200-600-fold enhancement 

of t he  viral  r e p l i c a t i o n  r a t e  (Hoover  e t  al . ,  1981). This  [ inding s u g g e s t s  t h a t  i n c r e a s e d  

FeLV p roduc t ion  is r e l a t e d  not  s imply  to m o r e  ce l l s  e n t e r i n g  mi tos i s ,  but  p robab ly  a lso  

is r e l a t e d  to m o r e  p rogeny  v i rus  being p roduced  per  (:ell or m o r e  to ta l  ce l l s  r e p l i c a t i n g  

vi rus .  In m u r i n e  m a m m a r y  t u m o r  v i r u s - i n f e c t e d  ce l l s ,  t h e  t r i g g e r i n g  of m e s s e n g e r  RNA 

s y n t h e s i s  is a s s o c i a t e d  wi th  the  t r i g g e r i n g  of p rov i ra l  t r a n s c r i p t i o n  and t he  i n c r e a s e d  

p r o d u c t i o n  of p rogeny  v i rus  (Lee  e t  al . ,  19gl) .  It is t h o u g h t  t h a t  a c o m p l e x  of h o r m o n e  

and  h o s t - c o d e d  r e c e p t o r  i n t e r a c t s  spec i f i c a l l y  wi th  the  MMTV LTR. S imi la r ly ,  

c o r t i c o s t e r o i d s  m i n i m a l l y  a l t e r  the  r ep l i c a t i on  of e c o t r o p i c  MuLV in p e r m i s s i v e  m o u s e  

ce l l s  bu t  m a r k e d l y  i n c r e a s e  i ts  r e p l i c a t i o n  in n o n p r o d u c t i v e l y  i n f e c t e d  m o u s e  e m b r y o  ce l l s  

(Dunn e t  al . ,  [975).  

G l u c o c o r t i c o i d s  i n f l u e n c e  the  in vivo c a t / F e L V  r e l a t i o n s h i p  r e m a r k a b l y .  T r e a t m e n t  

of  o t h e r w i s e  r e s i s t a n t  c a t s  wi th  p redn i so lone  l eads  to a b r o g a t i o n  of r e s i s t a n c e  and 

induc t ion  of p e r s i s t e n t  v i r e m i a  (see Sec t ion  llI.B.3a). Moreove r ,  t r e a t m e n t  of  i m m u n e  

c a t s  wi th  c o r t i c o s t e r o i d s  l eads  to r e a c t i v a t i o n  of l a t e n t  FeLV ~rom m a r r o w  a d h e r e n t  
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macrophages and myelomonocyt ic  precursor cells (see Section III.B.9) and precipi tates 

transient or sel f -perpetuat ing product ive marrow infect ion. Thus, the avai lable data 

concerning glucocort icoids and retrovirus expression suggest that glucocort icoids enhance 

susceptibi l i ty of cats by convert ing the macrophage/FeLV relat ionship from a nonpermis- 

sive state and immuni ty  to a permissive state character ized by early viral  ampl i f icat ion 

and persistent v i remia.  

B. Hemolymphoret icu lar  Cells as Effectors of FeLV Restr ict ion 

1. General Remarks 

Either of two host/virus relationships usually ensues in cats exposed to FeLV: 

persistent v i remia culminat ing in FeLV-related disease (Hard)' et al., 19761 Hoover et al., 

19761 Rojko et al., 1979a) or se l f - l imi t ing infect ion in which product ive hemolymphat ic  

infect ion is transient and el ic i ts protect ive t i ters of VN and FOCMA antibodies. In a few 

cats infected wi th FeLV, v i remia is present in association with moderate t i ters of 

FOCMA and/or VN antibodies. 

The host/virus interact ions that determine the outcome of FeLV infect ion occur in 

the lymphoret icu lar  tissues, the blood, and in the marrow in the f i rst  4-6 weeks af ter  

exper imental  exposure (Hoover et ah, 1976, 1977ai Rojko et al., 1979a). This interplay 

is c r i t i ca l l y  dependent upon the functional in tegr i ty  of these tissues and the age-related, 

irnmunocompetence of the cat (Hoover et al., 19761 Schaller et al., 197gi Hoover et al., 

19gl; IRojko et a]., 1979a,b,19gll Tart  et al., 1979). As described fu l ly  in Section II.A.6, 

natural (oronasa]) contact wi th FeLV ini t iates sequential FeLV repl icat ion in local and 

systemic lymphoid tissues, blood and marrow. Complement-associated, non-immune 

factors in normal cat serum probably l im i t  v i remia (Bartholomew and Esser, 197gi 

Kobi l insky et al., 1979) and are known to be age-dependent in other systems. Age-related 

increases in immunocompetence usually re f lect  age-related increases in macrophage 

ant iv i ra l ,  ant i tumor,  or antigen processing functions (Unanue, 19g0). In addit ion, many 

viruses, including FeLV, take up permanent residence in macrophages concordant wi th the 

establishment of persistent infect ion and, sometimes, macrophage dysfunction (Marcel ]et i  

and Furmanski, 19791 Mogensen, 19791 Hoover et a l ,  ] 9g l l  Peiris e t a [ . ,  [9g ] ;  Schiesinger 

and Brandriss, 19g]). Natural  k i l ler  ac t i v i t y  also is age-related, and often is v i ta l  to the 

containment of neoplastic and/or v i ta l l y  infected cells (especially) in marrow and 

lymphoid tissue (reviewed in Herberman, 1982). 

When FeLV is repl icated by lymphoid and marrow cells, FeLV antigens and, probably, 

EOCMA are expressed at the plasma membrane in in t imate  association with leukocyte 

al loantigens (Axocar and Essex, ]9791 Dubey et a l ,  1992; Lee et al., 1982). Moreover, 

leukocyte al loantigens may be incorporated into the v i ra l  envelope when the v i r ion 

matures. It is wel l  established that  new or v i ra l  antigens coupled to al loantigens are 

potent irnmunogens. The FeLV-fel ine lymphoma model is unique in that  survei l lance of 

tumor cells is mediated pr imar i ly  by complement dependent antibodies (Essex et al., 

1971a,b,1975b; Grant and Michalek, 19g]; Grant et al., 1977~19g0a,b,19gl) and not by T- 
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ef fector  ceils. Antibodies against envelope vir ion components provide protect ion from 

marrow origin v i remia (VN antibody - antigp70) (Schaller and Olsen, 1975; Hardy et al., 

1976; Russell and 3arret t ,  1978; Lutz et al., 1980) and antibodies against v i r ion P,T are 

speculated to l im i t  FeLV repl icat ion. Recent reports propose the simultaneous 

involvement  of T-ef fector  cells in the containment of FeLV-infected marrow cells (Rojko 

et al., 1982a) and FeSV-transformed, autochthonous, f ibroblasts (McCarty and Grant, 

1983). 

It also is impor tant  to consider that inadequate or excessive immune responses may 

promote v i remia or d i rect ly  damage the host. The presence of the immunosuppressive 

vir ion components pig(E) in lymphoid tissues may render immune responses to FeLV or 

other antigens inadequate and may especially hamper T-helper function (see Section 

I] I .C.I).  Ant igen/ant ibody complexes may perpetuate v i remia (Day et a]., 1980; Jones et 

ah, 19g0; Snyder et al,, 1982) and may part ic ipate in the immune-mediated disorders l ike 

immunosuppression (Cotter  et ah, ]975), chronic glomerulonephri t is (Anderson et ah, 

1971; 3akowski e t a ] . ,  19g0) and hypocomplementemia (Kobil insky et al., 1979) associated 

with persistent product ive FeLV infect ion. Lastly, a cr i t ica l  concomitant of inm~unity to 

FeLV is its interdependence on persistent nonproductive ( latent) infect ion of lo(a l  

lymphoid tissues and/or systernic hemolymphoret icular  tissues in cats that fail to 

e l iminate all v i ta l l y - in fec ted (:ells consequent to acute product ive infect ion (see Sections 

III.A. 1, III.B.9). 

This s ec t ion  will rev iew ev idence  for h e m o l y m p h o r e t i c u l a r  (:ell r e s t r i c t i o n  of FeLV 

infec t ion ,  i ts  c o n s e q u e n c e s  and p r e sen t  the  p robab le  s t ages  of FeLV rep l i ca t ion  tha t  

evoke individual responses .  

2. Age-re lated susceptibi l i ty versus resistance to FeLV virernia 

By control l ing the virus dose and strain, using specif ic-pathogen-free cats with 

homogenous genetic background and environment,  and varying the host age at t ime of 

FeLV inoculation, cats (:an be segregated prospect ively into those destined to develop 

either v i remic or immune FeLV infections. Cats at risk for v i remia include neonatal 

kit tens (100% susceptible) and g-week-old weanlings (85% susceptible) (Hoover et ah, 

1976a). Age-related resistance has been demonstrated for lymphomagenic FeLV-R, 

anemiagenic FeLV-KT, the acutely transforming FeSVs, and several FeLV strains isolated 

from natural ly  infected pet cats. Although the susceptibi l i ty of cats exposed to FeLV in 

nature may vary great ly,  the rate of v i remia conversion in adult urban eats natural ly  

exposed to FeLV-shedding cats in mult ip le cat households ranges from 19-28%. 5ocio- 

environmental  factors that influence susceptibi l i ty are considered in Section [V.B. 

3. Macrophage function and FeLV resistance 

Although the phagocytic capacit ies of isolated macrophages from ki t tens and adults 

are equivalent, the mean FeLV susceptibi l i ty of macrophages from ki t tens is f ive t imes 

that of macrophages from adult cats. This maturat ion-dependent,  refractoriness to FeLV 

repl icat ion is overcome readi ly by specific enhancement by t rea tment  with hydrocort i -  

sone in v i t ro  (Hoover et a]., 19gl) or prednisolone in vivo (Rojko et al., 1979b). It also 
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is abrogated when macrophages are poisoned by microcrystall ine silica (Hoover et al., 

1981) or depleted in the marrow and lymphoid necrosis induced by the resorptive 

carcinogen, methynitrosourea (Schaller et al., 197g; Tart et al., 1979). 

a. Adrenal corticosteroids 

Treatment with various doses of a synthetic adrenal corticosteroid, methyl 

prenisolone acetate, has resulted in a 7-fold augmentation of susceptibil ity of adult cats 

to persistent FeLV-R or persistent FeLV-KT viremia. These cats eventually die of FeLV- 

related immunosuppression, lymphoma, or anemia. Similar pretreatment of adult mice 

with cortisone acetate has enhanced susceptibil i ty to oncogenesis by Moloney murine 

sarcoma virus (Schachat et al., 1968). The distribution of FeLV p27 in the tissues of cats 

exposed to concurrent FeLV and prednisolone is compatible with the hypothesis that 

corticosteroids enhance FeLV replication in, and impair FeLV containment by, macro- 

phages in lymphoid and marrow tissues (Rojko et al., 1979). 

In cats treated with the lower doses of prednisolone (5 mg/kg), hematologic changes 

specific to FeLV/cortJcosteroid interactions are not masked by the overwhelming 

neutrophilic leukocytosis that accompanies higher dose regimens in FeLV-naive or FeLV- 

t reated cats. Induction of persistent viremia in kittens and cort icosteroid-treated adults 

is correlated with prolonged neutropenia and lymphopenia. Conversely, virus containment 

in regressor adult cats is associated with transient ]ymphopenia only. In those FeLV- 

steroid-treated adults that regress infection, marrow infection is prolonged by 4-10 

weeks. Eventual virus restriction follows protracted neutropenia as well as lymphopenia. 

Furthermore, adult cats treated with 5 mg/kg are able to respond to FOCMA. FOCMA 

antibody t i ters are minimal and transient in progressive infections in kittens and adult 

cats treated with high doses of steroids (mean peak t i ter  I:L~), intermediate in 

progressive infections in adult cats treated with low doses of steroids (mean peak t i ter 

1:27) and are marked and persistent (1:7g) in regressive infections in adult cats. 

That corticosteroids are important in regulation of FeLV replication by bone marrow 

myelomonocytic precursors also may be inferred from their unique capacity to react ivate 

latent FeLV infections (see Section III.B.9). 

b. Silica 

Administration o£ silica before virus inoculation also markedly enhances the FeLV 

susceptibil i ty of adult cats. Silica is toxic for isolated macrophages but not lymphocytes 

in vitro, and silica produces monocytopenia and neutrophilia, delayed skin al lograft 

rejection, and augmented FOCMA antibody responses in vivo (Hoover et al., 1981). These 

augmented FOCMA antibody responses are similar to those seen in the FeLV-low dose 

corticosteroid cats described above and probably ref lect intermit tent antigenemia. 

c. Methylnitrosourea (MNU) 

Co-exposure of adult cats to FeLV and MNU leads to a 6-fold enhancement of 

susceptibil ity to persistent viremia disease. Lymphoreticular and marrow necrosis by 2- 

DAE cause profound leukopenia and immunosuppression. MNU administered alone 
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prohib i ts  a l i og ra f t  re jec t ion  and reduces lymphocyte blastogenic responses d ramat i ca l l y  

(SchaIler et  al., [97g; Tarr et  al., 1979). 

I t  is c lear  that  macrophages participate in ear ly  virus res t r i c t ion  and that  pers istent  

FeLV rep l i ca t ion  in macrophages and regression of ~ i remia are inversely  cor re la ted .  ..\ 

s im i la r  re la t ionsh ip  has been repor ted for Fr iend ~.IuLV ieukemia  and for mur ine 

coronaviruses and p r imate  f lav iv i ruses (Marce/ ie t i  and Furmanski .  1979; ~1ogcnsen, [979; 

Peir is e t a ] . ,  19gl ;  Schlesinger and Brandriss, 1931). Macrophages may be re f rac to r y  to 

v i ra l  rep l ica t ion  by v i r t ue  of the i r  fa i lu re  to express v i ra l  receptors.  If the host produces 

an t i v i r a l  ant ibodies which in te rac t  w i th  virus and generate  immune complexes ra ther  

than neut ra l i zed  virus, the rnacrophage ma}. in te rna l i ze  the complex via Fc receptors.  

Once inside a (:ell, ant ibody w i th  ex t race l l u la r  neu t ra l i z ing  capab i l i t y  is ine f fec tua l  at 

inh ib i t ing  virus rep l i ca t ion  (Daughaday et al., 19g]). This may be a considerat ion in the 

persistence of FeLV in mar row macrophages and extra(:orporeaJ remova l  oJ in/triune 

complexes conta in ing ant ibody,  gp70, p27, and pI~(E) [ rom v i remic  cats leads to the 

remission of v i remia .  

/4. Humora l  immunosurve i l lance 

F i rs t  descr ibed in 197] (Essex et  al.), the (:oncept that  ant ibodies are protect i~.e 

against neoplasms induced by FeLV and FeSV has w i ths tood 12 }.ears of experm~entation. 

in regressor cats exposed to FeLV or FeSV b}" exper imen ta l  inocu la t ion,  lgG ant ibodies 

to FOCMA recognized by ind i rec t  membrane irr~munofluorescence (I~A1) assay against 

virus producer,  fe l ine lymphoma (FL7/#) cells f i rs t  appear at 2-3 WAE. and persist at l -  

2 [og2s below peak t i t e r  for years (Essex et  al., 1975b). Persistence probably is due to 

i n t e r m i t t e n t  s t imu la t ion  by FOC~',IA expressed on la ten t [y  infe(:ted, neoplast ic  or 

preneoplast ic  cel ls (see Sect ion III.B.9). 

Ac tua l  c learance of producer and nonproducer neoplast ic  cells probably is media ted 

by cy to tox i c ,  comp lement -dependen t  ant ibody (CDA) to FOCMA (/%]athes e t a [ . ,  ]976; 

Grant  et  al., ]977, 19g0a,b, 19gl).  Ant ibodies d i rec ted against FL7/4 ceils that  bind 

rabbi t  comp lemen t  appear ear ly  (2-3 WAE), peak earl} '  (5 WAE) and abate rapid ly  ( g- 

9 WAE). Rabb i t  comp lemen t - f i x i ng  ant ibodies cause rapid lysJs (/4 hours) ol: FL7/4 cells; 

do not co r re la te  w i th  [MI -FOC~IA ant ibodies, and are absorbed by disrupted FeLV. 

Hence, these are more l i ke ly  acute phase CDA to FeLV and not to FOCMA.  In cont rast  

are the ant ibodies to nonv i r ion de te rminan ts  oJ: FL7t~ (:ells that  bind cat  comp lement  and 

i n i t i a te  slow ]ysis (20 hr) of FL7/4 cel ls (Grant et  al., [977). These arise la ter  and persist 

throughout  the cat 's  l i fespan to prevent  emergence of producer or nonproducer lymphoma 

cel ls in v i vo  (Grant  e t a ] . ,  ]9g0a,b,19g i ) .  Moreover ,  regressor cat serum wi th  FOC~IA 

a c t i v i t y  w i l l  p revent  the spontaneous reac t i va t i on  of FeLV f rom autologous, l a ten t l y  

in fec ted,  bone mar row cel ls in v i t r o  and, presumably,  /unct ions s im i la r l y  in v ivo.  

Whether this an t i r eac t i va t i on  a c t i v i t y  is d i rec ted against FOCMA or against  normal  

mar row leukocy te  a l loant igens that  i n t ima te  w i th  FOCMA on the surface of neoplast ic  

or preneoplast ic  cei ls (Azoar  and Essex, i979; Grant  and ~Aichalek, 19gl ;  Dubey et  al., 

19gl ;  Lee et  al., 1992) deserves fu r ther  study. Regarding the last~ Grant  and h.l ichalek 
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(19gl) have examined a panel of FOCMA-CDA containing al loant isera against a panel of 

virus producer, fel ine lymphoma cells. The sera ident i fy  not a single FOCMA, but rather 

unique and cross-react ing epitopes and react occasional ly wi th normal splenic lympho- 

cytes. The possibi l i ty that  FOCMA is a leukocyte al loant igen or the incomplete 

expression of FeLV C env gene products at the plasma membrane is discussed fur ther in 

Section IH.C.3. 

Mathes and Qlsen (19gl) have recent ly  measured the temporal  expression of IgM and 

IgG ant ibody t i ters to FOCMA-IMI  assay in cats destined to exper ience progressive versus 

regressive infect ion. In regressors, lgM ant iFOCMA appears short ly a f ter  exper imenta l  

exposure and lasts 3-§ weeks. The decl ine in ]gM ant iFOCMA is accompanied by rapid 

increases in ]gG ant iFOCMA that peak at weeks 6-10 and persist at s l ight ly decreased 

t i ters  thereaf ter .  This IgM to IgG conversion is the expected response to hor izonta l ly  

t ransmi t ted  v i ra l  infect ion and is regarded as a T-helper-dependent response. The 

response in cats destined to become v i remic  is quite d i f ferent .  IgG an t iFOCMA 

responses are low or absent in the face of [gM ant iFOCMA responses that  persist at 

re la t i ve ly  constant levels unt i l  death via FeLV-related disease. The reasons for this lgM 

persistence and fa i lure of lgG conversion presently are not known. Natura l ly  FeLV 

v i remic pet cats are known to have ine f fec t i ve  lgG and adequate [gM responses to a 

synthet ic  polymer TGAL and i t  is postulated that  this is due to defect ive T-helper 

funct ion (Trainin et a]., 1993). Cowan suggests that persistence of lgM ant ibody often 

is due to recurrent  antigen st imulat ion (1973). In humans given yel low fever 17D l ive 

virus vaccine, the persistence of this virus in macrophages (Schlesinger and Brandriss, 

19gl) leads to persistent IgM responses. I t  is speculated, therefore,  that  repl icat ion of 

FeLV in macrophages of v i remic  cats and T-helper defects may cont r ibute to e f fe te  lgG 

responses. The ensuing ant igenemia would then t r igger  IgM responses cont inual ly.  

As more cats die of aplast ic FeLV-related diseases than die of p ro l i fe ra t i ve  FeLV- 

re lated diseases (Cot ter  et al., 1975) and as the re la t ive risk for lymphoma increases with 

durat ion of v i remia,  i t  is obvious that  most cats must l im i t  marrow or igin v i remia  to 

remain disease free. Protect ion from marrow origin v i remia is mediated by virus 

neutra l iz ing (VN) ant ibody d i rected against subgroup specif ic envelope gp70s (Schaller and 

Olsen, 1977; Hardy et al., 1976; Hoover et al., 1977; de Noronha e t a ] . ,  1978; Russell and 

3arret t ,  197g~ Lutz et a l ,  19g0). Binding of VN ant ibody to gp70 prevents adsorpt ion of 

FeLV to cel lu lar  FeLV gp70 receptors. Ant ibody to gp70 with biologic ac t i v i t y  

(neutra l izat ion or reverse interference) does not achieve high t i ters in v ivo unt i l  6-g 

WAE. The delay in i ts appearance l ike ly  is due to d i lut ion by serum and consumption 

by FeLV- infected cells. Ant ibody to gp70 wi th high VN ac t i v i t y  in v i t ro  is p ro tec t ive  in 

al logeneic cats to which i t  is passively transferred ei ther via the colostrum (Hoover et 

al., 1977) or via systemic inoculat ion (de Noronha et a l ,  197g; Co t te r  et al., 19g0). 

Prevent ion of v i remia  in susceptible animals is an ear ly event. Passive t ransfer of serum 

from cats or goats hyper immune to FeLV gp70 or the cross-react ing MuLV gp71 must 

occur wi th in the f i rs t  6 DAE of susceptible k i t tens to FeLV to pro tect  against induct ion 
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of marrow origin v i remia  (de Noronha et al., 1978). Occasional reports suggest that 

passive t ransfer of ant ibody to gpT0 wi l l  lead to part ia l  remission or enhanced response 

to chemotherapy in lynlphomatous cats (Cot ter  et al., 1980). 

The development of ELISA and sensitive radiolabeJled i rnn/unoprecipi tat ion and 

f luorographic techniques has made possible the observat ion that v i remia and ant ibody to 

gp70 can coexist  (Lutz et al., 19g0; Mathes rind Olsen, 19S1). It is not uncomnlon [or 

these cats also to have persistent lgG FOCM& ant ibody t i ters and/or evidence ol 

ant ibody to p27, pI5(C) and pIS(E). While cats with this pat tern usuaIiy are considered 

to be healthy FeLV carr iers and probably maintain ant ibody t i ters for years before 

succumbing to FeLV-related disease, the presence of an ant ibody excess, antigenemi<: 

s i tuat ion may prec ip i ta te  immune-ruediated disorders including chronic g lomerulonephr i -  

t is and hypocornplementemia (Kobi l insky et al., 1979; 3ones et al.. 19g0; Snyder et al., 

1982). 

5. Cel l  mediated responses of normal fel ine cells 

The dist r ibut ion of fel ine lymphocyte markers has been corre lated with histogenetic 

or igin (Taylor et aJ., 1975; Cockerel l  et al., 1976,a,b,c; Rojko et al., 1982b; Rojko et al., 

19g3b). The major i ty  of fel ine PBML are Y-cells (50% ery th rocy te - rose t te  forming cells 

(E-RFC), 23% thyrnocyte-antigen-positive) that  respond strongl}  to the mitogens con A 

(st imulat ion index (SI) S0) and SPA (S] gl ) ,  well to PWM (SI 15) and only moderately 

to PHA (SI 3). Less frequent (:ells are circulating B lyrnphoc).tes (3r4% ery th ro (y te -  

ant ibody complernent-RFC, 30% surface- lg-posi t ive) that respond nicely to LPS (SI 9) 

and moderate ly  to DxS (SI 3). On 15-20% of fel ine PBL, surface indicators for e i ther 

T or B cells can not be demonstrated. 

Observations regarding mitogen responsiveness of T lympi~ocytes from blood, spleen, 

LN, and thymus suggest that  separate subpopulations of T lymphocytes are each 

st imulated by PHA, PWM and con A. PHA- lymphocy te  ac t iva t ion  is greatest in thymus 

(SI 12) and LN (SI l i ) ,  in termedia te  in spleen (SI 6) and low in PBL (SI 3). This 

ident i f ies the fel ine PHA-responsive T- lymphocyte  as a non-reci rculat ing,  re la t ive ly  

immature cell. The presence of re la t ive ly  immature T-cel ls in fel ine LN manifests the 

unique ontogeny of the fel ine lym:~hoid system. During embryologic  development,  

lymphocytes f rom fetal  l iver  popuJat:, the peripheral nodes wi thout  pr ior thymic passage 

Ackerman, 1967). 

In contrast,  the widespread dist r ibut ion of the PWM-responsive fel ine T cel l  al lows 

its charac ter iza t ion  as a rec i rcu la t ing cel l .  The re la t ive  matur i ty  of this cel l  is 

concluded by comparison of the re la t ive ac t iva t ion  of T lymphocytes from spleen (SI 

36), LN (SI 29), thymus (SI 23) and blood (SI g0). That con A is a potent mitogen 

for cells of spleen (SI = 113), blood (SI - g0), and LN (SI 77) but not for thymus (SI 

7) fac i l i ta tes  the c lass i f icat ion of the con A-responsive cel l  as a reci rculat ing,  mature 

(post thymic) lymphocyte.  T cells that  p ro l i fe ra te  in response to Staphylococcal Protein 

A (SPA) and soluble PA bear transient FCyR and are present in spleen (SI = 152) and node 

( S I  : 77), uncommon in thymus (SI 3) and absent from marrow (SI 0.6). 
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Table 3. Distribution of Feline Lymphocyte  Markers in Various Lymphoid Organs 

Marker 
rose t te  I Thymocyte Surface Complement  Cytoplasmic Fc 

antigen 3 lg 3 receptor ~ Ig -5 Receptor 6 

Lymphocyte 
Source 

PBL 50 (6) 7 23 (4) 30 (3) 34 (8) 0 (0) 20 (2) 
Spleen 46 (~) 35 (1) 36 (])  3L~ (7) 14 (1) 32 (2) 
LN 53 (13) 26 (4) 25 (1) 4~ (11) g (1) 12 (4) 
Thymus 56 (4) 32 (16) I (0) 6 (3) 0 (0) 2 (0) 
Bone Marrow g (10 5 (2) 4 ( l )  18 (3) 2 (0) 5 (2) 

iBy rosette assay, using AET-t reated GPE. 
2By membrane fluorescence (ant i fe l ine thymocyte serum). 
3By mernbrane fluorescence (ant i fe] ine lgG and IgM). 
4By rosette assay, using sheep erythrocytes coated with ]9S antisheep ery throcytes 

and rnouse complement.  
5By  demonstrat ion of cytoplasmic fluorescence in methanol acetic acid-f ixed, cyto-  

centr i fuge]ymphocyte preparations, using ant i fe l ine lgG. 
6By rosette assay, using sheep erythrocytes coated with 7S antisheep erythrocytes.  
7percent posit ive cells, ar i thmet ic  mean (SE), n 4 cats. 
gModif ied from Rojko et al., i9g2b 

6. Cel l -mediated immune responses to FeLV 

Cel l -mediated immuni ty  general ly is regarded as subservient to humoral immuni ty  in 

the control  of FeLV virernia and diseases. Recent data indicate that  T-cel l  responses and 

antibody-dependent, macrophage and T-cel l  k i l l ing function to restr ic t  FeLV repl icat ion 

in myelomonocyt ic  cells (Rojko e t a ] . ,  1982a; see Section III.B.10). Furthermore,  T- 

e f fec tor  cells specif ical ly ki l l  cloned autochthonous test icular f ibroblasts nonproduct ively 

transformed by FeSV in v i t ro  (McCarty  and Grant, 1983). Also relevant is the abrogation 

of T-cel l  responses known to be caused by FeLVpI5(E) and discussed in Section [H.C.1. 

7. Natural  k i l ler  cells and inter feron 

Three pieces of evidence impl icate natural k i l ler  cells and/or in ter feron in the 

regulat ion of FeLV-infected cells (Rojko et al., 1981; Dubey et al., 1982; Tompkins and 

Cummins, 1982). The f irst is the demonstrat ion of a short- l ived mononuclear cel l  in the 

blood but not thymus or marrow of FeLV-naive cats that l imi ts the outgrowth of FeLV- 

infected cells fo l lowing in v i t ro  exposure to FeLV (see Section IlI.A.2). Similar T- 

suppressor and nonT-suppressor ef fects described for EBV are known to be mediated by 

inter feron (Thorley-Lawson, 1980). 

The second is a cl inical  report that the administ rat ion of in ter feron to anemi% 

v i remic cats, has led to part ia l  remission of v i remia and recovery from anemia (Tompkins 

and Cummins, 1982). 

Tile third is concerned wi th the control  of human lymphoblastoid cel l  lines infected 

wi th FeLV in v i t ro  (Azocar and Essex, 1979; Dubey et al., 1982; Lee et al., 1982). 

Neoplastic T-lymphoblasts are more susceptible to product ive FeLV infect ion than are 
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EBV-transformed, immorta l ized B-cells. FeLV buds from the surface of T-lymphoblasts in 

close association wi th HLA-A I ,B I2 ,  but not HLA-A29,Bg determinants. When NK ac t i v i t y  

is tested against FeLV-naive and FeLV-infected human T- and B-lymphoblasts, t i le 

fol lowing pattern emerges. B-cells normal ly  resistant to NK lysis become sensitive, and 

T-cells normal ly  sensitive to NK lysis become resistant. Cycloheximide, an inhibi tor o[ 

protein and in ter feron synthesis, decreases NK lysis of FeLV-infected B-cells but actual ly 

increases NK lysis of FeLV-infected T-cells. Tunicamycin and 2-deoxyglucose, inhibitors 

of virus production and glycosylat ion, increase the resistance to T-cell  lysis conferred by 

productive FeLV infect ion.  Summarized, these data indicate that interferon mediates 

enhanced NK ]ysis of ]FeLV-infected B cells only and that FeLV-infected, neoplastic T- 

cells resist NK lysis (Dubey et aJ., 1992). If these findings hold true for v i remic cats, 

this may be a mechanism by which T-cells escape immunosurvei l lance af ter  infect ion with 

retroviruses and may be relevant to the T-cel l  t ransformat ion tropism of natural ly 

occurring retroviruses (see Section [II.C.3). 

g. Complement and other nonspecific humoral factors 

Circulat ing proteins, glycoproteins, and l ipoproteins that inf luence retrovirus 

repl icat ion in vivo and in v i t ro  have been demonstrated in virus-naive and virus-exposed 

people and animals. Homologous suppression may be mediated by virus-induced, 

nonimmunoglobulin proteins such as the plasma protein present in bovine leukemia virus 

(BoLV)-exposed but not BoLV-naive cat t le  (Gupta and Ferrer, 1982). Complement 

components of humans, other primates, and cats but not guinea pigs lyse retroviruses 

d i rect ly  (Bartholomew and Esser, 197g; Sherwin et al, 197g; Welsh et ah, ]97_~; Kobil insky 

et ah, 1979). Binding of v i r ion plS(E) to the Clq subunit act ivates the classical pathway 

and results in e f fec t ive  virolysis by human serum but inef fect ive virolysis by cat serum 

(Kobil insky et a l ,  i979). Surprisingly, there is no di f ference in FeLV lysis by normal 

versus leukemic serum or by v i remic versus nonviremic serum. Despite this, complement 

consumption in v i remia is indicated by three observations: ( l )  v i remic cats are 

hypocomplementemic, (2) v i remic cats have ci rculat ing immune complexes containing 

gp70, plS(E), p27 and IgG (2[ones et ah, 19g0; Snyder et ah, 1982) and (3) v i remic cats 

have glomerular deposits of FeLV antigens, lgG and complement. Moreover, normal (:at 

serum contains a heat labile, ant i lymphoma factor  thought to be complement that directs 

tumor regression in lymphomatous cats. Complement also mediates the ant ibody- 

dependent lysis of producer or nonproducer ]ymphoblasts transformed by FeLV (see Section 

III.B.# above). Other inhibitors with broad spectrum ac t i v i t y  include the very low density 

] ipoprotein of normal mouse serum origin which inact ivates ecotropic mouse and fel ine 

viruses and broadly reacting antibodies directed against re t rov i ra l  glycoproteins (de 

Noronha and Schafer, 197g; Schwarz et ah, 1979). 

9. Concept of latency 

Studies of the pathogenesis of regressive FeLV infect ion have demonstrated that in 

most cats exposed to the contagious fel ine leukemia virus (FeLV), v iral  repl icat ion is 

contained in target hemopoiet ic tissues and el ic i ts humoral immuni ty  to FeLV and to the 
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fel ine oncornavirus-associated cel l  membrane antigen (FOCMA) (Rojko et al., i979a). The 

hypothesis that  these ostensibly se l f - l im i t ing  infect ions might rather be persistent poorly 

expressed ( latent) infections in certain hemopoiet ic cells could account for the protracted 

incubation periods, relapsing viremias (Post et al., 19g0), persistently high t i ters of 

ant iv i raI  and ant i -FOCMA antibodies (Essex et al., 1975b), appearance of FeLV p27 

antigen in serum of otherwise nonviremic animals (Saxinger et al., 1980; Lutz et al., 19g0) 

and occurrence of FeLV-negative but FOCMA-posi t ive leukemias in natura/ iy infected pet 

cats (Hardy e t a ] . ,  1977). Recent reports have detai led the react ivat ion of la tent  FeLV 

from myelomonocyt ic  and lymphoid cells of cats immune to FeLV (Table 4) (Post et  al., 

19g0; Rojko et al., 1982a; Madewell  and 3arret t ,  1993), some cats bearing FeLV-negat ive 

tumors (tRojko et  al., 19S2a), and ki t tens congenital ly exposed to FeLV (Roiko et  al., 

1982a; Hoover et al., 1983). Furthermore, the suppression of reappearance of FeLV 

infect ion by the host's immune system has been abrogogated by adrenal corticosteroid 

(CS) hormones in vivo and in v i t ro  (Post et al., 1980; Rojko et a]., 1992a; Madewell  and 

3arret t ,  1993). 

Regressive FeLV infect ion has been established in adult specif ic-pathogen-free cats 

by oral-nasal (Roiko et al., 1992a) or contact (Madewe]] and Jarret t ,  1993) exposure to 

]ymphomagenic FeLV-R and conf i rmed by serial examinat ions for FeLV group-specif ic- 

antigen (p27) in peripheral blood mononuclear leukocytes (PBML) and persistent FOCMA 

antibody responses. In the oral-nasal challenge study, freshly isolated marrow, blood and 

lymph node cells of adult regressors taken at 20 WAE are negative for p27 and infectious 

virus (VI). High t i ters of FeLV, however, are react ivated by in v i t ro  propagation of 

marrow from 70% of cats (Table t~). St imulat ion of nodal lymphocytes but not PBML by 

the fel ine T-cel l  mitogen SPA el ic i ts low t i ters of VI. Lymphocytes act ivated by other 

mitogens do not generate FeLV. Lymphocyte and macrophage growth factors and the 

tumor promoter,  12-0- tetradecanoyl-phorbol-acetate,  also fai l  to react ivate p27 or FeLV 

from node and PBML. Thioglycol late- induced peri toneal macrophages do not react ivate  

p27 or VI. Paral lel  cultures of marrow, lymphocytes and macrophages from FeLV-naive~ 

SPF, cats are negative (Rojko et al., 19gl). 

Therefore, la tent  FeLV infect ions are character ized by the absence of infect ious 

virus in freshly isolated marrow, node, Me), and PBML and the react ivat ion of Vl from 

cultured marrow cells and a minor subset of nodal lymphocytes. These data suggest that 

se l f - l imi t ing (regressive) FeLV infections are actual ly  la tent  (nonproductive) infect ions of 

myelomonocyt ic  precursor cells in the bone marrow and SPA-react ive cells in the lymph 

nodes (Rojko et al., 19g2a). 

In the contact  exposure study, virus has been react ivated from 9 of 16 nonviremic, 

ant ibody-posi t ive cats considered to harbor la tent  FeLV. Madewell  and 3arre t t  (1993) 

have found that  cats infected soon af ter  exposure to FeLV are more l ikely to develop 

latent  infect ion than those that  resist contact  exposure to FeLV (by ant isocial  behavior?) 

and recover. They report no di f ference in serum antibody t i ters from cats with 

react ivatable versus nonreact ivatable infections. 
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Table /4. React iva t ion  of Latent  FeLV Infect ion in Immune Cats 

No. C a t s  
Days in Posit ive 

Cell Source Cul ture for VI VI 

Marrow 0 0/10 5 
Marrow 6 g/10 I 1,790 

(5g0-74,500) 
PBML 0 0/10 5 
PBML-PA 7 0/10 5 
Lymph Node 0 0/5 5 
Lymph Node-PA 7 5/5 155 
Peri toneal M@ 0 0/3 5 
Peri toneal M~ 7 0/3 5 

Rojko et a[., 1982a 

These observat ions account for previous findings that  healthy pet cats natura l ly  

immune to FeLV produce high levels of FOCMA ant ibody years a f ter  isolation from 

v i remic  animals. Furthermore,  a relat ionship exists between persistent poorly expressed 

infect ion, pro t rac ted incubation periods, and stress-induced (relapsing) viremias. Con- 

comi tan t  t rea tment  of FeLV-naive cats with FeLV-R and 5-10 mg/l<g prednisolone leads 

to prot racted,  product ive,  marrow in lect ion and prot racted neutropenia, lyrnphopenia and 

persistent low IgG-FOCMA ant ibody responses and eventual progression (71%) or 

regression (29%) of v i remia.  Sirnl larly, cor t icostero id  t rea tment  oF FeLV-immune cats 

with reac t i va tab le  marrow infect ions recognized by in v i t ro  cul ture leads to Jn vivo 

recrudescence of marrow FeLV repl icat ion and transient profound decreases in FOCMA 

ant ibody levels. In 60% of s tero id- t reated,  irnmune cats, restorat ion of ant i -FeLV 

responses leads to suppression ol v i remia and recovery. The remaining 00% become 

persistent ly v i remic  and die of FeLV-retated diseases (Rojko et al., 1982). That their  

FOCMA t i ters  drop from those seen in regressor cats to those seen in cor t icostero id-  

t reated progressors probably indicates both in v ivo consumption and suppression of 

adequate humora! response. 

It has been speculated that  cor t icostero ids induce react iva t ion  by shif t ing the 

marrow macrophage/FeLV relat ionship from nonpermissive to permissive. Substantiatin~g 

data has been provided by in v i t ro  steroid t reatment  of marrow, per i toneal rnacrophages, 

node and PBML (Rojko et al., 1982a). With hydrocort isone t reatment ,  previously nonper- 

missive per i toneal  macrophages react iva te  FeLV and marrow macrophage react iva t ion  is 

enhanced 2-3-fold. React iva t ion  oJ~ FeLV is associated wi th induct ion of cytoplasmic p27 

in t5-30% (mean 21%) of untreated regressor cat  bone rnarrow cells and 20-32% (mean 

25%) of CS-treated marrow cells. It has been concluded that the steroid ampl i f i ca t ion  

o[ v i ra l  product ion is due to increased v i ra l  repl icat ion in a f ixed populat ion (20-25%) of 

marrow ceils that  harbor FeLV infect ion. 
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Maternal  immuni ty  does not p ro tec t  against congenital  exposure to FeLV-R or FeLV- 

KT (Rojko et al., 19g2a; Hoover et al., i993). React iva tab le  FeLV also has been found 

in cul tured marrow and thymus of congeni ta l ly  exposed ki t tens born to regressor queens. 

Passive colostral  t ransfer of maternal  FeLV-neutra] iz ing ant ibody to suckling neonates 

(Hoover et al., 1977) l ikely is responsible for maintenance of the neonatal in fect ion in its 

nonproduct ive, but react ivatab le ,  form (Rojko et al., 19g2a). The react iva t ion  of FeLV 

from marrow, but not tumor cultures, of ~, of g cats wi th FeLV-negat ive Iymphomas has 

been in terpreted as evidence that  FeLV may be a factor  in nonproducer Iymphomagenesis. 

Possible mechanisms of nonproducer lymphomagenesis are discussed in Section III.C.3. 

10. Cel lu lar  and immune responses to react iva ted FeLVs 

A simi lar coupling of virus latency in v ivo wi th viral  react iva t ion  in v i t ro  described 

for the putat ive human herpesvira] oncogen, the Epstein Barr Virus (EBV) (Thor ley-Lawson, 

]980) has been a t t r ibu ted  to the presence versus absence of host immunologic 

conta inment  of v i ra l l y  infected cells. Furthermore,  v i ral  persistence in the face of an 

irnmune response holds true for other re t rov i ra l  systems, including equine infect ious 

anemia (Crawford et a l ,  197g), visna virus infect ion in sheep (Narayan e t a ] . ,  1977), 

enzoot ic  bovine leukosis (Piper et al., 1979) and the recent ly  described endemic human 

T-cel l  leukemias (Gotoh et al., 1992). The role of host ant iv i ra l  defenses in the 

maintenance of FeLV infect ions in their  dormant phases also has been invest igated (Rojko 

et al., 19g2). Regressor cats e f fec t  both cel l -dependent and ant ibody-dependent k i l l ing 

of autochthonous marrow cells wi th reac t iva ted virus but do not ki l l  freshly isolated 

marrow cells. Cells from FeLV-naive cats have minimal  c y t o t o x i c i t y  ( 2 0 % )  against 

autochthonous freshly isolated or cul tured marrow cells. That the k i l l ing of FeLV- 

infected marrow cells by immune PBML and sera has biologic relevance is suggested by 

the corre la t ion of decreases in c i rcu la t ing neutrophi l  and lymphocyte numbers wi th 

cur ta i lment  of virus rep l icat ion and appearance of FOCMA ant ibody in regressively 

infected cats. 

[ l .  Repl icat ion versus rest r ic t ion of FeLV in cats 

The probable lymphoret icu lar  e f fectors  of v i ral  rest r ic t ion induced by each stage of 

FeLV repl icat ion are charted in Table .5. 

B. Hemolymphoret icu lar  Cells as Targets for Nonneoplast ic and Neoplast ic  Disease 

1. lmmunosuppression 

Many oncogenic retroviruses are associated wi th a dramat ic  loss of immuno- 

competence short ly a f ter  infect ion. In the fel ine system, immunosuppression accompanies 

induct ion of marrow origin v i remia  (see Section II.A.6), precedes detectab le  neoplast ic 

t ransformat ion by months, and predisposes pers istent ly  in fected cats to a var ie ty  of 

in tercurrent ,  of ten opportunist ic ,  pathogens. Viremic cats most commonly die of 

concurrent  enter i t is ,  g ingiv i t is ,  pneumonia, or sepsis of bacter ia l  or igin; infect ious 

per i ton i t is  of coronaviraI  or igin;  or disease of hemotropic (Hemobartonel la  fells) or 

mu l t i t rop ic  (Toxoplasma gondi) parasi t ic  or igin (Cot ter  et al., 1975). In other preleukemic 

or leukemic cats in nature, c l in ica l  mani festat ions of immunomodulat ion include 
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peripheral lymphopenia, thymicolymphoid atrophy, c i rculat ing immune complexes, hypo- 

complementemia,  and membranous glomerulonephri t is or per iglomerular fibrosis (Anderson 

et ah, 1971; Essex et al., 1975; Kobil insky et ah, 1979; Jakowski et al., 19g0; 3ones et 

aJ., 1980). 

lmmunosuppression, therefore, is the most frequent and the most devastat ing ef fect  

of FeLV in its natural host. In this section, evidence for the T-cel l  specif ic i ty and the 

viral  plS(E) mediat ion of FeLV-induced immunosuppression wi l l  be examined. Recent 

exci t ing data impl icate prostagJandins, cycl ic nucleotides, and inter]eukins as cr i t ica l  

second messengers in the transmission of the T-ceil  specific lymphosuppressive signals 

in i t ia ted by plS(E). 

a. Depression of cel l -medMted immuni ty in v i remic cats 

The f i rst  clear demonstrations that v i remic cats have decreased cel l -mediated 

immuni ty  in v ivo were those of Perryman et ah (1972) and Hoover e t a ] .  (1973). A l logra f t  

re ject ion responses in persistently infected ki t tens were delayed early in preleukemia (.5 

WAE) and were correlated inversely with thymus weight. Severe thymic atrophy and 

paracort ica] lymphoid depletion were present by 5 WAE to FeLV and thereaf ter .  In these 

and later  studies, evidence for thymic or paracort ical  lymphocyte necrosis (Hoover e ta ] . ,  

]973,1976) and for FeLV repl icat ion in T-cei l  areas (Rojko et ah, 1979a) were not found. 

Thymicolymphoid depletion, therefore~ was at t r ibuted to al tered t ra f f i c  of thymocyte  

precursors from marrow to thymus, and al tered t ra f f i c  of mature thymocytes to splenic 

and nodal paracortex. It is unl ikely that impairment of ce l l -mediated immuni ty  is due 

only to the absence of the thymus as thymectomy of weanling kit tens does not lead to 

a l terat ions in skin graf t  re ject ion or lymphocyte blastogenesis (Hoover et aJ., 197g). 

Evidence is accumulat ing that the immunoabrogation induced by FeLV is T-cell  

specific. With the onset of v iremia, exper imenta l ly  exposed cats also Jose their  capacity 

to respond to the T- lymphocyte mJtogens concanavalin A (con A) and phytohemagglut in 

(PHA) and the antigen keyhole l impet hemocyanin (KL]-I) (Cockerel l  et ah, 1976a,b,c). 

Reac t iv i t y  to Staphylococcal Protein A and to the B-cell mitogen l ipopolysaccharide (LPS) 

are comparable to nonviremic cats (Rojko e t a ] . ,  19g3b). Peri toneal macrophages from 

persistent ly infected cats repl icate FeLV but do not d i f fer  from uninfected cat 

macrophages wi th respect to their  surface FcR, phagocytosis of opsonized erythrocytes 

or uncoated Candida ~neumotropica, ki l l ing of Staphylococcus aureus, or chemotact ic  

responses to complement fragments (Hoover et a]., 19gl; ]Rojko et ah, 1983b). 

Persistently infected neutrophils also display normal chemotaxis and bacter ial  ki l l ing. 

The adduction of T-cel l  speci f ic i ty also is supported by recent observations that 

natura l ly  v i remic pet cats make inef fect ive lgG responses to the synthetic polypeptide 

mult ichain (L- tyros ine-L-g lu tamic  acid)-poly-DL-alanine-poiy-L- lys ine,  denoted TGAL, as 

determined by enzyme-l ined immunosorbent assay (ELISA) (Trainin et al., 19g3). 

Production of lgG antibodies to TGAL is delayed and great ly reduced in v i remic cats 

versus uninfected controls. IgM antibodies to TGAL are similar in infected and unin- 

fected cats. TGAL is a T-dependent antigen in the rodent and i t  is l ikely that i t  
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evokes the same general  class of response in the cat.  If so, product ion of normal  IgM 

and reduced IgG ant ibody levels m igh t  ind icate  normal  B-cel l  funct ion and impai red T- 

helper cel l  funct ion.  Fur ther  support of  this thesis l ies in analysis of the humoral  

ant ibodies to  FeLV-associated tumor  ant igens in v i remic  versus la ten t l y  in fected ( immune 

regressor) cats. L a t e n t l y  in fected cats mount  strong~ persistent  IgG responses to 

FOCMA-L ,  def ined by r e a c t i v i t y  w i th  surface membrane ant igens of the v i rus-producer ,  

fe l ine l ymphoma cel l  l ine (FL7tt). If v i r em ic  cats develop IgG ant ibodies to FQCMA-L ,  

these ant ibodies are diminished in t i t e r  and de layed in appearance by 2-5 weeks re la t i ve  

to those of regressor cats (Mathes and Olsen, 19gl).  In v i rem ic  cats, however,  low levels 

of lgM ant ibodies reac t i ve  w i th  the surface of FL-74 cel ls arise ear ly  in~ and persist 

throughout ,  p re leukemia  (Mathes and Qlsen, 19gl).  Thus, a pu ta t i ve  T-helper de fec t  may 

be assigned to cats w i th  pers istent ,  p roduct ive  FeLV in fec t ion .  FeLV-induced immuno-  

suppression may prov ide a model  for  the speci f ic  impa i rmen t  of OKT-4 posi t ive T-he lper  

cel ls observed fo l l ow ing  in fec t ion  of human cel ls w i th  the human T-cel l  leukemia  virus 

(HTLV, Miyoshi  et  al., 1981; Poiesz et  al., 1981; Popovic et  al., 1982; see Sections V.I ,3).  

T-ce l l  suppression by FeLV is not l im i ted  to the T-helper  populat ion.  Leukemic  cats 

are predisposed to diseases such as Coomb's  pos i t ive  anemia and membranous g lomeru-  

lonephr i t is  which may be p rec ip i ta ted  by suppressor ce l l  dysfunct ion.  This aspect of 

FeLV- re la ted  immunosuppression has been studied by eva lua t ing  suppressor cel l  funct ion 

in v i t r o  (St i f f  and Olsen, 1982). The technique involves the e l im ina t ion  of T-suppressor 

cel ls by shor t - te rm incubat ion (2t~ hours) in v i t ro .  A f t e r  incubat ion,  the lymphocytes  are 

t rea ted  w i th  mi togen and then cu l tured as a typ ica l  l ymphocy te  blastogenesis test.  

Norma l  fe l ine per iphera l  blood mononuc lear  leukocytes demonst ra te  t~-fold increases in 

DNA synthesis (p .005) in response to subopt imal  concent ra t ions  of con A (0.1 ug /we l l )  

added at 2t~ hours re la t i ve  to cel ls s t imu la ted  at  0 hours. Increased DNA synthesis by 

cel ls aged 2t~ hours in v i t r o  is in te rp re ted  to mean a t tenua t ion  of normal  suppression 

consequent to pre incubat ion.  In cont ras t ,  when cel ls f rom v i remic  cats are incubated for 

24 hours, a s ign i f icant  increase in con A s t imu la t ion  is not observed (St i f f  and Qlsen, 

1982). This suggests tha t  v i r em ic  cats lack c i rcu la t ing  suppressor cells or that  these cel ls 

are not funct ion ing as those in normal  cats w i th  normal  per iphera l  blood mononuc lear  

leukocytes.  In teres t ing ly ,  v i r em ic  cats develop depressed c i rcu la t ing ,  spontaneous 

suppressor cel l  a c t i v i t y  concomi tan t  w i th  the red is t r ibu t ion  of Fc P. and T-cel ls  to the 

mesenter ic  lymph nodes (Rojko et  al., 1979a; Ro jko et  al., 1983b). Fu r the rmore ,  

na tu ra l l y -occur r ing ,  shor t - l i ved  cel ls in the per iphera l  blood of FeLV-naive cats are known 

to res t r i c t  FeLV rep l i ca t ion  under condi t ions of in v i t r o  exposure (Rojko et  al., 1979a; see 

Sect ion l l I .A . l . b ) .  C lear ly ,  this inverse re la t ionsh ip  between virus product ion  and 

suppressor ce l l  a c t i v i t y  demands fu r the r  a t ten t ion .  

b. E f fec ts  of k i l led FeLV and v i r ion s t ruc tura l  components on the immune 

system 

The in i t i a l  ev idence that  abrogat ion  of immune responses might  be the p roper ty  of 

fe l ine re t rov i r a i  s t ruc tura l  components has been prov ided by Schal ler  e t  al.  (1977). In 
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these  exper imen t s ,  the s imul taneous  adminis t ra t ion  of killed FeLV and FOCMA vaccine 

prepara t ions  p reven ts  the  induction of e f f ec t i ve  FOCMA antibody responses.  Vaccinated 

k i t tens  subsequent ly  are  chal lenged with highly sa rcomagenic  FeLV-FeSV prepara t ions  or 

leukemogenic  FeLV-R. Those k i t tens  receiving vaccines  conta in ing killed FeLV have 

enhanced  sa rcoma  e n g r a f t m e n t  (FeSV challenge) or enhanced suscept ibi l i ty  to FeLV 

vi remia  and disease (FeLV-R challenge) re la t ive  to ki t tens  receiving the FOCMA vaccine 

alone. Ki t t ens  receiving FeLV have larger tumors  and a higher pe rcen tage  of progress ive 

mal ignancies .  

In addition to causing tumor  e n h a n c e m e n t  and abrogat ing tumor  immuni ty  in vivo, 

inac t iva ted  FeLV in te r fe res  dras t ica l ly  with lymphocyte  funct ion in vivo. Incubation of 

peripheral  blood mononuclear  cells from FeLV-naive ca t s  with serum from viremic ca t s  

or with u l t r av io l e t - t r e a t ed  FeLV in vitro causes  loss of lymphocyte  reac t iv i ty  to T-cell 

mi togens  (Cockerell  et  al., 1976; Mathes  et  al., 197g; Hebebrand et  al., 1979) and 

al logeneic leukocytes  (Stiff and Olsen, 1983), and depression of lymphocyte  me mbra ne  

lect in receptor  mobili ty (Dunlap et  al., 1979; Lewis and Olsen, 1983). The quant i ty  of 

inac t iva ted  FeLV suf f ic ien t  to inhibit b las togenes is  and me mbra ne  receptor  mobili ty is not 

cy to tox ic  to lymphocytes  as assessed  by trypan blue dye exclusion of parallel  cul tures .  

Fu r the rmore ,  i n t e r f e r ence  with lec t in- induced even t s  is not due to nonspecif ic  t rapping 

of lect in by FeLV. Lymphocytes  incubated with FeLV d e m o n s t r a t e  reduced lect in 

capping. Similar m e m b r a n e - r e l a t e d  lymphocyte  def ic iencies  accompany  lymphoma m 

man, FeLV v i remia  in ca ts ,  and Friend MuLV infect ion in mice. Per ipheral  blood 

mononuclear  leukocytes  (PBML) from FeLV-naive ca t s  undergo con A capping with a mean 

capping ra te  of 17%. In con t ras t ,  PBML from viremic ca t s  with or wi thout  lymphoma 

and PBML from FeLV-naive ca t s  t r ea ted  with inac t iva ted  FeLV in vitro exhibit  a mean 

capping ra te  of 7-10% (Hebebrand et  al., i979; Dunlap e t  al., 1979; Lewis and Olsen, 

19g3). 

To de l inea te  the FeLV componen t  responsible for the immunosuppress ion ,  FeLV has 

been f r ac t i ona t ed  into its componen t  proteins  and each f ract ion t e s ted  for suppression of 

mi togen- induced  blas togenesis .  The resul ts  have identif ied a f rac t ion of FeLV insoluble 

in aqueous buf fe rs  with suppress ive proper t ies  equal to inac t iva ted  FeLV. Other  FeLV 

prote ins  (i.e., gp70, p27) do not possess this biological property.  Fur ther  purif icat ion of 

the FeLV suppress ive  f rac t ion  has revealed a l§,000 (FeLV plS(E)) dalton protein on 

polyacry lamide  gel e lec t rophores is .  Purif ied FeLV pIS(E)) has been shown to be 

suppress ive  to the mi togen- induced  LBT at  a concen t ra t ion  of 0.2 ug/well  (Mathes et  al., 

1978; Hebebrand et al., 1979). 

In v ivo admin is t ra t ion of FeLV p15(E) reduces the cats response to FOCMA and 

increases the cats' suscept ib i l i ty  to FeLV disease. The in v ivo biologic ef fects of FeLV 

plS(E) are very s imi lar  to the ef fects of inact iva ted FeLV. In addit ion to tumor 

enhancement and decreased FOCMA ant ibody response, adminis t rat ion of FeLV pl5(E) 

in ter feres wi th  the apparent helper e f fec t  of T- lymphocytes and blocks the apparent 

conversion of lgM to IgG FOCMA antibody. Cats given FeLV plS(E) develop persistent 
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lgM FOCMA antibody with only low levels of IgG (Mathes and Olsen~ 1981). This profile 

is similar to those produced by cats  that  possess progressive FeLV/FeSV tumors or 

persis tent ly viremic cats.  

c. Ef fec ts  of FeLV and/or FeLV pl§(E) on lymphocyte function of 

heterologous hosts 

Interest  in the biologic e f f ec t  of FeLV pIS(E) on the lymphocyte functions of animal 

hosts other  than cats  has been st imulated by its resemblance to the 15,000 dalton 

envelope protein of murine leukemia virus (MuLV plS(E)) (Ikeda and Wright, 1975). FeLV 

pIS(E) possesses remarkable interspecies  antigenic react ivi ty  dist inct  from interspecies  

de te rminants  on FeLV p27, suggesting that  FeLV plS(E) is a highly conserved protein and 

that  its biologic propert ies  should not be res t r ic ted  to its homotypic host (cat). 

Subsequent studies revealed that  FeLV pI3(E) depresses blastogenesis to mitogens and 

antigens in PBML of nearly all normal human donors (Hebebrand et  al., 1979). FeLV 

pIO(E) also markedly inhibits con A capping in human PBML (Hebebrand et  al., 1979; 

Dunlap et  al., 1979; Lewis and Olsen, 1983). Moreover, canine and bovine but not equine 

PBML are permissive to FeLV repression of mitogen-induced blastogenesis.  These studies 

clearly indicate that  FeLV p15(E) can cross species barriers to abrogate lymphocyte 

proliferat ion and membrane receptor  mobility. 

d. Ef fec t  of pIS(E) on interleukin secret ion and act ions 

Recent  reports  (Copelan et  al., 1983) reveal a mechanism for inact ivated FeLV- and 

FeLV-derived, plO(E)-induced repression of lymphocyte blastogenesis.  They examine 

factors  that  contr ibute  to maximal T-cell proliferat ion in reaction to con A. Such factors  

include the production of interleukin 1 (IL-1) by accessory monocytes,  the secret ion of 

interleukin 2 (1L-2, T-cell growth factor  - TGCF) by con A-ac t iva ted  T-cells, and the 

rec ru i tment  of secondary T-cell ta rgets  in response to interleukin 1 and TCGF. 

Using standard assays, monocyte-deple ted  T-cell populations require the addition of 

autologous monocytes or their biologic product,  interleukin 1, to a t ta in  maximal 

blastogenesis.  Preincubation of monocytes with inact ivated-FeLV does not abrogate  their 

ability to res tore  blastogenesis  to monocyte depleted PBML~ nor does it diminish their 

secre t ion of interleukin 1 in response to lipopolysaccharide stimulation. Fur thermore,  the 

interleukin I produced by FeLV-treated monocytes is fully e f f ec t ive  in initiating t r i t ia ted  

thymidine incorporation by human T cells or mouse thymocytes .  Lastly, the addition of 

autologous monocytes to FeLV-suppressed lymphocytes results in partial  reversal  of 

lymphocyte suppression (Copelan et  al., 1983). Whether this pro tec t ive  e f f ec t  resides in 

the ability of monocytes  to degrade or entrap FeLV plS(E) or to sec re te  factors  which 

pro tec t  the T-cell membrane from FeLV p13(E) damage is not known. 

The failure of FeLV plS(E) to depress interleukin 1 production by, and accessory 

function of, human monocytes  in vitro is reminiscent  of its failure to induce dysfunction 

in ca t  monocytes  (macrophages) in vitro and in vivo (Hoover et  al., 1981; Rojko et  al.~ 

1993b). Chemotac t ic ,  phagocytic and bactericidal  act ivi ty of FeLV plS(E)- t reated 

peri toneal  macrophages are comparable  to unt rea ted  controls.  Similarly, peri toneal  
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rnacrophages from virernic cats behave exact ly  as macrophages from normal cats in 

assays for chemotaxis, opsonJc and nonopsonJc phagocytosJs, and bacterial  ki l l ing. 

Therefore, i t  is irr@robable that FeLV pIS(E) effects T lymphosuppression by inducing 

monocyte (macrophage) dysfunction. This contrasts with observation that ant igenical ly  

similar, 15,000 dalton, proteins derived from human and murine [ymphomas, inhibit 

monocyte (macrophage) functions. MuLV pIO(E) prohibits macrophage accumulat ion in 

response to intraper i toneal  inject ion in mice. The 1§,000 dalton protein isolated from 

human malignant lymphomas (Cianciolo et al., 198I) renders human monocytes immobile. 

Of more relevance to the mechanism of lymphosuppression is the dramat ic decrease 

in the secretion of, and response to~ TCGF in FeLV- and plS(E)-treated PBML (Copelan 

et al., 19S3). In these experiments, monocyte-depleted, T-cells are incubated wi th 

inter leukin 1 and con A and their supernatants tested for TCGF. FeLV- and plS(E)- 

t reated monocyte-depleted T-cells produce less than 2% of the amount of TCGF produced 

by untreated, rnonocyte-depleted T-cells. [>,elated experiments show that FeLV and pl5(E) 

t reatment  also renders T-cells unresponsive to exogenous TCGF. Copelan et al. (1983) 

conclude that FeLV p15(E) d i rect ly  suppresses lymphocyte pro l i fera t ive function through 

prohibi t ion of secretion of a TCGF and prohibi t ion of the response to TCGF. 

Avian and routine retroviruses also repress lymphocyte blastogenesis in their  

homotypic host. Avian retrovirus pIS(E) has irnmunosuppressive action equivalent to FeLV 

pIS(E) and recent studies by Wainberg et al. (I9S3) demonstrate that bJastogenesis can be 

restored to suppressed cultures with the addit ion of suff ic ient TCGF. The sum tota l  of 

these findings is that retrovirus cornponents, especially the p15 envelope protein, disrupt 

recruited lymphocyte pro l i ferat ion by el iminat ing secretion and action of TCGF. 

e. Involvement of prostaglandins and cycl ic nucleotides in lyrnpho- 

suppression by FeLV pIS(E) 

Summation of work by several investigators involving pISE inhibi t ion ot receptor 

capping, TCGF and erythroid burst promoting t actors (see Section lII.C.2) responses 

focuses at tent ion to the lymphocyte surface. FeLV pI5(E) is highly hydrophobic and may 

bind readily to the lipid of the bimolecular  leaf le t  and thus in te r rupt  normal  membrane  

function.  The prostaglandin and cyclic nucleot ide sys t ems  are logical candida tes  for 

e f f ec to r s  of the T-cell  suppression induced by FeLV plS(E). Both are linked closely to 

the immune  sys tem,  cell m e m b r a n e - m e d i a t e d  events ,  mobili ty and express ion of cell 

surface receptors and regulation of cell pro l i ferat ion.  Furthermore, colchicine, a 

microtubule disrupting agent, reverses FeLV suppression of lect in receptor mobi l i ty .  This 

has been interpreted to signify stabi l izat ion of microtubules by FeLV, an action l ikely 

interdependent with cycl ic nucleotide metabolism. Lewis et al. (19g3a) have tested the 

putat ive involvement of cycl ic nucleotides and prostaglandins in FeLV-related lympho- 

repression. Various drugs known to influence the intermediary metabolism of prosta- 

glandins have been evaluated for their  e f fect  on FeLV plS(E)-associated inhibit ion of 

lect in membrane receptor mobi l i ty  and lect in- t r iggered rnitogenesis. Micromolar  concen- 

trat ions of the exogenous prostaglandins El ,  E2, D2, F 2 and 6-keto-F 1 n and their  
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precursor arachidonic acid also have been examined for their  d i rect  action on normal 

lymphocyte blastogenesis and their  conjoined actions with FeLV plS(E). The results 

indicate that only prostaglandins of the E series are e f fec t ive  depressors of blastogenesis 

alone (40-50% suppression) or e f fec t ive  depressors in conjunction with FeLV plS(E) (12% 

suppression). Prostaglandin E2, however, reverses FeLV-induced capping deficits. Two 

known cyclo-oxygenase inhibitors, indomethacin and nordihydroguararet ic acid (NDGA), 

reverse the plS(E) suppression of the con A receptor capping mechanism and the con A 

blastogenic responses. NDGA (1 uM) and indomethacin (0.1-1 uM) reverse suppression 

when ]ymphocytes are obtained from v i remic donors exposed to FeLV plS(E) in v i t ro  

(Lewis and Olsen, 1983; Lewis et al., 1983a). An inhibi t ion of prostacycl in synthetase, 

t ranylcypromine,  and an inhibi tor  of thromboxane synthetase, imidazole, are wi thout  

ef fect .  In studies of normal human donors and patients with immunosuppressive disorders, 

cyclo-oxygenase inhibitors have been shown to enhance mitogen responsiveness (Goodwin 

and Webb, 19g0). Reversal of immunosuppression probably is due to inhibit ion of PGE 2 

production which has been correlated posit ively with suppressor cel l  act iv i ty .  Regarding 

the lat ter ,  Lewis et al. (1993a) noted that PGE 2 could d i rect ly  suppress fel ine lymphocyte 

funct ion or add to the depressive ef fect  of FeLV. These results c lear ly impl icate 

prostaglandins as intermediar ies of the FeLV-induced abrogation of lymphocyte reac t i v i t y  

to lectins. 

It is known that conA causes a rise in int racel lu lar  cycl ic AMP levels in st imulated 

lymphocytes. Lewis e t a ] .  (1993a) hypothesize that the incorporat ion of FeLV plS(E) into 

the lymphocyte plasma membrane may inter fere wi th the Ca++/calmodulin transduction 

of the membrane signal which leads to the act ivat ion of adenylate cyclase. They have 

shown that  t rea tment  of l ymphocy tesw i th  FeLV plS(E) has no measurable e f fec t  on 

cel lu lar  PGE 2 or cycl ic GMP levels but that it does inhibit  cycl ic AMP accumulat ion in 

the presence of con A. Of greater interest is the direct  act ivat ion of adenylate eyclase 

by forskol in which reverses FeLV suppression of lymphocyte function by raising 

in t racel lu lar  cycl ic AMP to unsuppressed levels and, hence, restores blastogenic and 

capping responses. Forskolin is known to bypass the GTP-binding (second) site for 

adenylate cyclase and act iva te  the ca ta ly t i c  (third) site direct ly.  Two other observations 

are relevant to the probable mechansim of FeLV plS(E) action. First, indomethacin 

reversal of FeLV plS(E) lymphosuppression also is associated with return of int racel lu lar  

accumulations of cycl ic AMP in react ion to con A (Lewis and Olsen, 1993). Second, 

phosphodiesterase inhibitors which promote int racel lu lar  increments in cycl ic AMP by 

prohibi t ing its catabolism do not protect  lymphocytes from FeLV suppression nor do they 

enhance in t racel lu lar  cycl ic AMP levels in lymphocytes co-exposed to FeLV plS(E) and 

con A (Lewis and Olsen, 1993). Al l  things considered, i t  is highly plausible that the 

or iginal act ion of FeLV plS(E) at or in the cell membrane is to block the tr igger ing of 

the Ca++/calmodul in-dependent act ivat ion of adenylate cyclase. A l te rnat ive ly ,  the 

insertion of this hydrophobic bulky plS(E) may block microtubule and membrane function 

by a space-occupying mechanism alone. The codepressive ef fect  of PGE 2 on FeLV 
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suppression of lectin responses most likeJy is associated with enhanced blocking at or in 

the membrane.  Failure of generation of the second messenger (ycl ic  AMP leads to 

failure of transmission of the message to prol i ferate  or to undergo capping in response 

to the lectin signal. 

2. Anemiagenesis  

Preleukemic erythroid aplasia is second only to immunosuppression as a cornmon 

mani festat ion of FeLV v i remia in natural ly  infected cats (Cot ter  et al., 1975). 

ExperimentaJ inoculat ion of immature (Hoover et al., 197z~; Mackey et al., 1975; Boyce 

et al., 1981; Onions et al., 1982; Testa et al., 1983) or cort icosteroid-suppressed adult 

cats with anemiagenic subgroup C FeLVs (FeLV-KT, FeLV-Sarma) leads to progressive 

nonregenerat ive anemia and death wi th 10-16 weeks. Packed cell volumes of 5 to 15°6 

re f lec t  severe deplet ion of marrow erythro id precursors and a shif t  in the mean 

myeloid:erythroJd (M:E) rat io  f rom 1.6 in normal, age-matched controls to 10.O in anemic 

cats (Boyce et al., 1981). Lymphopenia, severe paracor t ica l  lymphoid deplet ion, thymic  

atrophy and cachexia are invariable (Hoover et al., 197/4; Mackey et al., 1975). Anemia 

and lymphoid deplet ion may be accompanied by pancytopenia, medul lary fibrosis or 

osteosclerosis, and hemorrhagic enter i t is  (Hoover et al., 1978; Mackey et al., 1975). 

Shortening of the ery th rocy te  l ifespan in preanemic and anemic cats may cont r ibute to 

the sever i ty  of the anemia (Hoover e t a ! . ,  197L~), but probably is minor compared to the 

profound select ive loss of ery thro id  precursors ear ly in the preanemic period (Boyce et 

al., 1981; Onions et  al., 1982; Testa et  al., 1983). 

Recently,  colony-forming assays (Fig. 2) for feline marrow erythroid, myelo- 

monocytic and fibroblastic precursors have been used to invest igate the pathogenesis ot 

this preleukemic red cell hypoplasia. Marrow cultures from FeLVc- infec ted  cats  show 

select ive depression of erythropoiesis  with minimally al tered granulopoiesis (Boyce et  al., 

1981; Onions e t  al., 1982; Testa et  al., i983). Relatively mature erythroid precursors,  

designated CFU E (colony-forming units-erythroid) decrease  by 3-5 weeks a f te r  exposure 

(WAE) prior to the onset of anemia (5WAE) (Boyce et  al., 1981). More dramatic  is the 

rapid fal l  of p r im i t i ve  ery thro id precursors, designated BFU E (burst- forming units- 

erythroid)  to 25% of that in uninfected, age-matched controls by i WAF and to 10% by 

2 WAE and thereaf ter  (Testa et al., 1983). In FeLVc- in fec ted,  preanemic and anemic 

cats, myelomonocyt ic  precursors (CFUGM) usually are unaf fected but sometimes are 

increased t ransient ly  (Boyce et al., 1981). Four of 5 cats also have 3-7-fold increases in 

colonies of f ibroblast - l ike,  nonmacrophagic cells at tached to the surface of the cul ture 

dish (Testa et al., 1983). This may be the in v i t ro  equivalent of the in v ivo capaci ty  to 

develop rnyelof ibrosis (Hoover et al., 197L~). 

These severe decreases in BFU E and CFU E fo l lowing viral  infect ion mimic those 

seen in human apJastic anemias of id iopathic origin and are d ist inct  from the arrested 

maturat ion described for anemias induced by Friend and Rauscher murine leukemia 

viruses (MuLVs). In the mouse anemias, maturat ion blocks occur re la t ive ly  late in 

erythrogenesis and are ref lected in enhanced CFU E and BFU E numbers. Hankins (1983) 
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has demonstrated elegantly that both anemiagenic and polycythemiagenic strains of 

Friend virus directly trigger the polyclonal expansion of the EPO-positive BFU E. In 

Rauscher anemias (de Both et al., 1980), the erythrocyte lifespan is reduced drasticaUy, 

thereby worsening the anemia. 
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Figure 2. 

I I  I 1  t r  

POTENT COMMITTED DIFFERENTIATED BLOOD 

Proliferation, Differentiat ion,  and Assay of Feline Marrow Cells. Single 
cell suspensions of bone marrow mononuclear cells are cultured in semi- 
solid media (usually methylcelluJose) with the appropriate growth pro- 
moters erythropoietin (EPO), bLrst-promoting act ivi ty  (BFA), or colony 
stimulating factor (CSF). The most primit ive erythroid precursor 
assayable is the burst-forming unit-erythroid (BFUE). BFU E are large 
colonies with multiple subunits that arise after 7 to 10 days, and are 
focused around a central nurse macrophage. BFU E probably require cell- 
to-cell  contact for their development, are sensitive to high levels of EPO, 
and absolutely require BPA produced by the central marrow adherent 
macrophage. In the earliest phase of BFU E generation, T-cells l ikely 
trigger the release of BPA from the marrow adherent cell. The colony- 
forming unit-erythroid CFU E represents a more mature (committed) ery- 
throid precursor. CFU E are smaller than BFUE, arise earlier in culture 
(2 to 5 days), and are sensitive to low levels of EPO. The myelomo- 
nocytic precursor assayed is a committed stem cell with the potential for 
granulocytic or monocytic di f ferent iat ion and is designated the colony 
forming unit-granulocyte/macrophage (CFUGM). Certain cultured cell 
lines, macrophages, urine, and endotoxin-activated serum serve as sources 
of colony stimulating factors necessary for myelomonocytic colony 
formation in methyl cellulose. 

I 
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The mechanisms that underl ie this specif ic e ry th roa l te ra t ion  by subgroup C FeLV 

are not known. In man and the mouse, cul ture of co lony- forming bematopoiet ic  cells has 

ident i f ied stem cel l  defects, mJcroenvironrnental disorders and lymphore t icu lar /hemato-  

poiet ic  cel l  interact ions as pathogenet ic in aplast ic anemia (Cami t ta  et al., 1982). Tile 

sustained myelornonocyt ic precursor ac t i v i t y  in FeLV-infected anemic and preanemic cats 

implies a viable p lur ipotent  stem cell  with capaci ty  for myelomonocyt ic  d i f fe rent ia t ion.  

This argues against a FeLV-induced stem cell  defect  and for a commi t ted  ery thro id  

precursor defect.  A simple explanat ion might reside in a simple def ic iency of the 

ery thros t imu la tory  growth factor,  ery thropoie t in  (EPO), in the face of normal levels of 

colony st imulat ing factors (CSFs) that  favor myelopoiesis. BFU E and CFU E require EPO 

for clonal expansion, maturat ion and hemoglobinizat ion;  and BF/I E are sensit ive only to 

high levels of EPO. That FeLV induces a simple EPO def ic iency,  however, is improbable 

because FeLV anemic cat marrow is re f rac tory  to exogenous EPO in v i t ro  and FeLV 

anemic cats have elevated plasma EPO levels in v ivo (Hoover et al., 1970). 

It is more plausible that impairment  of fel ine ery thro id (:ell growth by FeLV C may 

involve v i ra l - induced inhibi t ion of cel l  pro l i fera t ion or host immunopathologic reactions 

against FeLV-infected progenitors. Evidence for a d i rect  an t ip ro l i fe ra t i ve  e f fec t  is found 

when bone marrow cells from FeLV-naive cats are exposed to various strains of FeLV in 

vitro and assayed for CFUE, BFUE, and CFfJGM in methyl cellulose (Testa et  al., 1983; 

Rojko et  al., 1983a). Exposure to FeLV C (Sarma), FeLVAB C (KT), or FeLVAB (Ohio State 

Rickard FeLV) but not FeLV A (Glasgow Rickard FeLV) e f f ec t s  z;0-75% reductions in CF/I E 

and P, FU E. Alterat ions in CFUGM relative to sham-inoculated controls are minor. 

Parallel liquid cultures assayed for viability, cell number and cel l -associa ted incorporation 

of t r i t ia ted  thymidine show that this specific; erythrodepression is independent of any 

cytotoxic  e f fec t .  In vitro suppression is corre la ted  positively with iMectivity of the input 

virus and with virus replication by inoculated marrow. Inactivation of FeLV by heat or 

ultraviolet  light leads to restorat ion of CFU E to sham-inoculated levels, lmmuno- 

f luorescence for FeLV p27 and cytologic studies indicate that  the majority of the 

replicating virus recovered from suppressed cultures is produced by rnyelomonocytie 

progenitor cells (Rojko et  al., 1983a). 

These data indicate that both anemiagenic and lymphornagenic fel ine retroviruses 

cause reductions in erythrogenesis in v i t ro.  The requirement for infect ious virus in v i t ro  

and ery throspec i f ie i ty  in v ivo and in v i t ro  are reminiscent of the Friend MuLV 

anemia/poJyeythemia system where infect ious virus induces BFU E and enhances ery thro-  

genesis (Hankins, 1983). Furthermore, in teract ion between hemopoiet ic cells and 

infect ious virus probably is prerequisi te to anemia induction in vivo. In this regard, the 

ear ly fal l  in BFU E (1 WAE) in FeLVc-exposed , preanernic cats exact ly  correlates wi th the 

onset of product ive infect ion of marrow progenitor cells (Hoover et al., 1977; Rojko et 

al., 1979a; Testa et al., 1983). Simi lar ly ,  ery thro id  progenitors produce the Friend-MuLV 

complex as early as #g hours af ter  exposure in vivo (Hankins, 1983). 
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Evidence for immunopathologic reactions against FeLV-infected progenitors is less 

compell ing (Kociba and Wellman, 1983). In anemic cats, CFU E format ion is decreased in 

the absence of autologous serum and unaffected by its presence. In normal, FeLV-naive 

cats, neither the inclusion of pooled sera from anemic cats nor the addit ion of sera from 

cats hyperimmune to FeLVAB C causes suppression of CFU E. 

Last ly,  when marrow from FeLV-naive cats is cultured with increased amounts of 

inact ivated FeLV, select ive decrements in CFU E can be demonstrated. Inclusion of the 

puri f ied vir ion component (plS(E) but not p27 in the methyl  cellulose culture system also 

leads to depressed CFU E (Kociba and Wellman, 1983). The question whether anemia- 

genesis is due to FeLV gp70, pl3(E), repl icat ing virus, or all three, deserves further study. 

In part icular,  the known speci f ic i ty of pI3(E) for T-cel l  suppressions and the observed 

BFU E decrements suggest consideration of the ef fect  of FeLV on T-cel l-dependent, 

macrophage secretion of burst-promoting ac t i v i t y  (Kociba and Wellman, 1983). 

study. In part icular,  the known speci f ic i ty of plS(E) for T-cel l  suppressions and the 

observed BFU E decrements suggest consideration of the e f fec t  of FeLV on T-cel l -  

dependent, macrophage secretion of burst-promoting ac t i v i t y  (Kociba and Wellman, 1983). 

3. Leukemogenesis 

Many of the oncogenic retroviruses, including feline, avian, murine, bovine, gibbon 

ape and human T-cel l  leukemia viruses and the murine mammary tumor virus, induce 

neoplasms only a f ter  long latent  periods of months to years (reviewed in Gilden and 

Rabin, 19g2; Weiss, 1983). With the exception of the human T-cel l  leukemia virus (HTLV), 

these viruses do not immor ta l i ze  cells in v i t ro  (Yamamoto et al., 1992), nor do they 

appear to contain v i ra l  t ransforming genes (Gilden and IRabin, 1982). Often persistence 

of an intact  provirus is not required for the induction or maintenance of the transformed 

state. Ful ly one-third of fel ine lymphomas are negative for FeLV antigens and negative 

for more sensitive indicators of FeLV proviruses (Hardy et al., 1977,1980; Koshy et al., 

1980; Casey et al., 1981). The current ly  favored modes on oncogenesis by long latency 

leukemia viruses include: 

(1) Ac t iva t ion  of c-onc sequences d i rect ly  by promoter insert ion (Hayward et al., 

i991) or act ivat ion of other transforming genes (Cooper, 1992) indi rect ly  by 

insert ional mutagenesis of a regulatory cel lu lar  sequence, 

(2) Indirect v i ra l  effects in which the virus or v i ra l  receptors t r igger a series of 

blastogenic responses mediated by interleukins or hormones but the virus is not 

the final carcinogen (McGrath e t  al., 197g; Lee and Ihle, 1979,1981), and 

(3) The generat ion of highly t ransforming recombinant  viruses with extended host 

range (Elder e t  al., 1977) or leukemia accelera t ing viruses (Nowinski et  al., 

1977). 

Any proposal that  these mechanisms opera te  in feline leukemogenesis must account 

for cer ta in  observations.  First  is the negat ive correla t ion between lymphoid ta rge ts  for 

productive infection and targets  for t ransformat ion (Cockerell e t  al., 1976a, b; Rojko et  
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al., 1979a,19gl) in the face of the posit ive corre lat ion between FeLV v i remia and 

l ikel ihood of neoplasia (see Section II.C.2). Second is the s imi lar i ty  between the 

potent ia l ly  cytopathic FeLV B and cytopathic murine recombinant viruses with high 

leukemogenici ty (Elder and MuJlins, 1983). Third is the role of immunoselection versus 

immunosuppression in the emergence and expansion of leukemic clones. Penult imate, at 

present, is the ident i ty  of FOCMA and its relat ionship to virus producer and nonproducer 

neoplasia. Last is the controversial  et io logy of nonproducer lymphomas and leukemias. 

Studies of the pathogenesis of v i remic FeLV infections have established that B- but 

not T-cel l  repl icat ion of FeLV is a constant feature of preleukemia but that FeLV 

u l t imate ly  transforms T-ceils of marrow or blood origin which migrate to the thymus 

(Cockerel l  et aJ., 1976a,b; Rojko et al., 1979a,19gl). A similar dissociation between virus 

repl icat ion and t ransformat ion occurs in Moloney (Lee and IhJe, 1979; Isaak and Cerny, 

1993) and AKR murine leukemias (Lee and lhle, 1979). The transformed cell is a T-cell ,  

but normal T-cells are not infected with MuLVs and transformat ion of T-cells of marrow 

origin fol lows a prolonged period of v i remia and ecotropic Mo-MuLV or AKV repl icat ion 

by non-T-cells. Whereas the viruses isolated from early preleukemic mice are weak 

oncogens, viruses isolated from preneoplastic and neoplastic thymocytes of early leukemic 

mice are potent oncogens (Eider et al., i977; Lee and lhle, 1979,19gl) or leukemia- 

accelerat ing viruses (Nowinski et al., 1977). Passive antibody to gp71 wi l l  protect mice 

from T-cell  neoplasms only if administered early in preleukemia. The potent oncogens 

are recombinants between ecotropic AKV produced by nonthyrnocytes and xenotropic virus 

produced by thymocytes. The cell capable of generating these recombinants has not been 

ident i f ied but the cr i t ica l  role of the thymic nurse cell in Jeukemogenesis in vivo suggests 

its consideration (Haas, 197g). The recombinat ion event usually is specific to the env 

region and the progeny recombinants have gp71 homologous to both xenotropic and 

ecotropic env gene products. It is known (see Sections I I .A.3,I I .C.I)  that gp71 determines 

host range and biologic propert ies and is the target for VN antibody. Host range is 

extended to include both xenotropic and ecotropic ceils (this is called amphotropism) and 

the newly evoked cy topath ic i ty  for mink cells in l ieu of transforming gene capacity has 

led to the designation mink cell focus-forming (MCF) virus. 

Many parallels can be drawn to FeLV leukemogenesis. Passive antibody to FeLV 

gp70 is protect ive only if administered within the f irst 6 DAE (de Noronha et al., 197g). 

Subgroup A FeLVs are long latency leukemia viruses with highly restr icted host range. 

FeLV A r e p l i c a t e s  e f f i c i e n t l y  only in c a t  ce l l s  and s o m e  s t r a i n s  will r e p l i c a t e  i n e f f i c i e n t l y  

in h u m a n  and c a n i n e  ce l l s  ( S a r m a  and  Log, 1973). C a t s  i n f e c t e d  wi th  known FeLV A 

i so l a t e s  begin  to r e p l i c a t e  FeLV B l a t e  in v i r e m i a  and  FeLV B has  an e x t e n d e d  hos t  r ange  

r e l a t i v e  to FeLV A. W h e t h e r  in vivo c a t  p a s s a g e  a c t u a l l y  r e f l e c t s  r e c o m b i n a t i o n  or 

r a t h e r  s e l e c t i o n  for low leve l s  of EeLV B or ig ina l ly  p r e s e n t  in the  t h y m i c  t u m o r  i nocu lum 

is p rovoking .  N a t u r a l l y  o c c u r r i n g  AKV t h y m i c  t u m o r s  have  only low l eve l s  of  MCF 

v i ruses ,  in v i t ro  p a s s a g e  i n c r e a s e s  t he  MCF c o m p o n e n t  (Elder  e t  al . ,  1977). In th i s  r ega rd ,  

it  p e r h a p s  is u se fu l  to no t e  t h a t  the  or ig ina l  FeLV A i so l a t e  of  F e L V - R i c k a r d  is weak ly  
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leukemogenic, that the Ohio State strain o$ FeLV-R contains both FeLVA and FeLV B and 

is highly leukemogenic (Hoover et al., 1972), and that the Glasgow strain of FeLV-R 

contains FeLV A only and mimics the parental FeLV-R in weak pathogenici ty.  Moreover, 

FeLV B is highly cytosuppressive to normal fel ine marrow and lymphoid cells in v i t ro  

(Onions et al., 1980; see Section II .C.I).  Whether this cytodepressive property is due to 

a v i r ion pl~(E) e f fec t  or due to superinfection wi th unintegratable, and hence toxic,  

proviruses simi lar to that described for cytopathic avian leukemia viruses (We!ler et al., 

1980) is not known. The data proposing FeLV B as a MCF- l ike or leukemia accelerat ing 

virus are reinforced by the recent molecular evidence that the nucleotide sequence of the 

envv gene of FeLV B reveals unique sequence homologies wi th a murine MCF virus (Elder 

and Mullins, 1983). 

Although not an absolute prerequisite to lymphomagenesis, v i remia increases the 

probabi l i ty  of, and decreases the latent  period before, the transtorming event. The 

leukemogenic event usually is considered to be random, however, a high repl icat ing virus 

burden increases the probabi l i ty  of new provira l  integrat ions into sensitive sites in 

sensitive cells. In avian bursal lymphomas, these are sequences upstream from the 

cel lu lar homologue of avian myelocytomatosis virus, the proto-oncogene designated c- 

myc. Integrat ion of provira l  LTRs is suf f ic ient  to in i t ia te  expression of c-myc RNA and 

induce the transformed phenotype in both virus producer and virus nonproducer cells. 

Other lymphomas express cel lu lar  t ransforming genes unrelated to viral  t ransforming 

genes recognized when their  DNA transfected into indicator f ibroblasts evokes transfor-  

mation (Cooper, 1982). These genes may encode transforming (?) proteins related to the 

transferr in fami ly .  Their induction in bursal lymphomas probably is via downstream 

promotion or via insert ional mutagenesis into regulatory sequences that  normal ly function 

to ensure their  repression. The present evidence for downstream promotion or insert ional 

mutagenesis in FeLV lymphomagenesis is not compell ing. Repl icat ion-competent  

proviruses from FeLV-posit ive lymphomas wi l l  cause viral  repl icat ion but not t ransfor-  

mation in NIH 3T3 or fel ine fibroblasts. Repl icat ion-defect ive proviruses from FeLV- 

posit ive tumors and DNA from FeLV-negative tumors cause neither product ive infect ion 

nor t ransformat ion in t ransfect ion assays (Casey et al., 1981; Rosenberg et al., 1981). 

An a l te rnat ive  explanat ion is that the persistent FeLV repl icat ion in non-T-cells 

causes immunost imulat ion of t ransformable T-cells and plS(E)-mediated suppression of 

regulatory T-cells and allows immunoselect ion and clonal expansion of putat ive trans- 

formants. Similar persistent ecotropic virus production by non-T-cells during preleukemia 

is cr i t ica l  to the gp71 specific, immunost imulat ion of uninfected T-cells in Moloney MuLV 

leukemogenesis in AKR and BALB/c mice (Lee and Ihle, 1979,1981). Target cells are 

recrui ted and synchronized by the monokines and lymphokines released early in the gp71- 

induced blastogenic event. A novel lymphokine, inter leukin-3 (IL-3) (Ihle et al., 198i) 

promotes early T-cel l  d i f fe rent ia t ion by convert ing 20 -hydroxy steroid dehydrogenase- 

negat ive lymphocytes to the enzyme-posi t ive state. Therefore, v i ra l  tropisms for trans- 

format ion usually specify not only cel l  l ineage (T versus B) but also stage of cell cycle 
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and stage of cel l  d i f f e ren t i a t i on .  Mo-MuLV lymphomas are 20 -hydroxy  steroid 

dehydrogenase-posi t ive.  HTLV- and f feLV-induced Iymphomas are te rm ina l  t ransferase 

(Tdt ) -negat ive ,  ind icat ing t rans fo rmat ion  of a d i f f e ren t i a ted  T-celJ and not an immatu re ,  

Tdt -pos i t i ve ,  p ro thymocy te .  Fur thermore ,  the densi ty and d is t r ibu t ion  of ce l lu la r  

receptors for virus may depend on cei l  cyc le  or d i f f e ren t i a t i on .  The observat ion that  

leukemic,  but not pre leukemic ,  thymocy tes  in MuLV v i remic  mice have excess receptors 

speci f ic  for the inducing MuLV (McGrath  et  al., 1977) indicates that  v i ra l  l i gand /v i ra l  

receptor  in te rac t ions  modulate not only p roduc t i v i t y  but also I ymphomagen ic i t y  o~r MuLV 

in fect ion.  

A model  proposing the simultaneous occurrence of v i remia  and p ro l i f e ra t i on  and 

d i f f e ren t i a t i on  of t rans fo rmab le  targets  in f feLV- in fected cats must not deny the profound 

an t i p ro l i f e ra t i ve  e f fec t  of plS(E). That workers in this l abora to ry  have been unable to 

demonst ra te  FeLV-gp70- induced blastogenesJs in v i remic  cats may be another  mani fes-  

ta t ion  of p lS(E)-T-ce l l  immunodepression.  However ,  i t  is improbable that  al l  T-ce l l  

subsets are res t r i c ted  equal ly  by pI§(E) (Rojko et  al., 1973b). Se lect ive depression or 

an t i v i ra l  T -e f f ec to r  or T-helper  cells (Trainin et  al., 19g3) could a l low the emergence of 

neoplast ic  subsets whose p ro l i f e ra t ion  is unchecked by pIS(E). Furthermore, the speci f ic  

fa i lu re  of IgG-FOCMA humoral  immunosurve i l lance (see Sect ion III.B.~) would a]Jow 

surv ival  of emerg ing neoplast ic  cells. Induct ion of p ro tec t ion  FeLV in fec t ion  in neoplastic: 

T- lymphoblasts  by exogenous super in fect ion or endogenous reac t i va t i on  of in tegra ted  

FeLV provirus could p ro tec t  the cel l  frorn NK lysis (Dubey et  al., 19g2). 

The general  consensus is that  fe l ine hemolymphoreticular and rnesenchymal 

neoplasms are dist inguished by fe l ine oncornavi r~s-associated cell membrane ant igens 

(FOCMA).  FOCMA-L ,  expressed by the FeLVABc-produc ing ,  fe l ine lyrnphoma l ine FL7~, 

is def ined by IMI using v i remic  or immune cat  serum, and is the pr inc ipal  ta rge t  for 

imrnunosurvei l lance (see Sect ion IILB.~). Con t roversy  regarding its i den t i f i ca t ion  as a 

nonv i r ion versus v i r ion encoded prote in  and tumor -spec i f i c -an t igen  is rampant  (see below). 

FOCMA-S,  generated concomi tan t  w i th  morphologic  t rans fo rmat ion  of cel ls by the 2 most 

common strains of FeSV (Snyder-Thei len [ST-Snyder and Thei len, 1969] Gardner -Arns te in  

[ ( . ; / \ -Gardner et  aJ., 1970]), is a 6_5,000 dal ton phosphoprotein encoded by the I~eSV - 

t ransforrn ing gene, v-fes. Intensive molecu lar  v i ro logy  indicates that  v- fes results when 

a ce l lu la r  gene, c-fes, is co-opted consequent to a recombinat ion  event  in the ~ region 

of FeLV B. The resu l tant  FeLV is de fec t i ve  for rep l ica t ion  having lost pol, env, and 3' 

LZa~g sequences. Transcr ip t ion of the gag-fes sequences of the in tegra ted  FeSV provirus 

( in tegra t ion  being dependent upon FeLV B help) yields a po lyc is t ron ic  mRNA which is 

t rans la ted in to a precursor pro te in  (PS§-PI I0  fes) w i th  pro te in  kinase a c t i v i t y  speci f ic  for 

ty ros ine residues (Barbacid et  al., 19g0; Franchin i  et al., / gg l ;  Hampe et  al., 1992; 

Veronese et  al., 19g2). Phosphory la t ion of proteins in tyros ine is unique to re t rov i ra l  

t rans forming gene products~ the p ro to type  being the poJyprotein pp60 src t rans la t iona l  

product  of the v-src (and c-src) of the avian Rous sarcoma virus (Co l le t t  and Erikson, 

197g). i t  cu r ren t l y  is thought  that  t rans fo rmat ion  is due to phosphory la t ion of tyros ine 
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residues of proteins responsible for membrane-mediated regulat ion of cell shape, 

adhesion, mot i l i t y  and pro l i ferat ion.  In part icular,  pp60 src phosphorylates viment in,  a 

protein that attaches act in to the inner face of the plasma membrane to preserve the 

normal cytoskeleton. That pp60 src binds and phosphorylates cel lu lar receptors for 

epidermal growth factor suggests that pp60 src may disturb regulat ion of cell 

pro l i ferat ion.  In conclusion, FOCMA-S, although heterogeneous, probably is the 

transforming protein of the fel ine sarcoma virus and is encoded by transduced cel lu lar 

genes not helper FeLV sequences. 

Early observations that FOCMA-S and FOCMA-L were ant igenical ly cross-reactive 

have led to the hypothesis that FeLV induces a c-onc sequence in transformable cells and 

that the FOCMA-L thus induced was a tumor-speci f ic antigen (Essex e t a ] . ,  1971a,b; 

Hardy et al., 1977,1980). This has been strengthened by the apparent dissociation 

between expression of FOCMA-L and of FeLV structural proteins: (1) FOCMA is not 

present on nontransformed, FeLV-infected fibroblasts or lymphocytes (Sliski e t a ] . ,  1977; 

Fleissner and Snyder, 1992), (2) FeLV proteins do not absorb FOCMA ac t iv i t y  from 

natural ly  occurring v i remic cat sera (Essex et al., 1971a,b; Stephenson e t a ] . ,  1977), (3) 

VN and ant i -FOCMA (IMI or CDA) ac t iv i ty  in cat sera are not correlated (Essex et al., 

1971a,b) and (4) FOCMA is expressed on the surface of nonproducer (p27-negative) fel ine 

lymphoma cells (Hardy et al., 1977,1980). Furthermore~ a 707000 dalton protein 

immunoprecip i tated from FeLV-negative lymphoma cells has been shown to have a t ryp t ic  

peptide map analogous to a 70,000 dalton protein of FL74 (FeLV-posit ive Iymphoma) 

origin (Fleissner and Snyder, 19g2). 

More recent observations cast doubt on the relat ionship between FOCMA-L and 

FOCMA-S and consider that  FOCMA-L expression correlates with expression of FeLV C 

gp70 epitopes and not the transformed phenotype. First are the observations that the 

FeSV-encoded polyproteins on nonproducer mink cells cannot be immunoprecip i tated by 

FOCMA ant ibody-posi t ive sera from ei ther regressor or natural ly  v i remic cats (Barbacid 

et al., 19g0). Also, neither these sera nor reference monospecific antisera to the v-fes 

gene product immunoprecip i tate proteins from FL74 cells wi th protein kinase ac t i v i t y  and 

v i remic cat sera wi th IM] FOCMA-L ac t i v i t y  usually are negative for FOCMA-S by IMI 

assay (Mathes et al., 1981; Vedbrat et al., 1983). Second, FOCMA-L expression is strong 

on FeLV-KT (FeLVABC)-infected , fel ine embryo f ibroblasts and human lymphocytes (Essex 

et al., 1972; Rice and Olsen~ 1981). The most impressive evidence is found in recent 

reports by Vedbrat et al. (1993). FOCMA ant ibody-posi t ive sera from natural ly  v i remic 

cats react wi th FeLV C gp70 epitopes expressed by budding virus at the cell surface of 

fel ine lymphomas and FeLVc- in fected fibroblasts. The ident i ty  of those epitopes as FeLV 

gp70 comes from extensive analysis using monoclonal antibodies to FOCMA-L and FeLV C 

gp70. 

The ident i f icat ion of FOCMA-L as the translat ional  product of FeLV C env se- 

quences poses an apparent di lemma. Lymphoma-inducing FeLVs usually are subgroup A 

or AB not C. The prototype lymphomagenic FeLV-R produced by the fel ine lymphoma 
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ceil  l ine (F~22) is FeLV A and f i b r o b l a s t s  i n f e c t e d  wi th  F~22 v i rus  do not  e x p r e s s  F O C M A -  

L or FeLV C a n t i g e n s .  However ,  t h e  p a r e n t a l  F~22 ce l l s  do e x p r e s s  FeLV C gp70 on v i r ions  

i n c o m p l e t e l y  budded  a t  t he  p l a s m a  m e m b r a n e  (Vedbrat  e t  al . ,  1983) and,  thus ,  t ru ly  a re  

t he  mode l  for  t h o s e  F O C M A - p o s i t i v e  t u m o r  ce l l s  which  e i t h e r  shed i n f e c t i o u s  FeLVA, 

FeLVA, B or wh ich  shed  no i n f e c t i o u s  FeLV a t  all.  F u r t h e r m o r e ,  F~22 shed n o n i n f e c t i o u s  

FeLV C t h a t  will absorb  t he  a c t i v i t y  of  m o n o c l o n a l  an t i body  to F O C M A - L  or FeLV C gp70.  

Monoc lona i s  f u r t h e r  d i s t i ngu i sh  t h r e e  a n t i g e n i c  d e t e r m i n a n t s  of  t he  FeLV C gp70 mo lecu l e .  

Monoclona l  3192A r e c o g n i z e s  a n t i g e n s  e x p r e s s e d  on budding  v i rus  and cell  m e m b r a n e s  

t h a t  a re  m a s k e d  or a l t e r e d  in m a t u r e  v i r ions  and  a r e  c ro s s  r e a c t i v e  wi th  m o s t  c a t  

a n t i s e r a  to FOCMA.  Monoclona l  B12/C3  d i s c r i m i n a t e s  e p i t o p e s  r e s t r i c t e d  to i n f e c t i o u s  

FeLV C vir ions ,  and  monoc l ona l  2 - i 2 4 / 2 - 8 8  i d e n t i f i e s  e p i t o p e s  c o m m o n  to i n f e c t i o u s  and  

n o n i n f e c t i o u s  FeLV C p a r t i c l e s .  

Even  if F O C M A - L  is a v i r a l l y - e n c o d e d  and  not  c e l l - d e r i v e d  a n t i g e n  and even  if it 

is e x p r e s s e d  by F e L V c - i n f e c t e d  f i b r o b l a s t s  in v i t ro ,  it  still  is t he  a n t i g e n  t h a t  e v o k e s  

p r o t e c t i v e  i m m u n i t y  to p r o g r e s s i v e  FeLV- induced  t u m o r s  in vivo.  G r a n t  and Micha lek  

(1981) a r g u e  t h a t  F O C M A - L  is not  a s ingle  ep i t ope  and t h a t  c o m p l e m e n t - d e p e n d e n t ,  

c y t o t o x i c  a n t i b o d i e s  to F OC M A p r e s e n t  in t he  se ra  of  n a t u r a l l y  i n f e c t e d  pe t  c a t s  spec i fy  

un ique  and c r o s s - r e a c t i n g  a n t i g e n s  on individual  t u m o r s .  It will be e x t r e m e l y  i n t e r e s t i n g  

to see  how the  e p i t o p e s  i den t i f i ed  by m o n o c l o n a l s  to FeLV C in v i t ro  c o n @ a r e  wi th  the  

e p i t o p e s  i den t i f i ed  in vivo by n a t u r a l l y  i n f e c t e d  c a t s .  The  o b s e r v a t i o n  t h a t  n o n i n f e c t i o u s  

FeLV C p a r t i c l e s  shed by F~22 ce l l s  will abso rb  F O C M A - L  a c t i v i t y  f rom n a t u r a l l y  i n f e c t e d  

pe t  c a t  s e ra  m a k e s  it i m p o r t a n t  to cons i de r  if so luble  F O C M A - L  known to be s e c r e t e d  

by s p e n t  FL7t~ ce l l s  in v i t ro  (Heding  e t  al . ,  1976) and  by bo th  v i r e m i c  and n o n v i r e m i c  c a t s  

(Lu tz  e t  al . ,  1980; Sax inge r  e t  al . ,  I980) in vivo (Rice  e t  al. ,  1981) a lso is i den t i ca l  to 

n o n i n f e c t i o u s  FeLV C gp70.  This  p a r t i c u l a r l y  is r e l e v a n t  b e c a u s e  so luble  F O C M A  s e r v e s  

as  t he  p r i m a r y  i m m u n o g e n  in the  h ighly  p r o t e c t i v e  FeLV v a c c i n e s  s c h e d u l e d  for 

c o m m e r c i a l  r e l e a s e  in t he  nea r  f u t u r e  (Heding  e t  ah ,  1976). 

The  e x p r e s s i o n  of FeLV C env  g e n e s  in i n f e c t e d  f i b r o b l a s t s  in v i t ro  is no t  n e c e s s a r i l y  

r e l e v a n t  to t he  e x p r e s s i o n  of F O C M A - L  by h e m o l y r n p h o r e t i c u l a r  ce l l s  in vivo. F i b r o b l a s t s  

a re  no t  c o m m o n l y  i n f e c t e d  in c a t s  (Rojko e t  ah ,  1979a) Since  c a t s  e x p o s e d  to FeLV in 

vivo usua l ly  deve lop  a n t i b o d i e s  to F O C M A - L ,  F O C M A - L  m u s t  be e x p r e s s e d  in bo th  

n o n v i r e m i c  and v i r e m i c  c a t s  in vivo. R ice  and Olsen  (1982) d o c u m e n t  t he  e m e r g e n c e  

of a p r e n e o p l a s t i c  les ion c h a r a c t e r i z e d  by F O C M A - L  e x p r e s s i o n  a t  3-5 WAE to FeLV-R 

in t he  bone m a r r o w  and m e s e n t e r i c  l ymph  nodes  of c a t s  d e s t i n e d  to deve lop  e i t h e r  

v i r e m i a  or i m m u n i t y .  D e t e r m i n a t i o n  of t he  e p i t o p e s  p r e s e n t  on the  m a r r o w  and l ympho id  

ce l l s  of  t h e s e  c a t s  in a c u t e  p roduc t i ve ,  p r e l euke rn i c  and  l a t e n t  i n f e c t i o n  (see  Sec t ion  

III.A.I) should e s t a b l i s h  t he  n a t u r e  of  the  p r e n e o p l a s t i c  les ion and  i ts  evo lu t i on  into 

neop las i a .  

Severa l  l ines  of e v i d e n c e  s u g g e s t  t h a t  FeLV l e u k e m o g e n e s i s  is no t  r e s t r i c t e d  to c a t s  

wi th  p r o d u c t i v e  FeLV i n f ec t i on .  V i r u s - n e g a t i v e  l y m p h o m a s  a c c o u n t  for  29% of all  f e l ine  

LSA and o c c u r  a f t e r  p r o t r a c t e d  l a t e n c y  pe r iods  in o lder  c a t s  (Hardy  e t  al . ,  i977 ,1980) .  
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Many nonproducer leukemic cells express FOCMA. Most ca ts  with virus-negative,  

FOCMA-posit ive lymphomas originate from FeLV-infected households (Hardy et  al., 1980). 

Other virus-negative lymphomas have been described in FeLV-exposed ki t tens rendered 

regressors by passive immunotherapy (de Noronha et  al., 1978) and complement -dependent  

FOCMA antibody is protect ive  against nonproducer leukemia (Grant et  al., 1980a,b). 

Virus-negative leukemic cats  have circulating immune complexes which contain viral p27, 

gp70 and reverse t ranscr iptase  (Day et  al., 19g0; 3ones et  al., 1980; Snyder e t  al., 1982). 

Moreover, sixty percent  of nonviremic cats  with lymphoma do have low levels of serum 

p27 (Saxinger et  al., 1982) and other  nonviremic, preleukemic cats  have in te rmi t t en t  

marrow FOCMA-L expression long a f te r  regression of acute infection (Rice and Olsen, 

1981). Lastly, strong evidence implicating FeLV in the genesis of nonproducer lymphoma 

has been provided by the demonstra t ion that  4 of 8 cats  with virus-negative lymphomas 

and leukemias have latent ,  reac t iva table  bone marrow infections with FeLV (Rojko et  al., 

1982a). 

The arguments  against FeLV involvement in nonproducer lymphomagenesis also are 

weighty. Nonproducer (NP) lymphomas are heterogeneous in morphology, tissue 

distribution, epidemiology, and virology. NP tumors usually are mult icentr ic ,  al imentary 

or leukemic and not thymic in origin (Hardy et  al., 19g0) and a relatively high proportion 

bear Slg or null cell markers (Hardy et  al., 1980). Also included are myelomonocytic  

leukernias (Madewell and 3arre t t ,  1983), e ry themic  myelosis, large granular lymphocytic 

leukemias, eosinophilic leukemias, systemic mastocytosis  and cutaneous mycosis fun- 

gioides (Hardy et  al., 1980; Rojko et  al., 1983b). Nonproducer lymphomas and leukemias 

need not originate in cats  from FeLV-endemic, multiple cat  households, and of ten o c c u r  

randomly. Fur thermore ,  FeLV-negative tumors of ten carry other retroviral  information,  

particularly foamy (feline syncytial), endogenous FeLV and RDII4  proviruses (Casey et  

al., 1981). 

Specific evidence contrary to the involvement of FeLV in nonproducer lymphomas 

includes the absence of cytoplasmic p27, surface gp70, and replicating FeLV from tumor 

and nontumor cells (Hardy et  al., 1977,19g0; Koshy et  al., 19g0; Saxinger et  al., 19g0; 

Casey et  al., 19gl; Rojko et al., 1982a; Madewell and 3arret t ,  1983; Vedbrat e t  al., 1983). 

Four of 7 nonproducer lymphomas are negative for surface FOCMA-L and FeLV C gpY0 

epitopes identified by monoclonal antibodies (Vedbrat et  al., 1983). Fur thermore,  t~ of 8 

nonproducer lymphomas did not have react ivatable ,  marrow origin FeLV (Madewell and 

3arret t ,  1983; Rojko et  al., 1983b). In studies employing DNA and cloned probe 

hybridization, NP tumor cells are negat ive for complementary  DNA to FeLV RNA (Koshy 

et  al., 19g0) and absolutely devoid of exogenous FeLV-specific U 3 (LTR) sequences (Casey 

et  al., 19gl). Absence of exogenous U 3 sequences means that  the NP cells never 

in tegra ted  FeLV proviruses and, therefore ,  never experienced horizontally t ransmi t ted  

infection.  Fur thermore,  the react ivat ion of FeLV from NP marrows does not necess i ta te  

a role for FeLV in NP lymphomagenesis.  It may be that  the presence o5 an overwhelming 
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tumor burden leads to stress-induced, cort icosteroid-tr iggered (Rojko et al., 19g2a), 

marrow FeLV recrudescence. 

If the assumption that FeLV is associated with the etiology of NP lymphoma is 

correct, the lack of exogenous U 3 sequences in tumor cells would suggest that intact 

FeLV provirus is not required for init iat ion of transformation. Similar "hit and run" 

mechanisms are described for in vitro transformation of (:ells by Rous sarcoma virus and 

Herpes Simplex Virus where progressive loss of virus genomes is accompanied by 

transformation (reviewed in Gilden and Rabin, 1982). Support for this premise c o m e s  

from analysis of U 3 LTR sequences in tumor ceils from cats with FeLV-positive 

]yrnphomas (Casey et al., 1981). Exogenously acquired proviruses in some tumors may 

demonstrate a simple U 3 hybridization pattern with a discrete number of single-copy 

provirus-host junction fragments. ]n these tumors, acquisition of provirus may be 

responsible for tumor init iation. Alternat ively, cells with this pattern may be selected 

for during clonal expansion. In other FeLV-positive tumors, proviral integration is 

independent of the transforming event. The great diversity of proviral sequences has 

been interpreted to mean that transformation of uninfected cells precedes superinfection 

by exogenous FeLV (Casey e ta ] . ,  19gl). 

IV. MACROENVIRONMENTAL INFLUENCES ON HOST VIRUS INTERACTIONS 

The soc ioepidemiologic  f a c t o r s  tha t  inf luence the FeLV/cat  re la t ionship  have been 

subjec t  to thorough discussion e l sewhere  (Hardy et  al., 1976). A face t ious  over -  

s impl i f ica t ion  of the  m a c r o e n v i r o n m e n t a l  fo rces  tha t  have shaped the FeLV/ca t  

re la t ionship  might  s ta te :  Greed,  the desire  for sof t  living, and excess ive  social 

p reoccupa t ion  with licking and grooming  have caused more  fel ine fa ta l i t i e s  than has the 

much mal igned fel ine predisposi t ion to cur ios i ty .  

A. Evolut ion of FeLV 

DNA hybr id iza t ion  s tudies  have provided evidence  tha t  FeLV is re la ted  closely to an 

endogenous  ra t  virus and analysis  of mel t ing  point  hybrids fo rmed  be tween  their  

c o m p l e m e n t a r y  DNAs (Benvenis te  e t  al., 1975) shows tha t  these  viruses  diverged 1 to 10 

million years  ago. At tha t  t ime,  ances t r a l  ca t s  were  conf ined to the arid r eaches  of 

Nor the rn  Afr ica  and r a t - t o - c a t  t r ansmiss ion  ( t r ans fec t ion? )  of re t rov i ra l  i n fo rmat ion  is 

thought  to have been consequen t  to a p r e y - t o - p r e d a t o r  re la t ionship .  Whether  the ca t  bit 

the ra t  or the ra t  bit the ca t  is lost  to his tory.  The prevai l ing c l imat ic  ar idi ty  and 

natura l  fel ine independence  probably r e s t r i c t ed  hor izonta l  t r ansmiss ion  for many years .  

The infer t i l i ty  of v i remic  queens  (Co t t e r  et  al., 197~; Hoover  e t  al., 1983) ensured  a low 

preva lence  of congeni ta l  t ransmiss ion .  To this day, ant isocia l  feral  c a t s  are  p ro t ec t ed  

f rom exposure  to this readily inac t iva ted  virus (Franc is  et  al., 1977). The incidence of 

exposure  of f r ee - rang ing ,  minimal ly  d o m e s t i c a t e d  ca t s  in India to FeLV is e x t r e m e l y  low. 

B. SocializatLon 

D o m e s t i c a t i o n  and, in par t i cu la r ,  congrega t ion  of ca t s  in mul t ip le  ca t  household 

(MCH) has favored  the c a t - t o - c a t  t r ansmiss ion  of FeLV and its p e r m a n e n t  res idence  in the 

MCH in lieu of FeLV tes t  and removal  p rog ram s  (Hardy e t  al., 1976). Fel ine behavioral  



153 

i n s t i n c t s  ( l icking,  g r o o m i n g ,  e t c . )  and t he  c o m m u n a l  w a t e r  d i shes  and l i t t e r  pans  found in 

MCH prov ide  p r o t e c t i v e  m o i s t u r e  for  FeLV and al low i ts  e f f i c i e n t  ho r i zon t a l  t r a n s m i s s i o n  

b e t w e e n  socia l  c a t s .  A f t e r  e x p o s u r e ,  m o s t  c a t s  a re  ab le  to r e s i s t  p rog re s s ion  of FeLV 

r e p l i c a t i o n  by i n i t i a t i ng  local  or s y s t e m i c  l y m p h o r e t i c u l a r  c o n t a i n m e n t  (see  Sec t ion  

IIl .g.l l)  bu t  §6-80% of t h e s e  i m m u n e  c a t s  will r e t a i n  l a t e n t  FeLV p r o v i r u s e s  in m a r r o w  or 

lympho id  (:ells. The  e v e n t u a l  c o n s e q u e n c e  of i n c r e a s i n g  FeLV p r e v a l e n c e  in MCH is t he  

e m e r g e n c e  of FeLV v i r e m i a s  and F e L V - r e l a t e d  d i s e a s e s .  This  e m e r g e n c e  m a y  be 

p r e c i p i t a t e d  by o v e r c r o w d i n g ,  s t r e s s ,  or i n t e r c u r r e n t  i n f e c t i o n  wh ich  a lso  a re  c o n c e n -  

t r a t e d  in t he  MCH e n v i r o n m e n t .  It is no t  su rp r i s ing ,  t h e r e f o r e ,  t h a t  t he  f i r s t  r e c o g n i t i o n  

of t h e  viral  e t i o logy  of f e l i ne  l y m p h o m a s  was  s u b s e q u e n t  to t he  i so la t ion  of a c e l l - f r e e ,  

t r a n s m i s s i b l e ,  v i ra l  a g e n t  f r om a c a t t e r y  in Glasgow wi th  a high f r e q u e n c y  of a l i m e n t a r y  

and  t h y m i c  l y m p h o m a s  and o t h e r  d i s e a s e s .  O t h e r  n a t u r a l l y  o c c u r r i n g  and  e x p e r i m e n t a l l y  

s t i m u l a t e d  MCH h a v e  p rov ided  e v i d e n c e  for t h e  ho r i zon t a l  t r a n s m i s s i o n  of FeLV and t he  

MCH i n f l u e n c e s  on v i r e m i a ,  i m m u n i t y ,  and p r o d u c e r  and n o n p r o d u c e r  F e L V - r e l a t e d  

d i s e a s e s  have  been  d o c u m e n t e d  e x t e n s i v e l y .  The  r e a d e r  is r e f e r r e d  e l s e w h e r e  for d e t a i l s  

(Hardy  e t  al . ,  1976). 

C.  I n t e r c u r r e n t  I n f e c t i o n s  

Much has  been  m a d e  of t he  p r ed i spos i t i on  of FeLV v i r e m i c  c a t s  to deve lop  

i n t e r c u r r e n t  v i ra l ,  b a c t e r i a l ,  and p a r a s i t i c  i n f e c t i o n s  ( C o t t e r  e t  al . ,  1975). While t h e  role 

of  FeLV p l S ( E ) - m e d i a t e d  i m m u n o s u p p r e s s i o n  and t h y m i c o l y m p h o i d  dep l e t i on  c a n n o t  be 

o v e r s t a t e d  (see  Sec t ion  III .C.l) ,  o t h e r  f a c t o r s  d e m a n d  c o n s i d e r a t i o n .  MCH o f t e n  a re  

h o t b e d s  of f e l ine  p a t h o g e n  a c t i v i t y .  C a t s  t h a t  a t t e n d  shows  or a r e  p e r m i t t e d  to r o a m  

r e t u r n  to i n t r o d u c e  new p a t h o g e n s  which  a r e  a s s i m i l a t e d  read i ly  in to  t he  re la t ively '  

v u l n e r a b l e  popu la t i ons .  If t he  househo l d  c o n t a i n s  k i t t e n s  wi th  i n c o m p l e t e  i m m u n o -  

c o m p e t e n c e ,  t he  p a t h o g e n s  m a y  b e c o m e  f u l m i n a n t .  In p a r t i c u l a r ,  a v i rus  o f t e n  found  in 

MCH wi th  a spec ia l  t r o p i s m  for t he  l y m p h o r e t i c u l a r  t i s s u e s  of KeLV v i r e m i c  c a t s  is t he  

f e l i ne  i n f e c t i o u s  p e r i t o n i t i s  c o r o n a v i r u s  (FIPV) ( C o t t e r  e t  al . ,  197~; H o r z i n e c k  and 

O s t e r h a u s ,  1979). It has  been  r e p o r t e d  t h a t  50% of c a t s  wi th  f a t a l  FIPV i n f e c t i o n s  

c o n c u r r e n t l y  a re  v i r e m i c  wi th  FeLV. The  s a l i en t  c l i n i c o p a t h o l o g i c  f e a t u r e s  of  p r o g r e s s i v e  

FIPV i n f e c t i o n s  i nc lude  h y p e r g a m m a g l o b u l i n e m i a ,  i m m u n e  c o m p l e x  ( an t igen ,  IgC, C3) 

depos i t i on  in rena l  g l o m e r u l i ,  v e s s e l s  and e l s e w h e r e  and i n d i c a t e d  e x c e s s i v e  i m m u n o -  

s t i m u l a t i o n  (and,  h e n c e ,  i n e f f e c t i v e  r e g u l a t o r y  cel l  a c t i v i t y ) .  W h e t h e r  a spec i f i c  T- 

s u p p r e s s o r  d e f e c t  i nduced  by FeLV a l lows  p rog re s s i on  of i m m u n e - m e d i a t e d  FIPV d i s e a s e  

is no t  known.  An a l t e r n a t i v e  e x p l a n a t i o n  for t he  f r e q u e n t  a s s o c i a t i o n  b e t w e e n  t he  two 

d i s e a s e s  is t h a t  FIPV- induced  po lyc lona l  a c t i v a t i o n  of F e k V - r e p l i c a t i n g  lympho id  s u b s e t s  

m i g h t  I a c i l i t a t e  t he  in vivo r e a c t i v a t i o n  of FeLV f rom l a t e n t l y  i n l e c t e d  c a t s .  

A n o t h e r  v i rus  of  poss ib le  r e l e v a n c e  is t he  fe l ine  p a n l e u k o p e n i a  vi rus .  A l t h o u g h  

e x c e l l e n t  a t t e n u a t e d  viral  v a c c i n e s  c u r r e n t l y  a re  m a r k e t e d ,  t he  r a m i f i c a t i o n s  of r ou t i ne  

v a c c i n a t i o n  of v i r e m i c  or l a t e n t l y  i n f e c t e d  c a t s  have  not  been  s tud ied .  R e g a r d i n g  t he  

l a t t e r ,  t h e  a s s o c i a t i o n  of r e c u r r e n t  c a n i n e  d i s t e m p e r  v i rus  i n f e c t i o n s  wi th  e x p o s u r e  to 
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canine parvoviruses cannot be discounted (Krakowka et al., 1982). Like canine parvovirus, 

fel ine panleukopenia virus has pronounced tropism for the lymphohernatopoiet ic tissues 

(Carlson et aL, ]97g) and may in i t ia te  transient or protracted lymphornyeloid dysfunction. 

V. RELEVANCE OF FeLV MODEL TO HUMAN DISEASE 

The major impor tance  of the FeLV/cat model is as a tool to specify naturally. 

occurr ing and experimental ly '  demons t rab le  pa thogene t ic  fac tors  which independently, 

regula te  virus repl icat ion and v i rus -assoc ia ted  cytosuppress ive  or cy topro l i fe ra t ive  

disease.  Infect ion with FeLV is highly reproducible and prospect ive  s tudies  can be 

conducted  in animals  expec ted  to undergo acute ,  pers is tent ,  productive,  and la ten t  

infec t ions  during a prescribed period of t ime.  

1. lmmunosuppress ion  

The in te rdependence  of immune  responsiveness  and the subsequent  deve lopment  of 

cancer  is accep ted  general ly.  Whether i rnmunosuppression precedes  neoplasia or whether  

neoplasia causes  immunosuppress ion  remains  controvers ia l .  There is li t t le doubt, 

however,  tha t  the emergence  and clonal expansion of neoplast ic  (:ells in vivo mus t  be 

accompanied  by escape  from normal  survei l lance.  In several  animal  models,  re t rov i ruses  

have been identif ied as the cause  of lymphohematopo ie t i c  neoplasia.  These viruses are 

associa ted  with a d rama t i c  loss of i m m u n o c o m p e t e n c e  shortly a f t e r  infect ion (see Section 

III.C.I). The feline sys tem is of par t icular  in te res t  because  immunosuppress ion  is 

ini t ia ted by virus infect ion and precedes  de tec tab le  neoplast ic  t r ans fo rmat ion  by months  

(Per ryman e t  al., 1972; Hoover et  al., 1973; Cockerel l  et  al., 1976a,b,c). In fact ,  the 

most  f requent  cause of dea th  in natural ly  FeLV virernic ca t s  is FeLV-associated bacter ia l  

or viral infect ion (Cot ter  et  al., 1975; Essex et  al., i975b). The profound depress ions  in 

ce i l -media ted  immuni ty  fac i l i t a te  the e s t ab l i shmen t  and progression of o therwise  

innocuous oppor tunis ts  (Per ryman et  al., 1972; Hoover e t a ] . ,  1973; Cockerell  e t  al., 

1976a,b,c). The depression apparent ly  is specif ic  to T-cel ls  and particularly'  T-helper  

(Trainin et  al., 1993) and T-suppressor  (Stiff and Olsen; 1992) cells. The fai lure of T- 

helper cells probably leads to ine f fec t ive  humoral  survei l lance of FOCMA-bear ing  

preneoplas t ic  or neoplast ic  cells. Immunomodula t ion  is favored by high levels of vi remia 

which ensure  tha t  un infec ted  T-cel ls  are exposed to the virion envelope componen t  

pIO(E). This immunosuppress ive  virion componen t  a l te rs  production and recept ion of T- 

cell growth regula tory  fac to r s  (Copelan e t a [ . ,  1993) and, in its capac i ty  as a hydrophobic 

sur face  protein,  probably inser ts  i tself  into the p lasma me mbra ne  of T-cel ls  and a l te r s  

in t racel lu lar  messages  inf luenced by the cyclic nucleot ide  and prostaglandin sy s t e ms  

(Lewis and Olsen, 1983; Lewis et  al., 1983). 

In addition to its usefu lness  as an animal  model for the genera l ized  lympho- 

suppression found in cancer ,  in tensive  study of the mechan i sms  of immunosuppress~on in 

v i remic  ca t s  should provide in format ion  re levant  to the immunosuppress ion  tha t  

accompanies  human retrovira]  infect ions .  Humans  in HTLV-endemic areas  have a high 

incidence of pneumonia  and fi lariasis.  The HTLV-transformed cell has a T-helper  

phenotype,  and HTLV probably in fec t s  only T-helper  and T-suppressor  cells (Miyoshi e t  al., 
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1981; Poiesz e t  al., 1981; Popovic et  al., 1982). Most importantly,  it has been observed 

recently that  HTLV may provoke or assist  the specific T-helper loss that  defines the 

acquired irnmunodeficiency syndrome (AIDS) and predisposes to death via Kaposi 's 

sarcoma, Pneumocyst is  pneumonia or other opportunist ic pathogens (reviewed in Francis 

et  al., 1983). 

2. Anemia 

The etiologies and pathogenesis  of human aplastic anemias remain obscure. The 

disease is charac te r i zed  by se lect ive  loss of erythroid progenitors without maturation 

arrest  in vivo and by severe decreases  in BFI.I E and CffU E assayable in vitro. Considered 

contr ibutory to the pathogenesis  are s tem cell defects ,  disorder microenvironments ,  and 

abnormal lymphore t icu lar /hematopoie t ic  cell interact ions (Camit ta  et  al., 1982). A 

re (en t  report  ol a human parvovirus-like virus with profound erythrosuppressive e f f e c t s  

in vivo and in vitro adds viruses to the list of potential  pathogenet ic  factors  (Mortimer 

et  al., 1983). The most ( r i t ica l  cell appears to be the primitive erythroid progenitor,  the 

BF'UE, which is dependent  on high levels of erythropoiet ic  (EPO) and on burs t -promoting 

act ivi ty (BPA) for its proliferat ion,  clonal expansion, and hemoglobinization. BPA is 

thought to be produced by marrow accessory rnacrophages by a T-cell dependent  process. 

3. Lymphoma and Leukemia 

l~,esearchers have long recognized an etiologic relationship between oncogenic 

retroviruses and the development  of leukemias, lymphomas, and sarcomas in nonhuman 

species (for review~ see Gilden and Rabin~ 1992~ Weiss et  al.~ 1993). Two cogent  

implications o1 retroviruses in tile induction of human leukemias have been provided 

recently:  (1) Cellular genes analogous to retroviral  onc genes which are present  and 

frequently t ranscribed in human tumor cells can induce fibroblast  t ransformat ion as 

demons t ra ted  by t ransfec t ion  assay (Cooper, 1992) and may be ac t iva ted  by translocat ion 

subsequent to EBV-induced lymphoproliferation in vivo (Klein, 1983) and (2) antigenically 

dist inct  human retroviruses have been isolated from certain human T-cell leukemias. 

These have been named human adult T-cell leukemia viruses (HTLVs). The seroepi-  

demiologic data obtained thus far are consis tent  with horizontal transmission of HTLV 

(Gallo, [981) and both virus-posit ive pat ients  and virus-negative contac ts  with HTLV- 

positive pat ients  have antibody to the major core protein of the virus. The virus- 

replicating,  t ransformed cell is a relat ively mature,  terminal  t ras ferase-negat iv% T- 

lymphoblast.  HTLV has a marked tropism /or T-helper and T-suppressor lymphocytes 

identified by monoclonal ant isera (Miyoshi e t  al., 19gl~ Poiesz et  al., 19gl~ Popovic et  al.~ 

1982~ Gotoh et  al., 1982). Exposure of freshly isolated~ HTLV-naive human cord blood 

lymphocytes to ce l l - f ree  HTLV ini t iates  pers is tent  nonproductive HTLV infection.  These 

latently infected cells lose their dependence upon human T-cell growth fac tors  (TCGE~ 

interleukin 2, see ref. 197) for continued growth and become immortal ized (Miyoshi et  ai., 

19gl). Infection of adult peripheral blood lymphocytes is more readily accomplished when 

HTLV-immune donors or ce l l -associa ted HTLV is used. 
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Naturally occurring cases of human adult T-cell leukemia (HTLV) will provide 

materials  for in vitro and re t rospect ive  in vivo studies of the cri t ical  host/virus 

interact ions that  occur between human lymphohematopoiet ic  cells and HTLV. Prospect ive 

studies of the pathogenesis of HTLV infection and the fac tors  that  regulate productive 

versus la tent  infection in the natural host must await successful exper imental  t rans-  

mission of HTLV to a non-human species. 

The appropriateness of the EeLV model as an animal model for human leukemo- 

genesis is remarkable. Like HTLV, FeLV is t ransmi t ted  horizontally, and both virus- 

negative and virus-positive cats  make antibody to virus or virus-associated,  cell 

membrane antigens (See Sections I.A.5,II.B.O). Naturally occurring producer and 

nonproducer lymphomas and leukemias have been associated with progressive and 

nonproductive FeLV infections (see Sections II.B.9,III.C.3), respectively.  Most FeLV- 

repl icat ing transformed cells are re la t ive ly  mature, terminal  t ransferase-negat ive,  T- 

lymphoblasts. Exposure of freshly isolated~ adult  cat or k i t ten  lymphocytes to ce l l - f ree 

FeLV el ic i ts  nonproduct ive FeLV infect ion and EeLV-infected lymphoblasts have enhanced 

growth re la t ive to sham-infected controls (Rojko et al., 19gl). 

More v i ta l  is the use of the fel ine model to document the humoral and cel lu lar  

survei l lance of product ive ly  and la tent ly  infected cells in vivo. In part icular ,  the factors 

inf luencing oncogenic virus latency mandate fur ther descr ipt ion in l ight  of recent 

observations that people immune to the prospect ive human oncogen HTLV remain la tent ly  

infected wi th HTLV (Gotoh et al., 1992). Data generated in the FeLV/fe l ine lymphoma 

model may be general izable to other human infect ions in which la ten t / reac t i va tab le  

viruses are associated wi th the development of cancer. 
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