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Summary 

Infection of captive macaques with simian lmmunodeficlency virus (SIV) and 
domestic cats with feline lmmunodeficlency virus (FIV), both discovered in the 
last five years, represent excellent animal models for infection of humans with the 
human lmmunodeficiency virus (HIV). Protection against challenge infection and 
protection against development of simian and feline acquired lmmunodeficlency 
syndrome has been achieved m each model by use of macnvated whole virus or 
virus-cell vaccines. A recombinant SIV envelope peptide vaccine has also proved 
efficacious. These vaccines have protected against 10-100 animal infectious doses 
of the homologous cell-free virus given systemically, and, in the simian model, 
apparently show cross protection against a heterologous strata of SIV. Protected 
animals appear free of any latent infecnon although late breakthroughs of infection 
in a few animals imply that not all vaccinated animals are completely protected 
The mechanism of protection in the s~mlan model apparently revolves envelope 
antibody but the role of neutralizing annbody remains unclear. Questions remain- 
ing to be answered m both SIV and FIV models are. (1) the duration of lmmumty, 
(2) the extent of protection against heterologous strains and mucosal Infecnon, (3) 
protection against refection with cell-associated virus and (4) the role, if any, of 
cellular immumty m vaccine protect,on Inmal attempts at post-refection ~mmuno- 
therapy with SIV vaccines have not yet been successful. The reactivated whole SIV 
and FIV vaccines offer a promising start and provide hope that a prophylactic 
AIDS vaccine will be developed. Use of these ammal models for annwral therapy 
is just now getting underway. Both models should prove especmlly useful for stud- 
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ies of prophylaxis and therapy, especmlly during the early stages of refection and 
for investigations on drug pharmacokmencs or toxicity that can not be done as well 
m HIV-mfected humans The animals will also be ~deal for testing the pathogen- 
~clty of drug-reduced mutant forms of SIV and FIV For these purposes ~t will be 
necessary to create self-sustaining specific pathogen-free macaque and cat breed- 
mg colomes and provide increased housing facilities for infected animals The 
future of AIDS research ~s crucially dependent on the long term avadabdlty of 
these animal models 

Simmn lmmunodefic~ency v~rus, Fehne lmmunodefic~ency v~rus, Lentwlrus. Vac- 
cine 

Introduction 

Animal lentivirus infections provide a valuable resource for understanding 
mechamsms of pathogenesis and for development of effective antlvlral drugs and 
vaccines with &rect relevance to HIV and AIDS (Gardner and Luclw, 1989b). The 
simian and feline lentlvlrus models of AIDS are particularly relevant Most of the 
prototype strains of SIV that cause AIDS in macaques (i.e. SlVmac, S|Vmne, SIV~trn) 
were denved from macaques that were probably accidentally infected by cross 
species spread (or possibly by doctors' needles) from the natural host, probably an 
African monkey species related to the sooty mangabey (Hlrsch et al., 1989) in 
which the virus causes no d~sease (for summary, see Gardner et al., 1988). Other 
prototype strains of SIV capable of causing AIDS m macaques were derived from 
captive sooty mangabeys at U S primate centers and zoos. SIV is not indigenous m 
macaques. By contrast, FIV is indigenous and highly prevalent in domestic cats m 
which It causes a naturally occurring and an experimentally transmissible AIDS- 
hke disease. In these animal models as in HIV-mfected humans, the lentivxruses 
are infectious and potentially cytopath~c for helper T lymphocytes and macro- 
phages, and disease onset after a relatwely long incubation period is heralded by a 
s~mllar pattern of decreasing CD4 lymphocytes, decreasing immune responsive- 
ness and increasing virus load (Table 1) (Desroslers, 1990, Pedersen, in press) The 
prototype strains of SIV derived from macaques or captive sooty mangabeys are 
the animal viruses most closely related to HIV-1, about 50% homologous to HIV- 
1 and 80% homologous to HIV-2. A newly described chimpanzee SIV isolate, 
more closely related to HIV-1 than HIV-2 has not yet been inoculated into maca- 
ques (Huet et al., 1989). FIV is genetically quite distract from other known lentivi- 
ruses and is most closely related to wsna wrus (Talbot et al ,  1989). Mechanisms of 
wral pathogenes~s at the cellular level appear alike In macaques and cats based on 
common features of viral integration, activation and the genome organization of 
structural and accessory genes and the presence of common host factors that con- 
trol virus transcription Of course, some varianons m these features are also noted 
between species but the similarities far outweigh the differences. The humoral and 
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SIV and FIV ammal models attributes similar to HIV and AIDS 

269 

1 Lent~wmses, mfectzous and cytopathlc for CD4+ T lymphocytes and macrophages 
2 Relatwely long incubation period, length depending m part on strength of the antlvlral Immune 

response 
3 Uniformly fatal, nature of protective lmmumty unknown 
4 Disease heralded by decreasing CD4 lymphocytes, decreasing immune responsiveness and increasing 

virus load 
5 Immunosuppresswe and CNS disease mamfestat~ons s~mflar including B-cell lymphomas 
6 Virus mtegratmn, latency and expressmn an each system determined by s~mflar orgamzanon and 

regulatmn of structural and nonstructural genes and s~mflar host cell proteins 
7 Bmloglc varlatmn among m&wdual SIV and FIV isolates similar to that among HIV-I isolates 
8 Response to antzwral therapy appears s~mdar m each system 

cellular ~mmune responses, m general and vtrus-speclflC, over the course of infec- 
tmn, and the t~ssue dlstrlbutmn, neurotrop~sm, level of virus expression and ln&- 
wdual cell tropism are similar m each species. The pathology, opportumsnc mfec- 
tmns and lymphomas that occur m both SIV and FIV models are also ahke The 
many parallels between HIV-l-mfected humans, SIV-mfected monkeys and FIV- 
infected cats illustrate the remarkable umty m nature m the behavior of these lento- 
viruses and highhght thmr ~mmense value for prechmcal basic mvest~ganons. This 
review will cover the recent (within the last 18 months) applicatmn of the simmn 
and fehne lentlvlral models to AIDS vaccine and drug development. Because this 
~s such a rapidly mowng field many of the cltatmns are to recently presented 
abstracts 

Vaccmes agamst SIV expertmental mfectton of macaques 

All of the vaccine trials m this model system m which results of challenge refec- 
tion have been reported so far are summarized m Table 2. Successful vaccme pro- 
tection against SIV under special laboratory con&tions has been reported by five 
groups using relatwely crude, inactwated whole virus, by one group using native 
envelope glycoprotems and by one group using recombinant envelope peptides (for 
summary, see Gardner and Stott, 1990). The SIV stratus used have been ~solated 
from rhesus (M mulatta) or pigtailed (M nemestrma) macaques (SIVmac or SIVmne) 
or from sooty mangabeys (C atys) (SIV,m). For experimental transmission of SIV 
and reduction of s~mlan AIDS the host species used have been mainly rhesus maca- 
ques or cynomolgus macaques (M fasclcularts) based on their ready avallaNhty m 
primate facllmes. The vaccines have been tested against challenge w~th the hom- 
ologous virus given as cell-free inoculations systemically [intramuscularly (IM) or 
intravenously (IV)] or, m one trial, by nontraumauc apphcat~on to the gemtal 
mucosa (Sutjlpto et al., 1990). In all trials 100% of the nonvaccmated control mon- 
keys became persistently infected w~th the challenge wrus starting 2 weeks after 
inoculation It should therefore be possible to ~dentffy m a relatively short rime 
whether or not the can&date vaccme is working and to ~dentffy the protective anti- 
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TABLE 2 

Vaccines against SI'v 

Vaccine Challenge 

Adjuvant Route Dose ~ 

Results ~ 
Nos 
protected/ 
challenged 

References 

Inactivated whole SIV 
Formahn MDP 
Triton MDP ~ 
Triton MDP 
Formahn MDP 
Psoralen UV hght MDP 
Psoralen UV hght MDP 

fl-propmlactone MDP 
IFA' 
None 

Formahn MDP 
Glutaraldehyde 'Qml A '~ 

Modffmd hve wrus - 

Native subumts 
Env enriched MDP 
Core enriched MDP 

Vacclnla recomblnants 
Env 
Env and gag 

Recombmant  
peptldes (E colt 
env fl gal fusmn 
protems) 

IV t 10" (IN Desroslers et a l ,  1989a 
IM ~ 10 ~ 1/2 Desro~mrs el a l ,  1989a 
IM 2 × 102 1/4 Desrosmrs et a l ,  1989a 
IV 10 8/9 Murphey-Corb et a l ,  1989a 
IV 10~-10 ~ 0/4 Sutjlpto et al 1990 
Gemtal 1-10 0/4 Sutjlpto et a l ,  1990 

mucosal 
IV 10 3/3 Carlson et a l ,  1990 
IV l0 1/2 Carlson et a l ,  1990 
IV 10 1/3 Carlson et a l ,  1990 
IV 10 4/4 Cranage et a l ,  1990 
IV 10 8/8 Stott et a l ,  1990 

IV 10z-10 ~ 0/3 Marthas et a l ,  1990 

IV 10 2/4 
IV 10 0/4 

Murphey-Corb et a l ,  1989b 
Murphey-Corb et al 1989b 

IV 2 × 10: 0/3 Desroslers et a l ,  1989 
IV 2 × 10" 0/3 Desroslers et a l ,  1989 

C F AM F A IV 10 e 2/3 Shafferman et al 1990 

~Ammal mtectlous dose, bMDP = muramyl dtpeptlde, ClFA = incomplete Freund's  adjuvant, CFA = com- 
plete Freund's  adjuvant, dQud A = lscoms (Morem et a l ,  1984), qV = intravenous, ~IM = intramuscular, gin 
each study 100% of the nonvaccmated controls became persment ly  infected starting 2 weeks after mocu- 
latmn 

gens and the protectwe host ~mmune responses. This reformation will then serve as 
a grade for development  of  more novel SIV vaccine strategms 

I nacm,a t ed  whole  vtrus v a c c m e s  

Five independent trials (3 from the U S A ,  2 from the U K.) have shown that 
reactivated whole, relatively crude, SIV vaccine preparations can protect agamst 
systemic challenge with low doses, 10-200 ammal Infectious doses (ID) of hom- 
ologous virus given IM or IV (Desrosmrs et al,  1989a, Murphey-Corb et al., 
1989a; Carlson et al ,  1990; Cranage et al ,  1990, Stott et al ,  1990) H~gher chal- 
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lenge doses (> 103 ID) have not been protected against by any SIV vaccine (Desro- 
siers et al ,  1989a; Sutjlpto et al., 1990), nor was genital mucosal challenge infec- 
tion prevented m one vaccine experiment (Sutjlpto et al., 1990). V~rus for the vac- 
cme was grown in human T-cell lines whereas the hve virus for challenge was 
usually grown m fresh human or rhesus T cells. Successful vaccmes were achieved 
by inactivating the whole virus with formahn (Murphey-Corb et al., 1989a: Cran- 
age et al., 1990), beta proplolactone (Carlson et al., 1990), or detergent (Desrosaers 
et al., 1989a). The psoralen-UV-mactwated vaccine might have worked just as well 
ff the challenge dose of SIV was not as high 0.e. 102-3 ID) (Sutjlpto et al,  1990). 
Sucrose gradient purification was used m two of the successful mactwated whole 
varus vaccines (Murphey-Corb et al., 1989a; Carlson et al., 1990) and column chro- 
matography in two other (Desroslers et al,, 1989a; Stott et al., 1990). The amount 
of varus antagen used to confer protective lmmumty ranged from 500/tg to 2.8 mg 
and the schedule of effective lmmumzatlon consisted of a maxamum of 5 inocu- 
lations over a 13-month period to a mm~mum of 4 inoculations over a 4-month 
interval. Vaccine protection was achieved in two trials with a primary and 3 
boosters g~ven over a 4-month period wath a 2-month interval between the final 2 
boosts (Cranage et al,  1990; Stott et al,  1990). With each vaccine the antibody lev- 
els dechned rapidly after each boost and challenge was done at the height of the 
immune response, 1-4 weeks after the final boost. In the vaccine protected monk- 
eys the antibodies soon declined after challenge reaching minimal levels by 4--6 
months post challenge. The duration of protectwe ~mmunity m such animals as 
thus probably short and has yet to be determined Early results suggest that the pro- 
tective ~mmumty probably lasts for only a relatwely short time after the last boost 
In one study (Murphey-Corb et al ,  1990) 2 of 4 SIV vaccinated monkeys were sus- 
cepttble to challenge mfect~on with 10 ID of the same wrus 8 months after the last 
boost, and in another study (Stott et al., 1990) one of 4 monkeys was susceptible to 
infection with the same dose at 4 months after the last boost The adjuvant used m 
most of the studies was muramyl dlpeptlde (MDP) (Syntex), although successful 
vaccmes also used incomplete Freund's adjuvant (IFA) or Qufl A There was no 
systemic or local adverse reactions from any of the inactivated whole virus vac- 
cines and none of these vaccine preparations contained residual lave virus based on 
thorough m wtro and m wvo assays done prior to challenge. 

Each of the whole virus vaccines contained virus proteins from the core (p55, 
p25, p17) as well as the outer (gpl20) and transmembrane envelope (gp32 or 
gp41). The transmembrane envelope becomes truncated (gp32) from ats native 
form (gp46) by propagation of the wrus in human T-cell lines (Kodama et al., 
1989). During virus purification SIV, like other lentwlruses, loses much of its 
envelope. However, because of ill-defined tissue culture variables some stocks of 
SIV retain more envelope than others. Perhaps for thas reason a signaficant amount 
(2.3% and 8.5%) of gpl20 was preserved in two vaccine preparations m which at 
was estimated (Murphey-Corb et a l ,  1989a, Carlson et al., 1990). The vaccines 
induced antibody to all the major structural proteins of the v~rus, and tlters, pamcu- 
larly to p27 antigen were s~mflar to those seen after mfect~on. However, the vac- 
cine-reduced neutrahzmg antibody levels were usually 1 or 2 orders of magmtude 
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less in nter than observed durmg mfecnon as measured by the classical all-or-none 
lnfecnv/ty tests In one study (Carlson et al ,  1990) vaccine protected monkeys, 
before challenge, showed a generally higher tlter of envelope antibody as measured 
by ELISA and Western blot as well as neutrahzmg antibody as detected by a sensi- 
tive syncytlal inhibition assay Interestingly, sera from protected monkeys m this 
experiment also showed a selecnve binding to a synthenc pept~de (SP-1) repre- 
senting a portion of the SIVm~ putative V3 loop However in the other two success- 
ful SIV vaccine studies m the U S A (Desrosmrs et al ,  1989a, Murphey-Corb et 
al., 1989a) some of the nonprotected animals also had antibody reactivity to SIV 
SP-1 and neutrahzmg antibody titers did not correlate as well with annbody reac- 
tivity to SIV-SP-1 (Gardner et al ,  1991) Whether or not lmmunlzatmn of rhesus 
monkeys w~th such synthenc pepndes will stimulate sufflcmnt neutralizing anti- 
body to protect rhesus monkeys against SIV challenge refection has yet to be 
tested However, th/s strategy was successful m snmulatmg high-tltered ann-HIV- 
neutrahzlng antibody in rhesus monkeys (Hart et al ,  1990). In summary, although 
the SIV-V3 region may or may not contain an important neutrahzmg determinant, 
it/s clear that other neutrahzmg s/tes must also part/c/pate m protecnve ~mmumty. 
In view of the correlanon also seen between vaccine protect/on against HIV-1 m 
chimpanzees and binding of antibody to the HIV-1 V3 loop (Berman et al., 1990), 
it seems all the more important that th/s envelope domain be included as part of 
any successful AIDS vaccine strategy 

Imtml results (Murphey-Corb et al ,  1990) md/cate that vaccine cross protection 
has been obtained against two s/rams of SIV (SIVm.,~ and SIV,mo~tt,) that differ by 
about 17% in outer envelope nucleonde sequences and 10% in amino acid 
sequences (Hlrsch et al .  1989) Since these animals were challenged with the hom- 
ologous live virus before challenge with the non-homologous strain it is conceiva- 
ble that some of the cross protection could have been attributable to the live virus 
challenge rather than the vaccine However. m a third laboratory (Cranage et al ,  
1990), cross protect/on between these virus strains was demonstrated by /mmedl- 
ate, direct challenge with the non-homologous virus followmg vaccmat/on. The 
putanve V3 loop/s nearly homologous m these two stratus of SIV which may help 
account for this cross protection Sequence analysis of proviral DNA amphfled 
from lymphocytes of SIV-mfected macaques over the course of mfecnon has 
revealed a surprising conservanon of the V3 loop (Ahmond et al ,  1990) The lack 
of variabihty in the V3 region between SIV ..... and SIV,m and the conservatmn of 
this region in vivo suggests that this domain may not have the same significance in 
macaques as ~t does m man However, the V3 loop sequences are also strongly con- 
served in some African/solates of HIV-1 (Oram et al ,  1990) and a portion (ke the 
tip) of the V3 loop is also conserved among many HIV-I /solates m the U.S A 
(LaRosa et al ,  1990) It will be of interest to compare the V3 loop sequences of 
other new SIV isolates from macaques (e g SIV,~.,) which apparently differ signifi- 
cantly from the exisnng macaque/solates (Kahn et al ,  1990). Cross protection of 
SIVm~,-vaccmated monkeys against challenge mfecnon w/th HIV-2 (Stott et al .  
1990) or of HIV-2-mfected monkeys against challenge refection w/th SIV,m (Put- 
konen et al ,  1990) was not possible, probably because these stratus are too diver- 
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gent. Cellular lmmumty, as measured by SIV specific T cell proliferation and cyto- 
toxic T lymphocyte (CTL) responses to whole SIV and to SIV gag antigens was 
reduced m cynomolgus macaques after vaccination with SIVmac infected cells (Stott 
et al., 1990), but the role of this and other mechamsms such as antibody mediated 
cell cytotoxiclty (ADCC) m vaccine protection remains to be determined. Vaccine 
reduction of memory T and B cells and cell mediated lmmumty including CTL 
actwlty may well be required for long lasting lmmumty and protection against cell 
associated virus refection (Ada, 1990) No evidence as yet suggests that the current 
SIV, or FIV vaccines meet this reqmrement. 

The mechamsm of vaccine protection m these 5 studies thus remains unsettled. 
Possthly, neutrahzmg antibody has reached the minimum level necessary to inacti- 
vate the relauvely low doses of cell-free challenge virus before any transient or lat- 
ent refection was estabhshed. Other mechanisms such as antlbody-medmted comp- 
lement-dependent wrolysls may also be revolved. It ~s not known ff these challenge 
doses of SIV are representatwe of the amount of wrus that humans are exposed to 
by gemtal mucosal or IV routes. However, humans are certainly exposed to cell- 
assocmted as well as cell-free v~rus. Although the level of vaccine-reduced neu- 
trahzmg antibody was considerably less than that generally reached during the 
course of refection, this antibody apparently functions more effectwely m prevent- 
mg the estabhshment of mfect~on than m ehmmatmg vtrus once infection ~s estabh- 
shed. The probable absence of any covert refection occurring m most of the vac- 
cine-protected monkeys ~s supported by the lack, after challenge, of an anamnestic 
antibody response, by the failure to detect wral nucleic acid m blood or tissues 
(bone marrow, lymph nodes) by PCR and by the failure to transmit infectious wrus 
to nmve monkeys by blood transfusion or lymph node extracts. However, m the 
first two vaccine studies (Desros~ers et al., 1989a; Murphey-Corb et al ,  1989a) 
breakthroughs of infectious wrus occurred in apparently protected monkeys, one at 
5 months and the other at 7 months after challenge, both accompanied by an 
anamnestlc antibody response at that t~me. These two monkeys went on to develop 
slmmn AIDS. Clearly, only t~me will tell whether the other vaccine protected mon- 
keys are completely free of latent v~rus. These findings contrast w~th previous suc- 
cessful viral vaccines, including Type C and Type D retrowrus vaccines (For sum- 
mary, see Gardner et al., 1985, Marx et al,  1986), in which protection could be 
achieved against much higher challenge doses (> 106 ID), and m which a transient 
refection and anamnestlc antibody response after challenge could usually be dem- 
onstrated m the protected ammals Nevertheless, these results show that ~t ~s poss- 
thle using mact~vated whole SIV vaccines to protect macaques against low dose 
challenge with homologous virus gwen IV or IM. It should be noted that an reacti- 
vated whole HIV-2 vaccine has also protected macaques against IV challenge 
infection w~th approximately 100 ID of hve HIV-2 (Putkonen et al., 1991). 
Important questions still to be answered w~th regard to the mactwated whole or 
future subunlt SIV (or HIV-2) vaccines m macaques concern the duration of pro- 
tectlon and the extent of protection against heterologous virus strains, mucosal 
refection and cell-associated virus 

Several of these studies (Desroslers et al,  1989a, Carlson et al ,  1990, Sutjlpto et 
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al,  1990) showed that, m the few vaccmated monkeys that became infected follow- 
mg challenge, the more acute deaths (3-7 months post challenge) from slmLan 
AIDS were prevented This result was correlated with a lesser amount of SIV RNA 
m the lymph nodes of mfected vaccmates compared to infected controls (Desrost- 
ers et al ,  1989a) However, the mfected vaccmates apparently eventually die of 
stmtan AIDS within the same extended time frame (< 3 years post refection) as 
observed m mdwidual SIV-mfected macaques that are capable of mounting a spon- 
taneous, strong tmmune response to the hve virus Nevertheless, ff extrapolated to 
HIV-l-mfected humans, this prolongatton of hfe and reduction in vtrus load b~¢ 
prior vaccmatlon would be qmte stgnlficant By contrast, vaccmated monkeys, 
infected by the gemtal mucosal route, died slgmficantly sooner than mfected con- 
trols, raising the posslbdtty that the vaccine may have mduced enhancing anti- 
bodies m thts group (Sutjtpto et al ,  1990) However. mdwidual varlauon m the 
tmmune response of these ammals and the small number of ammals used (4 m each 
group) may have accounted for this seemmgly adverse vaccme effect Comp- 
lement medtatmg enhancmg ant~bodms were reduced by two of the other SIV vac- 
cines but their ttters dM not correlate wtth vaccme success or failure. Thus, vaccme 
protection agamst SIV mfectton was achteved even m the presence of such enhan- 
cing antibody (Montefion et al,  1990) Further study is needed to determine 
whether or not enhancing antlbodxes play a role in the pathogenesls of SIV mfec- 
uon or are induced by SIV vaccines 

Other vacc lne approaches 

A modtfied hve vtrus vaccine was developed from an attenuated molecular 
clone of SIVm~ After a transtent productwe mfectlon wtth thts vtrus monkeys 
probably remamed persistently but low-grade-mfected, seroposmve and healthy 
for > 2 1/2 years Nevertheless, they became productively supermfected after chal- 
lenge with a high dose (102-103 ID) of virulent, parental SIV (Marthas et al., 1990). 
As noted above m the infected vaccinates, these monkeys also survwed longer (<_ 3 
years) than most of the infected control monkeys. It will be mterestmg to see ff thts 
attenuated wral vaccine protects against low challenge doses of SIV gwen systemt- 
cally or by the gemtal mucosa. 

A lentfl-lectm column-purified, glycoprotem-ennched, gp120 vaccme of SIV,m 
protected 2 of 4 macaques against 10 ID of hve vtrus whereas a core enriched vac- 
cine (lentd-lectm flowthrough) of the same vtrus failed to protect against th~s chal- 
lenge dose (Murphey-Corb et al ,  1989b). Thts findmg further supports the import- 
ance of the SIV envelope as a protective immunogen. 

SIVm.c vaccmla recombmants expressmg env or env + gag protems faded to pro- 
tect against IV challenge with 200 ID of the homologous vtrus despite mducmg 
h~gher t~ters of neutrahzmg antibody then seen in the ammals protected with the 
mactwated whole wrus vaccines (Desroslers et al ,  1989b). This dlsquxetmg result 
is most likely explamed by the high challenge dose Also, the monotyplc nature of 
the vaccme DNA as compared to the multttyptc DNA m the challenge vtrus may 
have contributed to thts negattve result Future experiments will challenge the ant- 
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mals with a lower dose of live virus (e.g. 10 ID). It would also be interesting to ana- 
lyze the virus inoculum for a subpopulation of vmons not neutralized by the sera 
from the vaccinated monkeys. 

Inhibition, but not complete protection against SIV refection, was observed m 3 
of 3 macaques after lmmunlzataon with a mixture of 4 recombinant SIV~,,, envel- 
ope peptides, expressed as fl-galactosldase fusion proteins in E coh (Shafferman et 
al., 1991). These peptldes were selected based on analogy with lmmunodommant 
regions of the HIV-I envelope (Shafferman et al., 1989), and included 2 peptides 
from the extracellular gpl20 and 2 peptldes from the transmembrane gp32. The 
animal showing the strongest protection had the highest neutralizing antibody tlter 
before challenge. The peptldes used in this study were from different regions of the 
SIV envelope than the putative V3 loop indicating the presence of several other 
protectave, B cell neutralization epltopes in the SIV envelope. Undoubtedly these 
hnear epltopes are but part of a complex conformational pattern of the SIV envel- 
ope that will be better understood only when X-ray crystallography of the protein 
becomes accomphshed. This is the only example so far in the SIV model of vac- 
cine protection using recombinant envelope peptldes. Vaccine protection was also 
recently achieved in the HIV-1 chimpanzee system using a recombinant gp 120 
immunogen and protection correlated best with neutralizing antlbo&es directed at 
the HIV-1 V3 loop (Berman et al.. 1990). Macaques at U C Davis are now being 
immunized with SIV~a~ recombanant gp120 expressed in mammalian (CHO) cells 
(Halgwood et al ,  1990) and plans are made to immunize macaques with a mixture 
of synthetic peptldes representing the putatwe SIVma~ env V3 loop combined with 
other B and T cell epltopes (Hart et al., 1990). It will be interesting to see how 
these more novel vaccine approaches compare with the results obtained with reacti- 
vated whole virus. 

Antlvlral agents agatnst SIV 

Ammal models represent a useful but not necessarily m&spensable bridge 
between test tube and humans for development of antlvlral drugs. The principal tar- 
get of HIV antwaral therapy in humans as the wral reverse transcnptase (RT) 
enzyme. However, virtually every step m the rephcataon of HIV (or SIV and FIV) 
could serve as a target for new therapeutic lnterventaon (Mltsuya et al., 1990). Such 
targets include the CD4 receptor and the viral TAT and protease genes The urgent 
need to develop and apply AIDS drugs quickly to HIV-mfected humans and the 
&scovery of the SIV and FIV models m just the last few years has led to the clim- 
cal use of the current antwaral agents, mainly 3'-azado-3"-deoxythym~dme (AZT), 
without prechmcal testing an either of these particular animal models. The generic 
antlreverse transcriptase effect of AZT and other dldeoxy nucleosides (ddC, ddF, 
d4T), has indeed been demonstrated by suppression of virus activity in several am- 
mal oncoretrovlrus models including avian myeloblastosls virus (Votruba et al., 
1990), munne leukemia virus (Ruprecht et al., 1990, Balzarlm et al., 1990; Votruba 
et al,  1990; Bashan et al., 1990; Morrey et al., 1990), feline leukemia virus (Tav- 
ares et al., 1987, Zeldner et al., 1990), bovine leukemm virus (Burkhardt et al., 
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1989) and simian Type D retrovirus (Tsal et al ,  1989) Six of these annreverse 
transcnptase drugs were found to completely inhibit SIV rephcat~on m vitro m 
highly permlsstve B and T cell hnes (Tsal et al .  1990). and the RT of SIV was 
shown to have the same m v~tro kinetics of AZT mh~bmon as HIV-I (Wu et al ,  
1988) Uninfected macaques have been used for phannacokmetlc and toxicity stud- 
~es wzth several of the d~deoxynucleosldes (Good et al ,  1990. Patel et al ,  1990a, 
Kaul et al ,  1989; Russell et al., 1990, Patel et al .  1990b, Boudlnot et al .  1990, 
Kelly et al .  1987, DeMxranda et al ,  1987, Unadkat et al ,  1988) The pharmacoki- 
nettcs and toxicity of these agents was simdar m macaques as m humans AZT was 
shown to readily cross the placenta but not to accumulate m the fetus when admin- 
istered to near-term pregnant macaques (Lopez-Anaya et al .  1990) Furthermore, 
the pharmacokmencs of AZT were not slgmficantly affected by pregnancy m the 
macaques (Lopez Anaya et al ,  1991 ). A recombinant SIV protease gene has been 
expressed and characterized (Deckman et al ,  1990) and synthenc pepnde denva- 
rives directed at this target have mhtblted the growth of SIVm.,~ m a human T cell 
hne (Tyros et al ,  1990) 

Only a few studies, summarized m Table 3, have tested the m wvo prophylacnc 
or therapeunc effect of anti-HIV agents on SIV expresston or tmmune tuncnon m 
SIV infected macaques F~rst to be tested was recombinant soluble human CD4 
which had a transtent beneficml effect on wrus expresston accompamed by an 

TABLE 3 

Antlvlral agents tested m vwo in the SIV macaque model 

Agent Dose and schedule Result Reference 

CD4 2 mg IM q day × 50 days kqrus suppression 

bone marrow function 
improved 

AZT 100 mg/kg/day × 28 days Virus suppression, 
starting 1-72 h alter mfecnon clinical improvement 

PMEA 5-10  mg/kg/day x 28 days Vtms suppression 

starting 1 day before Infecnon 

Foscamet Given q 8 h x 7-9 days 
startmg 8 h before mfechon 

AZT Given q 8 h x 7-9 days 
starting 8 h before infecnon 

Inacnvated Gwen x I to SIV-mfected 
whole SIV rhesus macaques at 4 months 
vaccine after refection 

Inactivated G~ven x I to SIV-mfected 
whole celI-SIV cynomolgus macaques at 1.2,3 

vaccine and 9 months after infection 

Inactivated Given q month × 11 to SIV- 

whole SI'v infected rhesus macaques 
vaccine starting I month alter infection 

Virus suppression 

No virus suppression 

No virus suppre%lon, 

boost m immunity or 

change m chmcal course 

No virus suppression 
boost in immumty or 
change m chnlcal course 

No wrus suppression, 

boost in immumty or 
change In chmcal course 

Watanabe et a l .  1989 

Martin et a l ,  1990 

Balzanm et a l ,  1989 

Landgren el a l ,  1989 

Lundgren et a l .  1989 

Gardner et al 1989 

Stott et a l ,  1990 

Murphey-Corb et a l ,  

1990 
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improvement in bone marrow function but only as long as administered (50 days) 
(Watanabe et al,, 1989). In another study (Bugelskl et al., 1990), soluble CD4 cau- 
sed no toxicity at doses of < 40 mg/kg/day but antibodies to it were formed in cyno- 
molgus monkeys Very recently it was reported that rhesus CD4 autoantlbodles, 
stimulated by the antlgenlcally closely-related human CD4, probably accounted for 
the antl-SIV effect (Letvln et al ,  1990). The hazards of bypassing animal models 
and using only the conventlonal laboratory adapted virus stratus and cell hnes for 
antlvlral drug testing has recently been emphasized by the finding that much higher 
concentration of recombinant soluble CD4 are reqmred to neutrahze primary HIV- 
1 isolates as compared to laboratory strains of HIV-1 (Daar et al,  1990). CD4 
lmmunotoxlns such as the CD4-pseudomonas exotoxln hybrid protein (Berger et 
al., 1989) mhlblt SIV and HIV-2 as well as HIV-1 m cell culture and are now being 
tested in this model AZT, dldeoxycytodme (ddC), [9-(2-phosphonylmethoxyethyl 
adenine] (PMEA) and Foscarnet all have been shown to have a beneficial prophy- 
lactic effect on SIV by reducing SIV mfectwlty levels and delaying disease or 
dechne of CD4 cells if given to SIV-moculated monkeys before or soon after rejec- 
tion, but httle or no effect ff given therapeutically after infection was estabhshed 
(Lundgren et al ,  1989; Martin et al., 1990) (Gerberdmg, J., Marx, P., Gardner, M,  
unpubhshed data). More specifically, AZT given in a dose of 100 mg/kg/day to 
rhesus monkeys starting 1 or 8 hours prior to IV challenge with 10-50 IDS0 of 
SIV,m did not prevent refection but did shghtly suppress viremla and delay the fall 
in CD4 cells (Martin et al,  1990) Recent reports indicate that prophylax~s with 
AZT soon after human exposure to HIV-1 also falls to prevent refection (Lange et 
al., 1990, Looke and Grove, 1990) However, further expenments are needed to 
determine if AZT or its analogues or comblnauon of drugs will improve survwal m 
monkeys with e~ther asymptomanc or advanced SIV refection (CD4 T cells _< 400/ 
ml) as has been found in HIV-I infected humans (Volberdmg et al., 1990; Mulder 
et al., 1990). 

The SIV macaque model should be particularly useful for basic investigations on 
s~de effects of antw~ral drug action and for testing the pathogemclty of drug resis- 
tant mutants of SIV reverse transcrlptase (Rlchman, 1990), protease (Meek et al., 
1990) or other wral targets. These kinds of studies are now opportune because of 
the ability to reduce simian AIDS w~th molecular clones of S1V (Kestler et al,  
1990) This model will also aid in the selection of candidate drugs or combination 
of drugs when the number of HIV-mfected mdwlduals available for chmcal trmls 
are hmlted or, possibly, for efforts to block vertical transmission of the virus 
where questions of possible fetal toxicity impede such studies being done on preg- 
nant women. Since m utero mfect~on with SIV has not as yet been well docu- 
mented, thxs model may not be useful for studying therapeutic approaches to pre- 
vent maternal-fetal wrus transmission However, teratogemclty studies in 
uninfected pregnant rhesus monkeys are still ~mportant for the development of pre- 
ventwe therapy for HIV- 1 seroposmve pregnant women. The gemtal mucosal route 
for experimental transmission of SIV ~s statable for antw~ral drug testing as 
illustrated by the partml lnhlbmon of SIV vaginal refection by the sperm~c~de, non- 
oxynol-9 (Miller et al., 1990). Also useful for rapid testing of antwlral or antflym- 
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phokine agents will be an acutely lethal variant of SIV,m (PBj 14) that causes lym- 
phoklne-mediated death from diarrhea in just several weeks (Fultz et al., 1989) As 
yet the SIV model has not been used for therapy with lmmunomodulators (e g 
interferon) or with therapy directed at the opportunistic infections (e g CMV) or 
lymphomas that develop in infected macaques similar to HIV-lnfected humans 
Kaposl's sarcoma, however, does not occur in this model, perhaps because the pos- 
tulated cofactors (possibly a sexually transmitted agent) are not present in the 
macaque It is, of course, important that the macaques be free of other infectious 
pathogens that might cause lmmunosuppression or lymphomas, e g simian type D 
retrovlrus (SRV) or simian T-lymphotroplc virus (STLV), or present a health threat 
to humans, e g ,  herpes B For this purpose the NIH is sponsoring the creation of 
specific pathogen free (SPF) self-sustaining rhesus breeding colonies 

Based on Salk's hypothesis (Salk, 1987), several studies have been done in this 
model to test the efficacy of post-infectious lmmunotherapy with inactivated SIV 
vaccines The first study used a gamma-irradiated whole SIV vaccine with IFA 
adjuvant, given once four months after infection (Gardner et al ,  1989a), another 
study used a glutaraldehyde fixed whole virus infected cell vaccine with Qud A as 
adjuvant given at 4, 8, 12 and 36 weeks after infection (Stott et al ,  1990), and the 
third used a formalin-inactivated whole SIV vaccine given with MDP every month 
x 11, starting one month after infection (Murphey-Corb et al., 1990) None of these 
experiments, the latter of which IS still in progress, has shown as yet, any detect- 
able change in virus or immune status or chnlcal course, even though the inacti- 
vated whole cell and whole virus vaccines were successful in protecting naive mon- 
keys against challenge refection Testing of novel SIV lmmunogens, such as 
recombinant gpl20, perhaps depleted of its CD4 binding site (Van Kuyk et al., 
1990) might yet show therapeutic value m this model 

Efforts at prophylactic passive immunization in this model using lmmunoglobu- 
hn (Ig) from infected monkeys have not been reported and an attempt is now 
underway at U C Daws to do passive immunization with Ig from SIV-vacclne-pro- 
tected monkeys Passive lmmumzation with sera from HIV-2 vaccine-protected 
monkeys appears to have protected 1 of 4 HIV-2-challenged cynomolgus maca- 
ques (Putkonen et al ,  1990) The SIV and HIV-2 macaque models are thus provid- 
ing an excellent opportunity to explore further the feasibility of passive as well as 
active immunization Perhaps a combination of passive and active lmmumzatlon 
would have beneficial prophylactic effect in these models and, by inference, also m 
HIV-exposed humans. A reduction in HIV-1 vlremia and chmcal improvement has 
indeed resulted from passive lmmumzatlon of patients with AIDS or AIDS-related 
complex using hyperimmune plasma from healthy HIV-l-lnfected individuals 
(Jackson et al ,  1988, Karpas et al ,  1990) 

Vacctnes agamst FIV 

Three FIV vaccine studies, two In the U S A,  one in the U K., have been carried 
out so far, these utlhzed Inactivated FIV-lnfected T-cell hnes and inactivated 
whole virus (Table 4) The development of IL-2-independent feline T-cell lines 
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TABLE 4 

Vaccines against FIV 

Vaccine Challenge 

Adjuvant Route Dose 

Results 
Nos 
protected/ 
challenged 

Reference 

Paraformaldehyde-fixed MDP IV 5 x 10 3 0/3 
cells + virus 

Paraformaldehyde-fixed MDP IP 10 7/9 
cell + virus 

Paraformaldehyde-fixed CFA + IFA IP 10 5/6 
whole vires 

Detergent disrupted, sucrose Iscoms IP 20 0/4 
gradmnt punfied, enve- 
lope depleted virus 

Yamamoto et a l ,  
1990b 
Yamamoto et a l .  
1990b 
Yamamoto et a l ,  
1990b 
Hosm and Janet, 1990 

Iscoms = immune stimulating complexes (Morem et a l ,  1984), IP = lntrapentoneal 
For other abbreviations see notes to Table 2 

(FL4 and FL6) (Yamamoto et al., 1990) faclhtated large-scale production of FIV 
(Petaluma strain) for inactivated vaccine studies. In the first U S A. study (Yama- 
moto et al. 1991), nine cats were vaccinated with 1 × 10 7 FIV-infected FL4 cells, 
inacnvated with paraformaldehyde and combined with MDP (Syntex), at 2 week 
intervals × 5, and 2 months later were given a final boost. Ten control cats were 
inoculated with either uninfected cells with adjuvant or adjuvant alone. All of the 
cats were challenged intraperitoneally (IP) with 10 ID of the homologous virus 2 
weeks after the final boost. Vaccination led first to the production of annbodtes to 
the viral core protein p24 and later, after the third or fourth boost, to antibodies 
including neutrahzing antibody to the virus envelope gpl00. In contrast to the SIV 
macaque model, FIV-vacclnated cats made higher tlters of neutralizing antibody 
than seen dunng natural or experimental infection. By seven weeks following 
challenge, all l0 control cats became persistently infected, whereas 6 of the 9 vac- 
cinated cats had no evidence of virus infection for _> 21 weeks. Two of the vacci- 
nated cats were only transiently infected and apparently cleared the infection and 
one was persistently infected. An anamnestic humoral immune response to FIV 
was detected only in the vaccinates that became infected and antibodies persisted 
only in the single chronically infected cat After FIV challenge 4 of 9 vaccinated 
cats as compared to 8 of 10 controls developed activation of latent herpes virus 
infection. The vaccinated cats with activated herpes virus included the 3 in which 
FIV infection occurred These findings suggest that latent herpes virus may 
become activated dunng the acute immune suppression that occurs soon after 
infection with FIV (Yamamoto et al., 1989). It should be noted that a similar vac- 
cine made from an FIV-infected IL2-dependent cell line had previously faded to 
protect cats against a high challenge dose (5 × 103 ID) of FIV (J. Yamamoto, per- 
sonal communicanon) 

In the second U S.A. study (Yamamoto et al., 199 l) a parafonnaldehyde inacti- 
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vated whole virus vaccine was made from pelleted cell-free culture fluid of FL4 
and FL6 cells Two hundred micrograms of this crude preparation were given 
every 2 weeks x 4 to 6 specific pathogen-free (SPF) cats in combination with 
Freund's complete and incomplete adjuvant Two weeks after the final boost cats 
were challenged with 10 ID of FIV Antibodies to the virus core p24 developed in 
all cats after the second inoculation and envelope antibodies developed m 5 of the 
6 cats after the thxrd shot The 5 cats developing both core and envelope antibodies 
were apparently completely protected from FIV refection for _> 4 months after chal- 
lenge, whereas the single vaccinated cat falling to make envelope antibodies and 3 
of 3 controls became persistently infected by 6 weeks post inoculation 

In the U K study (Hosle et al ,  1990) cats were immunized with an FIV lscom 
preparation containing mainly core p24 and p15 but httle, if any, envelope The 
virus had been grown to high tlter in an IL-2-dependent feline T-cell and purxfied 
by sucrose gradmnt centrffugatmn DesDte reduction of hlgh-tltered core antibody, 
4 of 4 vaccinated cats were not protected against challenge infection with 20 ID of 
homologous virus 

Taken altogether, these findings mdlcate that protection of cats can be achieved 
against low challenge doses (10-20 ID) of homologous FIV using Inactivated cell- 
virus or whole-virus lmmunogens As w~th the SIV vaccmes the envelope proteins 
appeared to be the major determinant of protechve lmmumty Also in parallel with 
the SIV vaccine model, the mechamsm of immune protectmn and the other par- 
ameters of humoral and cellular immunity, such as mucosal lmmumty, durauon of 
~mmumty, ~mmumty to heterologous FIV strains and to cell associated virus 
remain to be determmed An attempt at passive immunization using Ig from natur- 
ally infected cats failed to have an antlvlral effect and may even have enhanced 
infection (Hosm et al ,  1990) Thxs experiment has not yet been repeated with lg 
from vaccine protected cats This should also be a very useful model for apph- 
canon of more modem vaccine strategms including recombinant viral protems and 
synthetic peptxdes (Jarrett et al ,  m press), Because FIV infection and assocmted 
disease are highly prevalent worldwide (- 1% of all cats Infected, 12-15% of sick 
cats infected) (Yamamoto et al ,  1989), a vaccme against this virus will become a 
part of standard veterinary practice 

Anttvu al agents against F1V 

This model has just begun being used for the testing of antlvlral drugs Alpha 
interferon has shown a powerful antlvlral effect vs FIV m vitro but has not yet 
been used in VlVO (J Yamamoto, personal commumcauon) The RT of FIV and 
HIV have similar in vitro sensmvmes to various RT mhlbltors including AZT and 
PMEA (North et al., 1989). AZT or PMEA treatment of cats naturally-infected 
with FIV has been reported to suppress virus expression and lead to chnlcal 
improvement (Smyth et al ,  1990, Egbermk et al ,  1990) Mutants of FIV resistant 
to AZT have already been described (Remington et al ,  in press) but thmr patho- 
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gemcity in cats has not yet been tested. Because of ~ts practical, economic aspects 
this FIV model should be increasingly used for AIDS therapy as well as vaccine 
research 

Conclusion 

The SIV macaque and FIV cat models of AIDS, both discovered in the last 5 
years, are excellent surrogates for HIV refection of humans. They share a similar 
pathogenesls; what is learned in one system hkely applies to all. If antlvlral drugs 
or vaccines work effectively in either one of these animal models, they ought to be 
equally effective in humans (or vice versa). Drug pharmacokinetlcs, metabohsm 
and toxicity are, of course, likely to be more human-like in macaques than cats. 
Nevertheless, both of these models will undoubtedly be increasingly used for AIDS 
preclimcal research (Desrosiers et al., 1989c; Pedersen, m press). They will also 
serve as excellent models for gene therapy using retrovlral vectors (Morgan et al,  
1990). HIV-2 infection of macaques is also a useful model although most of the 
infected monkeys apparently stay healthy, this model seems comparable to HIV-1- 
infected chimpanzees, but is much more practical. Macaques are easily bred m cap- 
tlVlty and the expertise for their proper breeding (including SPF colonies) and man- 
agement exists at the vanous NIH-sponsored primate centers (Gardner et al., 
1988). These centers are also affiliated with umversitles and many have links to 
industry, thus prowdmg the resources and diverse talents for collaborative research 
on HIV antwiral drug and vaccine development. To promote this interaction the 
NIAID has sponsored a number of Cooperative Drug Discovery and Vaccine 
Development Groups that could well utilize both SIV and FIV models. The limit- 
ing factors of the SIV model are the high cost (-$1000/monkey for purchase, or - 
$150/month per diem per animal for infectious housing at BL2 biocontamment 
level), the lack of enough adequate housing for infected ammals and difficulties in 
providing adequate delivery systems for rehable oral or systemic administration of 
antiviral drugs. However, these are not insurmountable obstacles and the advan- 
tages of this model far outweigh its limitations. The FIV model has the advantages 
of lower costs (-$85/cat for purchase, or -$80/month per diem per animal), greater 
avaflabihty to the scientific community and more rehable, easier drug delivery 
systems Again, adequate housing facilities for cats and the need for SPF breeding 
colomes are a limmng factor, but not as big a problem as it is for monkeys Both of 
these ammal models should be utilized more fully to maximize rapid progress 
towards the most optimal AIDS vaccines and antiwral therapies. 
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