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Abstract::  The SIVsm DeltaB670 strain was serially passaged in vivo five times (Holterman et 
alalyy Journal of General Virology 80:3089-3097,1999). During passage the viral variants shifted from 
moderatee (passages 1 and 2) to highly virulent (passages 3 to 5). This shift was not accompanied 
byy a change in coreceptor use, as exclusive CCR5 usage was demonstrated for viruses with both 
modestt and high virulence. The CI to C4 region of 50 env clones derived from serum was sequenced. 
Duringg the evolution towards increasing virulence there were no alterations in glycosylation sites, 
charge,, hydrophobicity, secondary structure prediction, of the envelope region studied between 
thee early and the late passages. Selection and fixation of nonsilent mutations found in the env of 
thee heterogenous uncloned SIVsm DeltaB670 primary inoculum were observed during passage. 
Selectionn was most clearly marked by four amino acid alterations in the V1,V3,C3, and V4 region. 
Thee VI contains a threonine (T) stretch possibly containing an O-linked glycosylation site(s) which 
aa substitution (T134I) may alter. In the V3 region fixation of a valine (V) in place of a leucine (L), 
orr isoleucine (I), at env position 327 is associated with increased virulence, as is K358R in the C3, 
andd T423K in the V4. 

Introduction ::  Primate lentiviral infection is characterized by extensive virus replication resulting 
inn a quasispecies (32) consisting of a rated distribution of fitness variants. The numerous genetic 
variantss produce a group of viral genomes that are similar but not alike. Substitutions in the viral 
proteinss may cause an alteration in their folding, conformation and antigenic sites (49). Different 
variantss may have different abilities to interact with the receptor, and coreceptors used to bind, 
enter,, infect and replicate within different cell types (2). Evolution of the envelope of primate lentiviruses 
iss correlated with changes in cell tropism (22). Although an expanded coreceptor repertoire is not 
aa prerequisite for progression to AIDS (26), viral variants with virulent properties do emerge (42,53). 
Duringg adaptation to a new species the viral quasispecies provides a variety of different and selectable 
candidatess for the various genes which must vie for survival (77). The acquisition of virulence 
duringg infection with a large primary incoculum is known to be the effect of the competition between 
thee many genomes present and the selection and or recombination of these during infection. As 
thee average virulence increases so does the inherent advantage of being the first to infect the diminishing 
numberr of uninfected target cells 

Thee outer envelope of the virus (env) is responsible for the binding and infection of cells, and contains 
determinantss important in viral pathogenesis (62,80). The role of the outer protein in receptor binding, 
infection,, syncytium induction and host immune response belies it's importance in the progression 
off  SIV and HIV infection to AIDS. Analysis of the quasispecies variability during cross-species 
passagee displays the molecular footprint of adaptation occurring due to the fixation of mutations 
specificc to function in the new host environment. Study of the HIV and SIV env has led to much 
attentionn being placed upon the roles of glycosylation (1,7,14,15,51,55,73), charge (36,57), secondary 
structuree (28,38,49,60), amino acid variation (12,13,23,25,54,55,61,69,71,74,88), tropism (4,5,16,57,62, 
68,78,79,82),, and coreceptor usage (18,30,31,46,66,75,92) upon escape from either B(l 1,20,48-50,60), 
TT cell responses (17,38,90), or from increased chemokine concentrations (21). 

Thee infection of a cell by HIV-1,2, and SIV begins with the binding of CD4 by the viral Env (env 
genee protein). For entry and infection, the fusion of the envelope and the cellular membrane must 
occurr which is mediated by CD4 and a suitable coreceptor expressed externally on the host cell. 
Thee discovery that CD4 alone was not sufficient for binding but required a coreceptor (29,33) led 
too the identification of multiple coreceptors (31). Macrophage tropic strains (M<{>) of HIV-1 use 
CCR55 and T-cell tropic strains (T-tropic) use CXCR4 in addition to CD4. Other coreceptors such 
ass CCR2b and CCR3 also function in membrane fusion and infection and some viruses can use 
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multiplee coreceptors (92). Repertoires of viral coreceptors play an important role in viral tropism 
andd progression to AIDS. The CCR5 using strains of HTV-1 are either M«j» or dual tropic (T cell 
orr M<|>) viruses usually found during the asymptomatic period (22), but can also predominate during 
diseasee progression (26). Evolution of the virus causes the acquisition of mutations in the env which 
cann lead to the emergence of T-tropic viruses using CXCR4 (22). The broadened usage of coreceptors 
iss believed to decrease the immune pressure on the virus by providing multiple escape routes into 
thee target cells. Viruses found early in infection typically are slowly replicating M<J> and non-syncytium 
inducingg (NSI) whereas the viruses that emerge late in infection or during progression are usually 
T-tropicc rapidly replicating, syncytium inducing (SI), and are associated with CD4+ T cell decline 
andd progression to AIDS (22,81). Progression to AIDS without the SI phenorype and altered coreceptor 
usee does occur, but less commonly (26). 

Thee coreceptors used by SIV are manifold as in HIV infection (31). The majority of SIV strains 
testedd use CCR5 as the major receptor, but also use the growing myriad of other coreceptors in 
aa strain dependent manner (31). The regions of the env used in binding the coreceptors by SIV 
iss as yet undetermined, although it was shown that M<|> and T tropic SIVs use CCR5 differentially, 
andd bind the coreceptor in two different areas (30). It has been suggested that during disease progression 
theree is evolution of particular pathogenic "end stage" variants, with particular sequences, which 
becomee fixed (42,53). In this study following in vivo passage we found that there was a narrowing 
off  the quasispecies and the acquisition of particular sequences in the VI to V4 domains. Four amino 
acidd substitutions were associated with the increasing virulence which was apparent with each passage. 
Thee marked decrease in the asymptomatic phase of the infection after each passage resulted in 
increasedd virulence with no qualitative changes in the manifestations of disease (persistence of 
antigenemiaa and rapid loss of T helper/memory cells) during adaptation (47). No alterations were 
foundd in the exclusive CCR5 coreceptor usage during the acquisition of increased virulence. 

Material ss and Methods: 

Virus.. The SlVsm DeltaB670 strain used is one of the commonly used members SIVsm/HIV-2 
familyy of lentiviruses (SIVmac, SIVsmmH4 and SIVPBj 14) originally derived from sooty mangabeys 
whenn captive-bred Asian macaques were accidentally infected with SlVsm (23,24,44,70). The SIVsm 
DeltaB6700 strain used is well studied and has been used in previous experimental infections of 
rhesuss macaques because it accurately reproduces the clinical and pathological manifestations of 
AIDSS seen in humans (3,5,6,8,41,52,65,70,71,85,91). The virus stock has been analysed as to genotypic 
andd phenotype variation during experimental infection of non-human primates and during in vitro 
infectionn of rhesus macaque and human PBMCs (3,64). 

Passage.. As reported elsewhere (47), selective in vivo passage was carried out with sixteen age 
matchedd Asian rhesus macaques (Macaca mulatto) of one and a half years of age. Passage with 
SIVsmm DeltaB670 was performed by intravenous inoculation, with the first rhesus macaque receiving 
5X1022 infectious doses of cell free virus. The following rhesus macaques (P2 to P6A and P6B) were 
inoculatedd with uncultured cryopreserved peripheral blood mononuclear cells (PBMC) taken at 
thee end stage of disease from the preceding rhesus macaque (Figure 1). Routine clinical biochemistry 
andd haemotological analysis was performed at two week intervals, and following two months, at 
fourr week intervals. The CD4+ T cell changes in concentration were monitored by FACScan (Becton 
Dickinson)) using double labelling with Leu3a and 4B4, as described earlier (47). 

Figuree 1: The survival in months of animals in the serial passage of SIVsm DeItaB670. 
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EnvEnv RT-PCR and Cloning Strategy. Genomic viral RNA was extracted from macaque serum 
usingg silica beads and a chaotropic agent according to the Boom method (9), and used as template 
inn a reverse transcriptase reaction followed by PCR amplification. The 3' PCR primer was also 
usedd to prime the reverse transcriptase reaction, followed by a single PCR reaction. Extraction 
off  the viral RNA from 15 ul volumes of serum was completed by eluting in 10 ul H20 containing 
400 units of RNAsin (Promega, Madison, Wis.). The 10 ul volume of nucleic acids was then divided 
intoo two, and 3.0 ul of 5 x OF (One-Tube (83)) buffer (67mM Tris (pH 8.9), 50mM KC1,6 uM 
EDTA,, 0.1 % Triton X-100, and 05 mM EOT) was added to each aliquot as well as 4 units of Superscript 
II  (Boehringer Mannheim, Germany), 1.5mM Mg2*, 10 mM of mixed deoxynucleoside triphosphates 
(dNTPs)) and 1 ng of 3' primer f5TATAGCGGCCGCCTACTTTGTGCCACGTGTTG(8173» 
withh a final volume of 15 ul. Reagents were assembled at room temperature and incubated at 37°C 
forr 90 minutes. Primers for RT-PCR (Applied Biosystem Inc., The Netherlands) correspond to 
nucleotidess in the env region of SIVsmH4 (44), sequence coordinates are given following the 3' 
base,, underlined nucleotidess represent restriction enzyme sites included to facilitate cloning (5'GC 
GAAGCTTGGGATAATACAGTCACAGAACC (7089)). The 3' primer for PCR being the same 
ass used in the RT reaction. The template for the PCR amplification was composed of 5 ul each 
off  the duplicate RT reactions, 10 ng each of 3' and 5' PCR primer, 10 ul of OT buffer, 25 mM dNTPs, 
1.55 units of Taq polymerase (Peritin Elmer Cetus) and H20 to a final volume of 100 ul. PCR cycling 
consistedd of 1 minute at 95°C, 1 minute at 55°C and 2 minutes at 72°C (repeated 35 times), final 
extensionn was carried out for 10 minutes at 72°C. PCR-amplified products were once again purified 
withh the Boom method (9), eluted and then digested with Notl and Hindlll. Purification on an 0.8% 
agarosee gel followed, and extracted with the Boom method (9), as above. The eluted fragments 
weree ligated overnight into plasmid pSP73 (with an added Notl site between the Kpnl and Sacl 
sitess (Promega, Madison,WIS.) and transformed into E.coli DH5a by electroporation (Cellporator, 
Bethesdaa Research Laboratories, Gaithersburg, Md.). 

Sequencee Analysis. Double-stranded DNA was harvested by Qiagen column, and used for cycle-sequencing 
usingg the ABI PRISM Sequence Reagents (Applied Biosystem Inc., The Netherlands). Sequence 
primerss were the SP6 and T7 standards and four SIVsm env specific designed from SIVsm DeltaB670 
sequencess provided by Chris Contaq (Stanford) and Michel Murphey-Corb (Tulane Regional Primate 
Center).. The primers are 3'svseqV2Vl CAGGAGCAAAGCATAACCTGGCGGTGCAC, 5'svseq 
V2V33 CAGGAGAATCCTGTGACAAGCAT TATTGG, 3'svseq V3V2 CAGGACCTGATTGGG 
TCTCTCATTTATGG,, and 5'svseqV3V4 CAGGAGTCATACCAGTCACCATTATGTCAGG. 
Thee timepoints for sampling by sequencing of serum viral RNA were seroconversion and death. 
Thee sequenced clones were named by passage number (PI to P6A and B) and seroconversion (S) 
orr death (D). The sequences were aligned using CLUSTAL W(41) and adjusted by eye. The proposed 
aminoo acid alignments were translated using MEGA (59). Sequence analyses were performed with 
thee Mac Vector (Kodak) program using windows of hydrophilicity and amphiphilicity of 8 and 
I II  respectively. Secondary structure predictions were produced by the neural network protein secondary 
structuree program PredictProt of the Protein Design Group EMBL using the MSF format of analysis. 

Chemokinee Receptor Usage. The coreceptor usage of the P5 (isolate 8980)) and P5 clone (smF539) 
andd other strains (SIV mac 251, and macBK28) will be published in full (46,66). Briefly, CD4 
transformedd HOS cell lines expressing CCR1, CCR2b, CCR3, CCR4, CCR5, CCR8, CX3CR1, 
CXCR4,, BOB, and Bonzo were used Reported here are only the CCR5, BOB, and Bonzo determinations 
ass the passaged virus used only CCR5 and the comparable strains used CCR5, BOB and Bonzo. 
Thee CD4 HOS cells containing HTV-2 LTR driving green fluorescence protein (GFP) via the CMV 
promotorr driving a hygromycin-resistant construct were grown in DMEM, 10% FCS, 0.5 mg/ml 
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neomycin,, and 100ug/ml hygromycin, with the pBABE-puro introduced coreceptors held under 
lug/mllug/ml puromycin selection. HOS-CD4 coreceptor expressing cells were seeded in wells at 2x10* 
perr well and infected with 0.5 to 800X103 TCID of the stocks with 20ug/ml Polybrene for 2 hours 
att 37°C. Cells were washed, cultured for 48 hours and analysed for GFP fluorescence with FACS 
(46,66).. Shown are only the coreceptors relevant to the SlVsm DeltaB670 strain and only as positive 
orr negative. The coreceptor usage for the PI to P5 viruses did not vary and was exclusively CCR5 
(Tablee 1 (46,66)). 

Tablee 1: Summary of CD4-coreceptor mediated infection assays. HOS-CD4 cells containing the HIV-2 LTR driving g 
GFPP and expressing the indicated pBABE-puro introduced coreceptor were infected with virus stocks and 48 hours 
laterr were analysed for GFP fluorescence with FACS (46,66), data shown are only positive or negative and limited 
too the coreceptors used by the B670 derivatives. The SIV mac239 and smLib-l(18) are also in HOS-CD4 cells and 
SIVV B670CL12 and 3 are in QT6 cells (31). 

Summaryy of Coreceptor Usage of Passaged SIV and 
Relatedd Strains 

Virus s 
Isolate e 

B6700 (PI) 

B6700 CL12 

B6700 CL3 

P5 5 

smF3599 (P5) 

smPBj6 6 

MACC BK28 

MAC251 1 

MAC239 9 

smLib-1 1 

CCR5 5 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

CXCR4 4 

--

--

--

--

--

--

--

--

--

--

BOB B 

--

--

--

--

--

nt t 

+ + 

+ + 

+ + 

+ + 

BONZO O 

--

--

--

--

--

nt t 

+ + 

+ + 

+ + 

+ + 

*I ss infectious for MO but not productive (46). 

Diseasee Characteristics. The passage of SIVsm DeltaB670 in juvenile rhesus monkeys resulted 
inn the decrease of the asymptomatic period from eighteen months to one and two months, by the 
fifthfifth  and sixth passage respectively (Figure 1 (47)). Disease development was characterised by 
rapidd loss of CD4+ T cells persistent and persistently high level plasma viremia. A marked reduction 
off  the asymptomatic period occurs within three consecutive passages, dropping to weeks after P2. 
Thee P3 inoculum resulted in the decrease of the asymptomatic period to weeks, and the increase 
off  the p27 concentration to more than 25 nanograms per millilitr e within two weeks. The increasing 
virulencee peaks at P4, showing a radically aggressive progression with almost one hundred nanogram 
perr millilitr e concentrations of p27 and progression to AIDS within one month. Further passage 
off  the virus did not result in any increased gains in virulence. The P6A and P6B animals progressed 
too AIDS witiii n two months with rapid CD4+ T celt loss and high persistent plasma antigenemia 
levelss (47). 
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Results: : 

Thee env was sequenced from multiple clones at seroconversion and death in each rhesus macaque 
(Macaca(Macaca mulatto), after the initial inoculation and passage of SIVsm DeltaB670. The pattern of 
envenv mutation and fixation was found to occur as a stepwise selection during adaptation of a number 
off  variations found in the heterogenous primary inoculum, but also included changes not found 
earlierr (Figure 2). The variable (V) domains contained the majority of the substitutions, although 
thee constant (C) domains contained fixed and spontaneous mutations as well. The VI and V4 were 
foundd to be the most variable of the env domains with accompanying mutations in the V2 and V3 
ass well as the constant regions. Glycosylation is reported to play a role in infection (1,7,15,51,55,71,73) 
becausee of it's effect on conformation, and on pathogenesis by means of epitope masking (10,15,50). 
However,, no alterations in this regard were observed in the sites contained in the env regionn sequenced 
Neitherr the charge of the predicted translation products or the secondary structure changed. The 
sequencee variations were compared to sequences from the published literature on experimental 
infectionss and similarities were found in the specific sites with fixations and sporadic mutations. 

Thee major sequence variation occurred in the first (VI) and fourth variable region (V4), as is common 
too SIV infection in non-human primates (4,10,12-14,20,23,35,43,55,56,68,71,73,74,76,77,87,88). 
Alterationss were also seen to occur in the other env regions sequenced, including the constant domains. 
Alll  fifty clones sequenced were found to be unique, but mere were predominantly founder derived 
(earlyy passage or PI) substitutions (Figure 2) selected and fixed during passage. The env substitutions 
seenn were traceable to the multiple alignments produced by sequential isolate sequencing from 
thee published literature of experimental infection of Asian monkeys with the most commonly used 
strainss of SIV (see Table 2 for references as to relations). There was one stop codon introduced 
presumablyy by a Taq or a reverse transcriptase error and a deletion C terminal to the V4 region 
inn one clone (PI-6). 

Thee selection of amino acid substitutions found within the heterogenous PI sequences is scattered 
throughoutt the env regions sequenced. There were fourteen sites of recurrent substitutions where 
thee mutation selected later in the passage could also be found as one of the many variations seen 
inn the heterogenous PI sequence population (Figure 2). Eleven of these were sites of charged amino 
acidss and two were substitutions between aliphatic amino acids. The PFK motif (amino acids 93-95) 
off  the CI is seen in the majority sequence of PI sequences and is found again in the P6 sequences, 
butt not elsewhere in between. The D150N motif is found in half the PI clones and then reappears 
inn a minority of the P2 and further sequences. The E188K is present in one PI sequence and then 
dominantt after P3S. This charge changing is also seen in SMM9,H4 and PBj 14, although for E188R 
Selectedd from the PI sequences were G202E, I223V, L327V G355E, K358R, K381E, T423KJ 
andd R, K432,433N or R, and lastly E437Q, R439K. 

Figuree 2: Alignment of the predicted translation products of the SIVsm DeltaB670 envelope sequences VI to V4 
off  clones from the viral RNA in the serum of the serially infected rhesus monkeys. The amino acid sequence of the 
passagee clones are compared in order with a consensus sequence, SIVsmm9, SIVsmH4 and SIVsmPBj 14. Amino 
acidd substitutions are indicated, similarity by a dash, a dot indicates a gap introduced to maximize alignment, and 
ann asterisk indicates an in-frame stop codon. The cysteine loops contained within this envelope fragment are indicated 
beloww the alignment by dashed lines and labelled by the variable regions contained within them. Numbering is from 
thee beginning of the gpl20 envelope protein. 
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Thee variation in the VI loop produced no extra N-linked glycosylation sites although there were 
threee PI clones with sites additional to those in the prevailing PI sequences (PI-5,6 and 10) that 
weree not seen in later clones. No additional glycosylation sites were seen in the adapted sequences 
ass found in other experimental infections (16,73,74). Most variation in the VI was Ala to Thr (eg. 
A135T)) or the reverse with selection for the stable Pro (P135) in the tip of the VI loop. The variation 
inn the VI region is seemingly strain or host dependent as there was little in common between the 
sortss of variants (Table 2). The passage VI substitutions being mostly A,TJ\Q or S single substitutions 
withinn the serine-threonine rich region, with no obvious pattern except for the absence of glycosylation 
sitee alterations. The only alteration seen in the passage being the N164S mutation in clone P6B-4 
whichh shifts a NXT site to a NXS site one amino acid further. No pattern was seen in the variation 
off  charged sites with substitutions seen between positive, negative and neutral amino acids. The 
T134II  substitution seen in the later passages is found commonly in SIV SMH4 clones (43) and 
althoughh not fixed in all clones alterations in this site may involve O-linked glycosylation variations 
(15). . 

Thee V2 region variations were more limited with charged amino acids being substituted for like-charged 
aminoo acids (such as R187K), with the same exchange seen in SIVMne infection (74). The R197T 
mutationn removes a charge that exists in SIVsmH4 but not in the other strains. The eleven amino 
acidd V2 accessory loop is highly variable with most variations being size conservative. The D198G 
iss found in some SIVmac239 clones (6/16 (61)). Variation in the V2 region consisted of four amino 
acidd changes, two of which were variations away from charged amino acids (R-T and E-G). Half 
off  the variation was found in the small "accessory" loop of the V2 consisting of only ten amino 
acidss (amino acids 201-214). 

Thee C2 region was the most stable domain having only four amino acid changes in the P6B sequences 
(I223V),, as seen in the other SIVsm strains. The I-V or V-I variation was seen three times in the 
passagee (C-terminal to the V2 region, mid in the V3 loop and in the CD4 binding region) and is 
aa conservation of aliphatic amino acids. The 1223 V substitution is seen in four of the five P6B clones, 
producingg the motif NTSIVQ. All other SIVs have the motif NTS VIQ with no variation of the 
glycosylationn site or of the V or I to give the NTSIIQ seen in the other fifteen clones or the P6B 
clones.. Situated between two disulphide bonds eight amino acids apart containing an N-linked 
glycosylationn site there is possibly a constraint for aliphatic amino acids as no change in flexibility 
orr antigenicity was seen. The two T294S substitutions shift an N-linked glycosylation site one amino 
acid. . 

Variationn in the V3 loop was minimal compared with that in HIV-1 infections and consisted of 
onee site with four G323A changes, both being tiny hydrophobic amino acids. The L327V mutation 
iss a mix of all three aliphatic amino acids, found to be important at the tip of the SIV V3 as well 
ass in HIV-2 (57).This selection and fixation occurs concomitantly with thee persistent antigenemia 
seenn in these later infections, variation in the V3 of quickly progressing monkeys was also found 
inn SIVsmH4 infection (43), but not at the same site. The variation at this site was not found elsewhere 
withh other strains having a conserved L at this site except for one SIVmac239 clone having a V 
att this site (1/16 (12)). The single change in the V3 domain is one of the three I-V selections in 
thee P6 clones but two clones were also found to encode a Lys (L) at the same position but also 
beingg aliphatic. The post-V3 K358R selected in almost all clones mimics that variation seen in 
envenv clones from the brain of a SIVsniF236-infected macaque (13). The unchanged predicted structure 
forr the V3 loop (between early and late passage virus), although more hydrophobic, was similar 
too the sheet-tum-sheet form of the HTV-1 V3 (40,60), and supported by the similarities and conserved 
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elementss in the V3 sequences of HIV and SIV (49). 

Thee start of the C3 region is a site of variation common between SIV and HTV-1 strains (67) and 
alsoo during the passage. The G355E being in die PI clones is also selected in SIVsmH4 and SIVsm/F236 
infectionss (13,43), but arguably not important in adaptation. The S357N mutation is the opposite 
off  that seen in SIVsmH4 infection (13) where the N was selected with 1/25 reverting to the S. The 
K358RR variation was not found elsewhere but the opposite charge effect was seen (K-E) in the 
SIVsmH44 and the SIVmac239 infections (12,43). 

Thee V4 region is variable in the same manner as the VI region, in mat no discernible pattern can 
bee found in the various strains. The SIVMne infections predominate with NXT or NXS shifts (14,73,74) 
butt there are no variations as such within the passage or other strains. The V4 region of the P6 sequences 
iss more hydrophilic due to the T423K and the R421K substitutions although no other changes were 
predictedd and the changes seen in the smH4 sequences is a general tendency toward positively charged 
aminoo acids while the mac variations were neutral. The T423K substitution is found in the SIVSMM9 
envenv as an invariant position (37). The passage P6 sequences all increased in charge by two in the 
P6AA clones whereas the P6B clones increased by one due to the Q432E mutation. The C4 which 
containss the CD4 binding regionn had one variation in the passage sequences with the V450I substitution 
selectedd in all ten P6 clones and is the norm in this region of all SIV strains and is invariant. 

Tissuee dependent changes found in the VI region glycosylation sites in smH4 infections were not 
encounteredd (13,43). Adding or deleting trios of T and S rich motifs and with the loss or gain of 
NXTT or NXS glycosylation sites as seen in most SIVMne infections (14,73) differ in character 
fromm those in mac 142,239,251 and Bk28 infections (4,11,12,20), and also to those in our passage 
study.. The only VI glycosylation alteration was at A128T in three PI sequences. This change is 
onlyy found in sequences with an added proline (L93P), charge reversing E95K, and further only 
withh in clones with the "AAP" motif of SIVB670-CL6 (Figure 2 (3)). Another site of additional 
glycosylationn is the N163S of P6B-4, which is also found at this site in SIVsmH4. In the V2 accessory 
loopp a site is created, N208S, also seen in SIVsmH4 and SIVPbj 14, and seen in minority in PI, 
P3DD and P4D. In the tip of the V4 (N426T/S) a glycosylation site is found in minority in the PI, 
P3D,, and P4D sequences (common to SIVSMM9 and SIVPbj 14 as well). Although not selected 
forr during passage and adaptation, it is of note that these seemingly extraneous substitutions sites 
aree only found in the death samples, and not during seroconversion samples. The T134I found in 
cloness after P3S is similar to the O-linked glycosylation sites found in SIVMne infections and proven 
too play a role in antibody neutralization (15,53). 

Tablee 2: The variations seen in the passage sequences were compared to those seen in other experimental infections. 
Listedd are die common variations or variations in similar motifs in the various SIV strains the numbering corresponds 
too that of B670 or smH4 although variation between strains is one to four amino acids in length at most. 
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Mutatio n n 

L93P P 

E95K K 

K120R R 

T134I I 

T133.135& & 
136A A 

T140R R 

K187R R 

T197R R 

S204N N 

N205T T 

G207E E 

I223V V 

G322A A 

L327I.V V 

S333P P 

N347K K 

G354E E 

S356N N 

K358R R 

K381E E 

G391R R 

T423K K 

K433R.N N 

E437K,Q Q 

V450I I 

Regionn of 
Mutatio n n 

CI I 

CI I 

VI I 

VI I 

VI I 

VI I 

V2 2 

V2 2 

V2 2 

V2 2 

V2 2 

C2 2 

V3 3 

V3 3 

V3 3 

V3 3 

C3 3 

C3 3 

C3 3 

C3 3 

C3 3 

V4 4 

V4 4 

V4 4 

V4 4 

SIVV  Passage 
Strain n 

SMH4 4 

SMH4 4 

SMH4, , 
MAC142.239&25 5 
1 1 
MNE E 

SM/F236 6 

SMH4,, F236& 
MNE E 

MAC239 9 

MNEE & MAC239 

MNE& & 
MAC239A-T T 

MACC 142,239,251 

SMH4 4 

SMH44 E-K 

4/55 P6B 

MAC2391/166 L-V 

MNE E 

39/50 0 

SMH4 4 
MAC(all) ) 
MACBK28, , 
MNE E 

SMH4 4 
MAC(all) ) 
MNE E 

SMF236 6 

all l 

MAC239 9 

SMM9 9 

SMH4 4 

SMH4 4 

all l 

Referencee Number 

(43) ) 

(43) ) 

(43) ) 
(20) ) 
(73) ) 

(13,43) ) 

(13,43,73) ) 
(14,74) ) 

(4) ) 

(12,54,74) ) 

(74) ) 
(12) ) 

(20) ) 
(11) ) 

(43) ) 

(43) ) 

(12) ) 

(74) ) 

((34JK-R) ) 

(43) ) 
(4,11,12) ) 
(11,20) ) 
(74) ) 

(11-13,20) ) 
(11,20) ) 
(74) ) 

(13) ) 

(34,68) ) 

(37) ) 

(43) ) 

(43) ) 

Comments s 

seenn in all SlVsm 

seenn in all SIVsm 

3/99 clones 
alwayss K 
alwayss R 
PBMCss only 

rhesuss and nemestrina 

nott seen in SIVmac 

neurotropic c 

14/188 clones in MNE, 1/16 MAC239 

5/188 MNE 
4/166 MAC239 

alwayss S 
alwayss N 

NN in others 

GG in all others 

alll  others V 

alll  others G 

alll  others V 

alll  others K 

1/111 G-E 
allG G 
allG G 
alll  E 

24/255 S-N 
K-N N 
N N 

16/54 4 

K-R R 

linkedd to macrophage tropism 

invariantt in SMM9 

P-RR 6/11 
P-KK 1/11 

K-RR 5/11 

alll  I 
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Thee P6 sequences contain a relatively low level of intrasample variation as compared to the earlier 
sequences,, although the P6 isolates are more virulent (Figure 2 and Table 2). The loss of immune 
controll  may explain the more homogenous, less variable P6 sequences as these animals do not 
seroconvertt and develop no measurable immune response as is seen in SIVsmPBj 14 infection of 
pig-tailedd macaques (71,82). The changes in variable regions as reported in various experimental 
infectionss (4,11-14,20,43,68,73,74) related to the antigenicity or natural history are clearly ordered; 
V1>V4>V3>V22 (Figure 1). The variation seen in the C3 region just C-terminal to the V3 loop 
iss the exception with the C3 being more variable than the V3 region, although the C3 constant domain 
iss sometimes more variable than the V3 variable domain in HIV-1 infection (67). The C2 region 
iss stable in all of the sequences. The four amino acid substitutions possibly linked to increased 
virulencee are T134I, L327V, K358R, and T423K. 

Alignmentt of the VI variable domain sequences with SIVsm DeltaB670 sequences found to be 
cruciall  to transplacental transmission, macrophage tropism (M<J>) and T cell tropism (3,30) and 
CCR55 coreceptor usage (30,31) showed that four main variants of virus (Figure 2, B670CL3a,b, 
andd CL12a,b) found in the primary inoculum were also present up to P3D, and only one following 
thatt passage. This is likely due to a selective bottleneck event during transmission (Figure 1, and 
2).. The study of infection of pregnant monkeys and genotypic analysis of the viruses transmitted 
too offspring allowed Amadee et. al. to show genotypic selection and transmission of macrophage 
tropicc viruses (M<|> (3)). The motifs found in the VI of the most transmissible M<j> virus (B670-CL12 
(cloness L45 and L30 used as examples (64))) were die same motifs selected during this passage. 
Thee M<(> virus marker sequences were found to increase from the PI passage to a majority of the 
cloness sequenced after the second passage (P2D to P6A and P6B, Figure 2). The other viruses seen 
inn the PI sequences were the T cell tropic B670-CL3 (clones B4 and B7), and three B670-CL6 
sequences,, although not seen again in the later passages where the heterogeneity of the quasispecies 
decreasedd as the virulence increased. The T cell tropic motifs of the SIVsm DeltaB670 variants 
foundd in infected rhesus and human PBMCs respectively (3,64), were not seen after PI (Figure 
2).. The positive to negatively charged change of "GR" for "ET", "VT" , and "EE" is in a hotspot 
off  variation in the VI during passage (Figure 2, fourth shaded column of amino acids). The B670-CL4 
sequencee not sampled earlier in the passage, but present in the primary inoculum, are found again 
inn the P3S and P3D sequences (P3S-3, P3D-1&3), a sampling result also seen (3) to occur in mixed 
viruss inoculations and multiple timepoint sequencing during infection. The predominating VI sequence 
iss the macrophage tropic one (AA-T-TTA-GRAD-Q, as seen in the shadowed columns of the alignment 
inn Figure 2 (64)). A majority of the fifty clones sequenced contain the GRAD motif, with seven 
off  the clones after P2S being exactly the same in all positions as B670CL12. 

Figuree 3: Alignment of the predicted translation products of the SIVsm DeltaB670 envelope VI domain of clones 
fromfrom the viral RNA in serum of the serially infected rhesus monkeys, and three SIVsm DeltaB670 clones known to 
havee specific tropisms and transmission characteristics (3). The predicted amino acid sequences of the passage clones 
aree aligned in comparison to clone B670C-L12A and B ( macrophage tropic, CCR5 dependent (31) and most frequently 
transmittedd transplacentally), B670CL-4 (source of RNVEA motif seen in P3S and P3D), B670CL-6 (source of AAP 
motiff  seen in PI), and B670CL-3A and B (T-cell tropic and CCR5 dependent (31)). Amino acid substitutions are 
indicatedd using the one letter code and similarity to B670CL12A by a dash. 
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SIVV B670 and Passage Sequence Env VI Amino Acid Alignment 

B670CL12a a 
B670CL12b b 
B670CL4 B670CL4 
B670CL6 6 
B670CL3a a 
B670CL3b b 
SIVSMM9 9 
SIVH4ENV V 
PBJ14 4 
PII  1 
PII  2 
PII  3 
PII  4 
PII  5 
PII  6 
PII  7 
PII  8 
PII  9 
PII  1 0 
P2S S 
P2S S 
P2S S 
P2S S 
P2S S 
P2D D 
P2D D 
P2D D 
P2D D 
P2D D 
P3S S 
P3S S 
P3S S 
P3S S 
P3S S 
P3D D 
P3D D 
P3D D 
P3D D 
P3D D 
P4S S 
P4S S 
P4S S 
P4S S 
P4S S 
P4D D 
P4D D 
P4D D 
P4D D 
P4D D 
P6A A 
P6A A 
P6A A 
P6A A 
P6A A 
P6B B 
P6B B 
P6B B 
P6B B 
P6B B 

1 1 
2 2 
3 3 
4 4 
5 5 
1 1 
2 2 
3 3 
4 4 
5 5 
1 1 
2 2 
3 3 
4 4 
5 5 
1 1 
2 2 
3 3 
4 4 
5 5 
1 1 
2 2 
3 3 
4 4 
5 5 
1 1 
2 2 
3 3 
4 4 
5 5 
1 1 
2 2 
3 3 
4 4 
5 5 
1 1 
2 2 
3 3 
4 4 
5 5 

WGLTGNAATTTTTTTTASTTTT •  P  •  •  KGRADWNETSSCVKNNNCTGLEQEP )  Mf 

R-VEA—— K---— V AD .  .  '~— 
T-—A--AAP—RR VT- N -- -

-VP--
hzi hzi 

-ET. NN P -
-ET. NN P -

D--P—-Q-S-.TPP SS .  II- K DSDP-IR S -  — 
_ G —— -A I  — .  TA-P S .  --.VAEN-I--SNP- I  S- A 

TP-P—-QQ TQAS-T-TSPItf- K DSDP-I- I 

- P —— A—A-T-KG--A -
- T — A — A A P - -R R 
-T—-A--AAP—R R 
-V-P-P—-A.T-S-T. " " 
-P—---V--P ,,  .  .- I  — . 

AA-V-.—AA-- --
-T—-A--AAP—R R 

-VT-N --
-VT-N --
-VT-N --
-- E E 

-VT-N --

-—H--
— H--
--  — H-

-AE--

R—EAA TA S — T -

-R-VEA—-----T- ..  .  .- .  E E 
— - rr  — - - 1 -AT .  — .  E E 
-R-VEA —— ----- T — 

-I --

—I-A- T T 
---I-A . . 

A-- TT TEK -
A-- TT T -  — 

-EE--

-I --
-AA TA -

**  — »-I-A .  . -

N--

—— E — • 

--K TT — 

N--
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Discussion:: Alignment of the env VI variation during passage shows the presence early in the 
passagee of clones similar to the B670-CL3A, 3B (T cell tropic, CCR5 dependent (331)), B670-CL4, 
andd B670-CL6 sequences (Figure 2) present in the SlVsm DeltaB670 quasispecies. Later passages 
havee more homology to the M<|> B670-CL12 (CCR5 dependent (31)) sequences. The homologies 
off  the selected sequences and coreceptor usage of the virus provide evidence for the tropism of 
thee viruses, in relation to the variation observed The passage in rhesus macaques showed the quasispecies 
heterogeneityy decreased with the acquisition of increasing virulence and the predominant virus 
wass tneM<|> or R5(CCR5 coreceptor) tropic vir^ 
transmissionn (3,89). 

Thee characterization of some of the coreceptors used by HIV-2 and SIV (27) has shown that coreceptor 
usagee of the M<|> and T cell tropic strains of these viruses (19,26,30,31,84) can differ during the 
stagess of infection, but that it is not a requirement for progression to AIDS (26). The change in 
coreceptorr usage from M<|> to T cell tropic in HIV-1 infections is known to coincide with a switch 
inn coreceptor usage (22,75). The coreceptors involved in HTV-1 infection being CCR5 and CCR3 
forr the macrophage dependent (R5) variants and CXCR4 for T cell infecting viruses (X4) and R5X4 
whichh have dual tropism. Concomitant to the switch from the M«j> tropic R5, and repopulation of 
thee quasispecies with T cell X4, R5X4 variants, is the loss of CD4+ cellss and phenotypic transition 
fromm non-syncytium inducing to syncytium inducing (NSI to SI (22,75)). The close relation of 
HIV-22 and SlVsm is shown by their high env sequence homology (up to 60 %), although differences 
havee been found in the utilization of CXCR4 (27). The broadening or multi-usage of coreceptors 
mayy be a correlate of disease progression in HIV-2 (75). The tropism switch, phenotype alteration, 
andd loss of CD4+ cells occurs in HIV-1,2 and some SIV infections (not including asymptomatic 
infectionn of Chimpanzees or African green monkeys). However of the SIVs evaluated so far all 
exceptt SrVcpz use CCR5 (22,27,78,84). T cell tropic HIV-2 uses CXCR4 and not CCR5 (which 
aree both utilized by T cell tropic HIV-1 (84)). The pattern of SIV coreceptor use also differs in 
usingg CCR5, Bonzo and BOB (27) for macrophage and T cell tropic viruses alike (30). Oddly, 
inn this study the T cell tropic B670-CL3 CCR5 dependent genotypes are found only in the early 
samples.. This does not mimic the phenotype switching seen in HIV-1 infections sometimes found 
duringg progression to AIDS in humans (22,78), but agrees with the finding of disease progression 
inn the absence of SI viruses and without the associated broadening of the coreceptor repertoire 
(26).. The lack of T cell tropic sequences in P6 may be due to the very short progression times after 
P4,, and thus the of time and/or selection pressure to cause phenotype switching to exclusive T cell 
tropicc variants. 

Thee total env protein molecular weight is made up of 64% amino acid chain and the remaining 
36%% composed of N and 0-linked grycosylation. Glycosylation sites play an important role in modulating 
humorall  immune responses against envelope antigens. They may act to totally dissipate Ab binding 
afterr carbohydrate removal (1) and the alteration of these sites should be an effective method of 
immunee evasion (11,20,39,49). In SIVMne infection the predominant variation was seen to be the 
addhkivftdetion/sliifangg of the NXT/S N-linked grycosylation sites in foe VI and V4 regions (14,15,53,73,91). 
Thee HTV-1 env is O-linked glycosylated and predicted to have eight O-linked glycosylated sites 
perr gpl60 by molecular weight (7). O-linked grycosylation sites are known to be rich in serine 
andd threonine although the actual sequence needed is elusive. The changes seen in thee VI in the 
chainn of threonines (notably the T134I substitution) could be alterations in the location and amount 
off  O-linked grycosylation, as the role in antibody recognition or evasion played by O-linked glycosylation 
hass been shown (15). There was littl e or no alteration of the N-linked glycosylation sites in the 
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VII  or the V4 of the P3 or later sequences as compared to those of the PI, P2, or P3 isolates. There 
aree undoubtedly varying roles played by glycosylation in the various strains during infection, but 
itt is unexpected that so littl e or no difference be found between the PI and P6 clones in relation 
too the increased virulence. Due to the rapid progression of the infections after the first passages, 
thee time needed for seroconversion (three to four weeks) was not reached. The mutations seen in 
thiss passage experiment were found to exist to some degree in all of the commonly used strains 
(4,11-14,35,43,68,73,74).. Amino acid substitutions common to the present passage experiment 
andd other experimental infections suggests that limited variation is permitted after a state of optimal 
fitnesss is reached (53). The similarities in the variable motifs within the common variable regions 
aree to an extent similar within thesee infections. Most of die selected mutations were charge altering 
(positivee to negative, negative to positive or charged to uncharged) making up the majority of the 
changess while composing only 15% of the amino acids (K, R and E). That charged amino acids 
commonlyy found exposed at the surface of the envelope could be the cause of the over-representation 
off  these three amino acids in the variation during passage. 

Thee antigenic area found to produce the most efficiently binding antibodies was referred to as the 
principall  neutralizing domain (PND). The PND of SIV differs from that of HTV-1 and 2 is conformational 
andd localised between the C2 and the C-terminus of the Env protein (48,50). The mutations seen 
heree could be descriptive of a viral Env protein with an even less immunogenic tertiary structure 
soo as to evade the humoral immune response lagging during the initial post-infection viremic stage. 
Thee decreased heterogeneity in the P3, P4 and P6 sequences gives support to the notion of driving 
virall  variation by selection for variants present in the host (63,72). The need for a stable V3 loop 
inn the conformational folding of the SrVsm Env may be why there are no linear-V3 peptide binding 
Abss in SIV infection as opposed to those seen in HIV-1 infection (50). If the V3 must remain in 
conformation,, it could be that minute variations provided by the C3 variations are sufficient to 
alloww correct orientation of the V3 loop in its function and structure. 

Threee studies have shown the importance of the SIVsm V3 in tropism and pathogenicity (43,57), 
andd of CCR5 usage (30). The first change shown in the V3 loop (H342P) allowed the infection 
off  PBMCs and macrophages in culture (43). The assumption in this latter study was that variation 
att this V3 residue, in addition to downstream substitutions, affected cell tropism of SIVsm and 
thuss indirectly had an effect on virulence. In our passage experiment the P6 clones were found 
nott to possess this mutation although the disease characteristics were the same. This proline is present 
inn the B670 isolates and was found to be stable in the passage sequences throughout this study. 
Althoughh a similar G to R substitution, as seen in the passage, was found to be necessary for the 
macrophagee tropism of SIVmac239 (68), the V3 substitution here is just 3' of the loop (K358R), 
thirtyy residues away. The exact same G391R substitution is found in one P4D and two P6A sequences. 
Thee V3 and C3 changes seen (L327V and K358R) selected during passage may have effects upon 
alteredd coreceptor usage, or possibly even CTL epitopes. Reduced replication in macrophages, 
wass shown to be the result of two substitutions in the V3 and these produced a virus that used CCR5 
inn a more T-tropic manner (30,57,58). Variations found in the V3 were shown to alter the region 
off  CCR5 used with dependence on the second extracellular loop as do T tropic strains (30,57). 
Thee V4 mutation T423K varies between SIV SMM9 (K), H4 (Q), and PBJ14 (I) with the T423I 
foundd in some passage clones as well as in PBJ14, what role this mutation plays in the infection 
hass not been studied. 

Duringg passage the virulencee of this uncloned strain increased markedly. Thee "differential utilization" 
off  M<|) and T tropic SfV strains of CCR5 may explain the ability of two separate B670 clones (CL3 
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andd CL12, or PI versus P4) to have different env sequences and yet both utilize the same coreceptor 
exclusivelyy (31). The selection during passage of a CCR5 dependent M<|> tropic strain has been 
shownn to be important in pathogenesis (45,86). Although the env variation found during passage 
mayy not lead to alterations in coreceptor usage, it may be involved in increased affinity for CCR5 
orr for the adaptation to receptors/coreceptors not yet known. The data presented support the concept 
thatt alterations in coreceptor repertoire are not important in AIDS pathogenesis caused by virulent 
strainss of SIV. There were neither selected changes in glycosylation, nor charge. Detailed comparison 
off  these changes within the passage revealed the commonality of these selected amino acid substitutions 
withh the published literature, suggestive of a shared rule of env variation, probably under the biochemical 
constraintss of tertiary structure and function. Selection and fixation of amino acid substitutions 
foundd in the heterogenous uncloned primary inoculum SIVsm DeltaB670 happened simultaneously 
withh the development of increased virulence. The four substitutions selected occurred in the VI , 
V3,, C3, and V4 (T134I, L327V, K358R, and T423K), and were all found to be minority substitutions 
acquiredd from SIVsm DeltaB670. These substitutions selected may together or in part be involved 
orr associated with increased virulence. 
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