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DNA shuffling facilitated the evolution of a human immunodeficiency virus type 1 (HIV-1) variant with
enhanced replication in pig-tailed macaque peripheral blood mononuclear cells (pt mPBMC). This variant
consists exclusively of HIV-1-derived sequences with the exception of simian immunodeficiency virus (SIV) nef.
Sequences spanning the gag-protease-reverse transcriptase (gag-pro-RT) region from several HIV-1 isolates
were shuffled and cloned into a parental HIV-1 backbone containing SIV nef. Neither this full-length parent nor
any of the unshuffled HIV-1 isolates replicated appreciably or sustainably in pt mPBMC. Upon selection of the
shuffled viral libraries by serial passaging in pt mPBMC, a species emerged which replicated at substantially
higher levels (50 to 100 ng/ml p24) than any of the HIV-1 parents and most importantly, could be continuously
passaged in pt mPBMC. The parental HIV-1 isolates, when selected similarly, became extinct. Analyses of
full-length improved proviral clones indicate that multiple recombination events in the shuffled region and
adaptive changes in the rest of the genome contributed synergistically to the improved phenotype. This
improved variant may prove useful in establishing a pig-tailed macaque model of HIV-1 infection.

The narrow host range of human immunodeficiency virus
type 1 (HIV-1) has impeded the development of a suitable
animal model for the study of HIV-1 pathogenesis and for
testing prophylactic and therapeutic strategies to control virus
infections. Although HIV-1 infects chimpanzees, the infected
animals rarely develop any AIDS-like symptoms. Furthermore,
chimpanzees are endangered, expensive, and difficult to han-
dle. Unlike the great apes, macaques are not endangered and
are relatively easy to breed. Among the macaques tested, only
the pig-tailed macaque (Macaca nemestrina) has been reported
to support HIV-1 replication (3). However, HIV-1 replicates
poorly in pig-tailed macaques (2, 15, 16), causing only small
and transient declines in CD4 cells and no disease (5). In
contrast, infection of macaques with simian immunodeficiency
virus (SIV) often results in robust replication and AIDS-like
symptoms, making this a more relevant model for HIV-1-
induced disease. Its utility though, for testing anti-HIV-1 drugs
and vaccines is limited by the significant genetic divergence
between SIV and HIV-1 (7, 12, 13, 19).

The development of chimeric simian-human immunodefi-
ciency viruses (SHIVs) harboring the HIV-1 envelope and
regulatory genes (rev, tat, and vpu) in an SIV background has
partially solved this problem (27, 29, 40, 42). These SHIVs are
useful for testing HIV-1 envelope based vaccine candidates.
Several pathogenic SHIVs with different HIV-1 envelopes are
available (20, 22, 30, 39). Since the 5� regions of their genomes
are composed of SIV sequences, these SHIVs cannot be used
for testing cytotoxic T-lymphocyte (CTL)-inducing vaccines
targeted at Gag. Our ultimate goal is to address this limitation

by generating a virus that replicates efficiently in macaques and
comprises predominantly sequences derived from HIV-1, in-
clusive of all the HIV-1 structural genes.

This is a formidable task, as the restrictions to productive
HIV-1 replication in macaque cells are poorly character-
ized. In rhesus macaque peripheral blood mononuclear cells
(mPBMCs), HIV-1 replication appears to be blocked early in
the viral life cycle (18, 41). These blocks may involve the
release of the virion core into the cytoplasm or occur at a step
immediately prior to initiation of reverse transcription. Viral
entry is not the limiting step as SHIVs can infect and replicate
efficiently in macaque cells. Determinants that restrict HIV-1
replication in mPBMC may reside in the sequences encom-
passing the 3� half of the long terminal regional (LTR) and the
gag-pol region (41, 42). Chackerian et al. (6) reported that
replication of HIV-1 in macaque cells expressing human CD4
can be blocked at several steps; certain macrophage-tropic and
primary HIV-1 isolates are restricted at a step subsequent to
reverse transcription but prior to migration of the preintegra-
tion complex to the nucleus while other isolates are blocked
prior to reverse transcription. However, expressing the appro-
priate human coreceptor on the surface of the rhesus macaque
cells alleviates the replication blocks (6). In contrast to the
complete restriction seen in rhesus macaque cells, pig-tailed
macaques are semipermissive for HIV-1 replication. Some
HIV-1 strains can infect T lymphocytes from this species but
replicate at very low levels (15, 16). The blocks here are also
poorly defined and appear to act at stages after reverse tran-
scription (25).

The undefined nature of the replication blocks and the in-
trinsic complexity of the HIV-1 genome preclude the rational
engineering of the virus to replicate efficiently in pig-tailed
macaques. Attempts to adapt HIV-1 by serial passaging in
pig-tailed macaques have not been successful (2) as replication
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is not sufficiently robust to favor the evolution of improved
variants. Furthermore, efficient CTL responses in HIV-1-in-
fected pig-tailed macaques limit virus replication and eventu-
ally clear the virus (23, 24).

In light of these barriers to rational and adaptive ap-
proaches, we applied DNA shuffling to kindle the process of
virus evolution. In DNA shuffling, homologous sequences can
be recombined in vitro by random fragmentation, followed by
cycles of reassembly. This generates a pool of diverse, recom-
binant sequences that is then screened for novel and improved
properties. The power of DNA shuffling to evolve dramatically
improved phenotypes by efficiently permuting functional se-
quences from multiple parents has been demonstrated in many
systems (8, 9, 33). We have also shown that shuffling can
enhance the inherently high evolutionary potential of retrovi-
ruses. Under different selective pressures, a library of murine
leukemia viruses (MLV)-containing shuffled envelopes yielded
chimeras with a new tropism (44), as well as dramatically
increased mechanical stabilities (36). In this study, we gener-
ated diverse libraries of HIV-1 recombinants by using DNA
shuffling. By selectively passaging these libraries, we evolved a
viral species that can now replicate efficiently and sustainably
in pig-tailed (pt) mPBMCs.

MATERIALS AND METHODS

Cell culture. Human and pt mPBMCs were purified from heparinized whole
blood by centrifugation through Ficoll-Hypaque (Histopaque; Sigma, St. Louis,
Mo.) density gradients and were either used fresh (for pt mPBMC) or cryopre-
served in 90% fetal bovine serum (FBS)–10% dimethyl sulfoxide. Pt mPBMC
were stimulated with complete media (RPMI 1640 supplemented with 10% FBS,
0.2 mM L-glutamine,100 U of penicillin-streptomycin/ml; all reagents from Gibco
BRL, Gaithersburg, Md.) containing 1 �g of phytohemagglutinin (PHA; Sig-
ma)/ml for 3 days and then maintained in the same medium containing 100 U of
human recombinant interleukin-2 (IL-2)/ml, without PHA. To stimulate human
PBMC (huPBMC), recombinant IL-2 was added together with PHA during the
initial 3-day treatment.

The human T-cell line MT-4 (17) was maintained in RPMI 1640 supplemented
with 10% FBS, glutamine, and antibiotics. Human 293 cells (American Type
Culture Collection [ATCC]) were maintained in Dulbecco’s minimal essential
medium (DMEM; Gibco BRL) supplemented with 10% FBS and antibiotics.

In vitro infections. MT-4 cells, activated huPBMC (day 5 after PHA stimula-
tion) and pt mPBMC (day 3 after PHA stimulation) were used for in vitro virus
infections. Virus inocula were normalized for reverse transcriptase (RT) activity,
p24 content, or infectious titers as indicated. Infectious titers were determined by
performing a limiting-dilution infection of MT-4 cells in quadruplicate and cal-
culating the 50% tissue culture infectious dose (TCID50) (38). Supernatants from
infected PBMC cultures were collected at 2- or 3-day intervals and monitored for
virus-associated RT activity or for p24 levels as indicated. RT activity was mea-
sured using [32P]dTTP (�400 Ci/mmol; Amersham Pharmacia, Piscataway, N.J.),
as previously described (48). RT activity was reported as counts of [32P]dTTP per
minute incorporated in 10 �l (containing 1.67 �l of infected culture supernatant)
of the reaction mixture. Levels of HIV-1 p24 in the supernatants were measured
using an in-house p24 antigen enzyme-linked immunosorbent assay (ELISA)
standardized with known amounts of p24 antigen. For the quantification of
SHIV, a commercial p27 antigen ELISA (Beckman-Coulter, Miami, Fla.) was
used.

Viruses. Infectious full-length proviral clones of seven clade B (NL4-3 [1],
HXB2 [37], LAI [47], JRCSF [34], YU-2 [28], AD-8 [46], and DH12 [43]), two
clade D (Z2z6 [45] and ELI [4]), and the recombinant (clade A/D/I) MAL (4)
provided parental sequences for shuffling. A partial clone, UG-15 (unpublished
data), containing the gag and pol genes of a primary subtype D isolate was also
used.

The full-length SHIV molecular clone used as a positive control in this study
has been described previously (MD14YE [40]). Briefly, this SHIV consists of the
DH12 env, tat, rev, and vpu genes inserted into the backbone of SIVmac239. The
premature stop codon within the SIV nef sequence has been repaired, and
positions 17 and 18 have been changed from RQ to YE. These changes are

responsible for the high lymphocyte stimulatory activity of an SIV variant (11).
MD17 is essentially a clone derived from DH12 in which the nef sequence has
been replaced by the YE version of the SIVmac239 nef. In the proviral clone of
MD17, the 3� LTR is chimeric; most of the U3 region is derived from SIV-
mac239, and the remainder of U3 as well as the R and the U5 regions are derived
from DH12. After reverse transcription, both LTRs will become chimeric. MD17
provided the infectious backbone into which the shuffled sequences were cloned.

Shuffling of viral sequences and library construction. The shuffling procedure
has been described previously (10) and is shown schematically (see Fig. 2).
Primer sequences are denoted according to the DH12 sequence nucleotide (nt)
positions. Briefly, a 3.5-kb fragment encompassing the entire gag gene, as well as
the protease- and RT-coding sequences of the pol gene, was amplified from each
of the 11 parental HIV-1 strains using primer gag 1F (TCT CTC GAC GCA
GGA CTC GGC TTG C [nt 680 to 704]) and primer pol 1R (TCA CTA GCC
ATT GCT CTC C [nt 4294 to 4276]). PCR products from the 11 parents were
mixed together in equimolar amounts and subjected to random fragmentation by
DNAse I (Sigma). Fragments ranging from 0.5 to 1 kb in size were eluted from
an agarose gel and reassembled through cycles of denaturation, annealing, and
extension in the absence of primers. Assembled fragments were then amplified
using primer gag 2F (CGG CTT GCT GAA GCG CGC ACG GCA A [nt 697 to
721]) and primer pol 2R (TCT ATT CCA TCT AGA AAT AGT ACT CTC CTG
ATT C [nt 4237 to 4204]), digested with BssHII and XbaI, and ligated into the
MD17 backbone that had been digested with the same enzymes. Ligation mix-
tures were ethanol precipitated and electroporated into XL-1 Blue competent
cells (Stratagene, La Jolla, Calif.). The entire transformation mixtures were
plated on selective agar plates, the colonies were scraped from the plates, and
plasmid DNA was isolated from the pooled bacteria without further growth in
liquid culture. To assess the quality of the generated libraries, 20 sample clones
from each library were analyzed for recombination frequency and viability. A
rough estimate of recombination frequency was obtained through restriction
fragment analysis of the gag-pro-RT region amplified from each clone. Viability
was assessed by the ability of the clones to produce infectious virus. This was
determined by transfecting single clones into 293 cells (FuGENE 6; Roche,
Indianapolis, Ind.) followed by the infection of MT-4 cells with the transfection
supernatants and monitoring for virus replication by p24 antigen assay.

Library transfection and serial passage. Library DNA was transfected into
293 cells by the calcium phosphate precipitation method (reagents obtained from
5�33� Inc., Boulder, Colo.). A mixture consisting of all full-length parental
HIV-1 molecular clones was transfected in parallel and served as wild-type
control. As a positive control for replication in pt mPBMC, SHIV (MD14YE)
was also transfected. Briefly, each 100-mm-diameter plate containing 5 � 106 293
cells was transfected with 30 �g of proviral DNA. Sixteen hours after transfec-
tion, cells were washed with PBS, and RPMI supplemented with FBS, antibiotics,
and IL-2 was added. Supernatants containing virus particles were collected 48 h
later and used to infect freshly stimulated pt mPBMC. To remove input virus,
PBMC were washed extensively 16 h postinfection and were maintained in
complete medium supplemented with IL-2 thereafter. Every 2 to 3 days, about
90% of the medium was collected for storage at �80°C and replaced with fresh
medium. An aliquot was kept at �20°C for p24 ELISA or RT activity assay. Two
to 3 weeks after infection, a new passage was initiated by inoculating fresh pt
mPBMC with supernatants collected on the day of peak virus production. Stim-
ulated huPBMC were infected with the pt mPBMC derived virus containing
supernatants where indicated. All manipulations of infectious virus were per-
formed under BL3 conditions.

Cloning of full-length HIV-1 and construction of chimeras. The 1B3 virus was
propagated in a short-term culture in MT-4 cells. Proviral DNA was PCR
amplified from genomic DNA in two pieces. The 5� portion of the genome (4.2
kb) was amplified using primers 5� F (TGG AAG GGA TTT ATT ACA GTG C)
and pol 2R. The 3� portion (5.5 kb) was amplified using primers pol 2F (GAA
TCA GGA AAG TAC TAT TTC TAG ATG GAA TAG A) and 3� R (TGC
TAG AGA TTT TCC ACA C [nt 9704 to 9686]). The separate PCR products
were then digested at a unique XbaI restriction site (nt 4223) located in the pol
gene, ligated together, and subsequently cloned into the pCR-XL-TOPO vector
(Invitrogen, Carlsbad, Calif.).

gag-pro-RT chimeras were generated by exchanging the BssHII (nt 709) to
XbaI (nt 4223) fragments between MD17 and 1B3 clone 1.4. Exchange of the
region spanning integrase through envelope was accomplished by swapping the
pieces between the XbaI site (nt 4223) and the SalI site (nt 8465). For construc-
tion of the nef-LTR chimeras, the pieces between the SalI site (nt 8465) and a
BamHI site in the vector multiple cloning site were exchanged between 1B3
clone 1.4 and MD17 or between 1B3 clone 1.4 and DH12. The correct compo-
sition of each chimera was confirmed by sequence analysis. All chimeric clones
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were tested for viability by infection of human cells prior to use in the macaque
tropism experiments.

Nucleotide sequence accession number. The entire genome of clone 1.4 was
sequenced and submitted to GenBank under accession number AF465242.

RESULTS

Parental HIV-1 strains replicate poorly on pt mPBMC. We
evaluated the 10 full-length, parental HIV-1 clones for their
ability to replicate on pt mPBMC. These viruses were first
propagated by short-term passage on huPBMC. RT-normal-
ized amounts of the viruses were then used to infect fresh pt
mPBMC. Figure 1 shows that the HIV-1 strains replicated
poorly or did not replicate at all, consistent with previous
reports (3, 14, 16, 25, 35). HXB2, DH12, and its SIV nef-
containing derivative MD17 produced the highest RT levels,
although these were still less than 20% that of SHIV-positive
control. Virus production peaked at day 4 postinfection and
sharply decreased thereafter.

We attempted to passage the viruses by inoculating fresh pt
mPBMC with peak RT supernatants from the first passage.
Only DH12 and MD17 survived the transfer and replicated
slightly above background levels. A third passage resulted in no
detectable viral production. No infectious virus could be res-

cued from this passage even by cocultivation with permissive
human cells (data not shown). In contrast to the HIV-1 strains
tested, SHIV showed high and sustainable replication on pt
mPBMC throughout several passages. Thus, our results con-
firm previous studies reporting that HIV-1 replicates poorly
and cannot sustain a continuous infection in pig-tailed ma-
caque cells (16, 25).

Generating infectious HIV-1 libraries containing shuffled
gag-pro-RT sequences. Our approach consisted of shuffling a
3.5-kb region between BssHII and XbaI sites, which encom-
passed the entire gag, protease, and RT sequences. Determi-
nants that restrict macaque cell tropism have been mapped to
this region (41). We reasoned that shuffling different HIV-1
sequences in this region might generate favorable recombi-
nants that would alleviate this restriction. Ten full-length
clones and one partial HIV-1 clone from several clades pro-
vided the starting sequence diversity for shuffling. The homol-
ogy within the shuffled region for these parent sequences
ranged from 90 to 99%.

Figure 2 outlines the scheme for generating shuffled gag-
pro-RT libraries. The shuffled sequences were cloned into an
infectious MD17 backbone. MD17 is a derivative of the dual-
tropic DH12 strain (43) and, except for nef, consists entirely of

FIG. 1. Replication of parental HIV-1 strains and SHIV in pt mPBMC through two passages. The maximum RT activity reached in
SHIV-infected cultures was in the range of 8,000 cpm. The amount of input virus for the first pt mPBMC passage was normalized for RT activity.
For infection of the second-passage pt mPBMC supernatants from passage 1 showing peak RT activity were used. Days postinfection for each
passage are labeled from the start of each infection of fresh pt mPBMC.
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HIV-1 genes. The HIV-1 nef gene has been replaced with the
SIV-derived nef gene containing the YE mutations. This nef
mutant induces strong proliferation of resting mPBMC in vitro
and a highly pathogenic acute infection in vivo (11). The pres-
ence of the SIV YE nef alone does not confer a significant
replicative advantage to MD17; like DH12, MD17 still repli-
cated poorly in pt mPBMC and could not sustain a productive
infection (Fig. 1).

We generated four shuffled HIV-1 libraries (1B3, 2B3, 2A3,
and 2A6), each containing between 4 � 104 and 8 � 104 clones.
Restriction fragment analysis using DraI and HinfI of several
independent clones from each library revealed that 79 to 100%
of the clones were recombinant within the shuffled region.
Between 25 and 45% of the clones produced virus that pro-
ductively infected human MT-4 cells (data not shown). This
served as a measure of the viability of the libraries.

Emergence of an improved variant after serial passaging of
shuffled HIV-1 libraries in pt mPBMC. Transient transfection
of the four shuffled proviral libraries and a control mixture of
the parental clones into 293 cells produced the virus pools that
were used to infect separate pt mPBMC cultures. All four
libraries and the parental mixture replicated poorly in this first
passage (data not shown). None of these viral cultures survived
a second passage in fresh pt mPBMC. This result was not

surprising, since clones exhibiting an augmented replication
phenotype might be expected to be a minor component of each
library. Also, we reasoned that additional mutations may be
required to manifest incremental advantages conferred by
shuffling. In a previous study, in which we applied DNA shuf-
fling to evolve MLV for a new cell tropism (44), we selected
the shuffled library for four passages before the new activity
became evident. To enable the enrichment process to proceed
in this previous study, the selection cultures contained a small
number of semipermissive cells mixed with a majority of target
cells.

We thus used a variation of this strategy here by inoculating
permissive huPBMC with viral supernatants from infected pt
mPBMC to rescue and amplify progeny viruses. The amplified
viruses were then used to initiate the next round of infection in
fresh pt mPBMC. We performed three cycles of this alternat-
ing passaging regime; all four libraries as well as the parental
culture recovered and replicated to high levels when huPBMC
were inoculated in the first three passages (data not shown).
An infection of a fourth passage of pt mPBMC was initiated
using viruses amplified in huPBMC. From this point (passage
5 and above), we increased the stringency of the selection by
directly infecting fresh pt mPBMC with viral supernatants de-
rived from the previous pt mPBMC passage, without an inter-

FIG. 2. Schematic overview of the construction of gag-pro-RT shuffled libraries.
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vening huPBMC amplification step. Among the HIV-1 cul-
tures, only the 1B3 and 2A6 libraries showed marginal levels
(70 cpm above background of 40 cpm) of virus replication
during passage 5 (Fig. 3). Another direct infection of fresh pt
mPBMC was performed for passage 6 where RT levels in-
creased only in the 1B3 culture after a 10-day delay. This
pattern was repeated in passage 7.

After four successive passages (passages 4 to 7) in pt
mPBMC, we attempted to rescue viruses from the cultures
using huPBMC. This was successful only with the 1B3 library
and SHIV control cultures. In contrast, virus could not be
recovered from the other three libraries and the parental
HIV-1 cultures at passage 6 and passage 7, showing that these
viral populations had not survived the stringent selection. Re-
striction digests of proviral gag-pro-RT sequences, amplified by
PCR from the genomic DNA of 1B3 infected huPBMC, re-
vealed a pattern distinct from any of the parental clones (data
not shown). This suggests that a dominant, recombinant spe-
cies had emerged from the 1B3 library.

Viral variant 1B3 shows improved pt mPBMC replication.
Next, we directly compared the replication kinetics of the
evolved 1B3 virus to that of MD17, the parental strain that
replicated best in pt mPBMC. SHIV was included as a positive
control. The viruses were propagated by short-term culture in
huPBMC, normalized for RT activity, and used to infect pt

mPBMC. Virus production peaked on day 4 and declined
thereafter (Fig. 4a). The peak RT activity of 1B3 was 3-fold
higher than that of MD17 and 4.5-fold lower than that of
SHIV. We performed a second pt mPBMC passage using day
4 supernatants from passage 1 pt mPBMC cultures normalized
for RT activity. While no virus replication was detected in the
MD17-infected cells, RT activity increased in the 1B3 culture
and peaked on day 13. A third passage of all three viruses on
pt mPBMC inoculated with passage 2-derived supernatants
resulted in similar patterns of replication. Several attempts to
rescue MD17 from passage 3-derived supernatants with per-
missive huPBMC failed. In contrast, infectious virus was
readily recovered from passage 3 1B3-infected pt mPBMC.
1B3 could continue to replicate similarly through at least two
more consecutive pt mPBMC passages (passage 5) before the
experiment was terminated (data not shown). These data dem-
onstrate that the evolved 1B3 virus has adapted to replicate
better in pt mPBMC than the best HIV-1 parent, MD17. It is
still not as fit as SHIV, which contains the entire gag-pol region
from SIV. Further evidence of the improved fitness of 1B3 was
obtained by directly competing 1B3 and MD17 in a coinfection
experiment. For the first passage, pt mPBMC were coinfected
with equal amounts (normalized for infectivity) of both viruses.

Infections of fresh pt mPBMC were continued for two more
passages. Virus from each passage was recovered using

FIG. 3. Emergence of a viral variant in library 1B3 exhibiting improved and persistent replication pt mPBMC after extensive passaging of four
gag-pro-RT shuffled libraries (1B3, 2B3, 2A3, and 2A6). The maximum RT activity reached by SHIV-infected cultures was in the range of 8,000
cpm. For infection of pt mPBMC, the supernatants from the previous passage showing peak RT activity were used. Days postinfection for each
passage are labeled from the start of each infection of fresh pt mPBMC.
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huPBMC. Proviral sequences amplified from these infected
huPBMC were then analyzed to monitor the existing viral
population at each passage. The distinctive restriction patterns
of the gag-pro-RT regions of 1B3 and MD17 allowed us to
ascertain the composition of the existing population. Figure 4b
shows the progress of the competition. At passages 1 and 2,
both viruses were present, but by passage 3, 1B3 had essentially
gained complete dominance.

Molecular cloning and sequence analysis of 1B3. For the
generation of full-length molecular clones of the 1B3 virus, the
proviral genome was amplified from infected MT-4 cells in two
pieces, ligated together using a unique XbaI site, and then
cloned into a TA cloning vector. Of 100 clones tested, 13
generated virus that could productively infect human MT-4
cells; of these, five were able to persist through several con-
secutive passages in pt PBMC. In a side-by-side comparison,
the replication kinetics of the improved clone 1.4 was indistin-
guishable from that of the uncloned 1B3 virus (Fig. 5). Similar
to the uncloned 1B3 virus, clone 1.4 also outcompeted the
parental MD17 in a coinfection of pt mPBMC (data not
shown). Thus, clone 1.4 possessed the improved replication
phenotype observed for the original evolved 1B3 virus.

We sequenced the entire genomes of clone 1.4 (GenBank
accession number listed above) and three other clones that
also exhibited the improved pt mPBMC replication phenotype.
These clones all shared a similar structure for the shuffled
gag-pro-RT region and several similar mutations in the rest of
the genome. The composition of the shuffled region and non-
silent point mutations for clone 1.4 are shown diagrammati-
cally in Fig. 6a. Analysis of the shuffled gag-pro-RT region
revealed that sequences of at least seven parental HIV-1

strains recombined to generate the gag sequence of 1B3. The
protease and RT coding region were most likely derived from
the HIV-1 parent strain JRCSF (34).

In the nonshuffled regions of the genome, we observed sev-
eral amino acid changes relative to the original MD17 that
were common to all the sequenced clones. These are denoted
from the start of each protein. In the integrase coding region of
Pol, a Ser-to-Asn change (position 730) was consistently found.
Changes resulting in the substitutions of Glu to Lys at position
21 and of Gly to Glu at position 51 were observed in the vpr
sequence. tat contained an Arg-to-Lys substitution at position
53, rev contained a Glu-to-Lys substitution at position 7, and in
vpu, the Arg at position 49 was changed to Lys. Several similar
amino acid changes were also found throughout the gp120
coding portion of env (Met to Ile at positions 150 and 468, Glu
to Lys at positions 320 and 346, and Val to Ile at position 358).
There were also a number of consistent changes in the SIV-
mac239-derived nef sequence. These changes were as follows:
Asp to Asn at position 15, Arg to Lys at position 30 and 245,
and Glu to Lys at positions 36, 75, and 92. Clone 1.4 and
another improved clone contained an additional Glu-to-Lys
mutation at position 147.

Contribution of sequence changes to improved pt mPBMC
tropism. The changes in the sequences of the 1B3-derived
clones from the original MD17 parent can be attributed to
shuffling in the gag-pro-RT region as well as adaptive changes
in the rest of the genome. To elucidate the relative contribu-
tions of these regions to the improved phenotype, we gener-
ated six reciprocal chimeras (Fig. 6b) between clone 1.4 and
the MD17 parent and assayed their ability to replicate in pt

FIG. 4. The 1B3 viral variant shows improved replication in pt mPBMC compared to MD17. (a) Comparison of parallel infections of pt
mPBMC of the improved viral variant 1B3, the best parent MD17, and the SHIV-positive control. The maximum RT activity reached by
SHIV-infected cultures was in the range of 9,000 cpm. The amount of input virus for the first pt mPBMC passage was normalized for RT activity.
For the infection of subsequent pt mPBMC passages, supernatants from the previous passage showing peak RT activity were used. Days
postinfection for each passage are labeled from the start of each infection of fresh pt mPBMC. (b) 1B3 outcompetes MD17 during coinfection of
pt mPBMC.
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mPBMC using normalized amounts of input virus in each
experiment.

First, when the shuffled 1B3 gag-pro-RT region from clone
1.4 was transplanted into the MD17 backbone, improved rep-
lication compared to that of the parent MD17 was observed
(Fig. 7a). Conversely, when the shuffled region was replaced by
MD17 gag-pro-RT sequences, p24 levels decreased compared
to clone 1.4. These observations suggest that the shuffled gag-
pro-RT region did impart a replicative advantage, although it
was by itself insufficient to confer the full, improved phenotype
observed for 1B3.

Next, the 4.2-kb fragment (int3env) containing integrase
and envelope as well as the regulatory genes vif, vpr, vpu, tat,
and rev was exchanged between 1B3 clone 1.4 and the MD17
parent. This region was not shuffled, but it had acquired several
adaptive changes. Transplanting 1B3 int3env sequences into
MD17 increased p24 production and persistence compared to
those of MD17 (Fig. 7b). Replacing this region in clone 1.4
with MD17 sequences decreased replicative ability. Thus,
adaptive changes in this nonshuffled region contributed to the
augmented replication phenotype but were not sufficient to
confer the full improvement observed for 1B3.

Finally, we examined whether changes in the unshuffled nef-
LTR region had any effect on pt mPBMC replication (Fig 7c).
The chimera containing 1B3 nef-LTR in the MD17 backbone
was slightly improved in the first passage but replicated only

marginally in the second passage (�1 ng/ml). The reciprocal
chimera, harboring MD17 nef-LTR in clone 1.4, replicated
similarly to clone 1.4 at passage 1 and at half the levels of clone
1.4 during the second passage. Collectively, the data suggest
that the changes in nef-LTR also confer improvements. Re-
placing the SIV nef-LTR sequences in clone 1.4 with HIV-1
nef-LTR sequences resulted in a chimera (DH12 nef-LTR in
1.4) that lost the improved phenotype and that replicated sim-
ilarly to MD17 (Fig. 7c). This suggested that SIV nef sequences
are required for the beneficial changes in the other regions to
be manifested.

An increase in non-species-specific replicative fitness con-
ferred by the sequence changes to 1B3 and the chimeric viruses
may account for the observed improvements in pt mPBMC. To
investigate this possibility, we compared the replication of
these viruses in huPBMC with MD17, using RT-normalized
viral supernatants to initiate the infections. All the viruses
replicated robustly in huPBMC (Fig. 8). Importantly, 1B3
clone 1.4 did not exhibit any increase in viral production over
MD17. Although some of the chimeras showed some small
improvements (�2-fold), these were not significant as there
was no correlation of their replication activities in huPBMC
and pt mPBMC. Thus, we conclude that the improvements in
pt mPBMC replication were not due to an overall increase in
replicative fitness but to specific adaptation to pt mPBMC.

FIG. 5. The cloned 1B3 (clone 1.4) virus exhibits the same replication kinetics in pt mPBMC as the uncloned 1B3 virus stock. The amount of
input virus for the first pt mPBMC passage was normalized for p24. For infection of subsequent pt mPBMC passages, supernatants from the
previous passage showing peak virus production were used. Days postinfection for each passage are labeled from the start of each infection of fresh
pt mPBMC.
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FIG. 6. Schematic diagram of 1B3 clone 1.4 showing the recombinant structure of the shuffled gag-pro-RT region and non-silent changes in the
genome (a) and the 1B3/MD17 and the 1B3/DH12 chimeras (b).
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FIG. 7. Replication in pt mPBMC for two passages of the gag-pro-RT chimeras (a), int3env chimeras (b), and nef-LTR chimeras (c) in
comparison to clone 1.4 and MD17. The amount of input virus for the first pt mPBMC passage was normalized for p24. For infection of the second
passage, pt mPBMC supernatants from passage 1 showing peak virus production were used. Days postinfection for each passage are labeled from
the start of each infection of fresh pt mPBMC.
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DISCUSSION

HIV-1 variants that can replicate efficiently in macaques will
fill an important niche for in vivo models for AIDS (21, 26, 31,
32). Such models would enable the testing of drug candidates
without many of the concerns arising from the genetic differ-
ences between SIV and HIV-1. Furthermore, vaccines based
on multiple HIV-1 genes, not just on envelope sequences, can
be evaluated with these models. However, the lack of informa-
tion pertaining to the blocks to HIV-1 replication in macaque
cells precludes structure-based, rationally designed solutions.
Adaptive approaches rely on the natural ability of virus to
generate diversity from which advantageous mutations can be
selected and amplified. Although there have been encouraging
reports of HIV-1 infection in pig-tailed macaques (3, 14–16),
the level of virus replication is generally too low to favor
successful adaptation to a robustly replicating strain within a
reasonable time frame.

With these challenges in mind, we reasoned that supplying
sufficient diversity initially would increase the probability that
some variants would possess enough of a replicative advantage
to spark the adaptation process. To accomplish this, DNA
shuffling was employed. We shuffled the 3.5-kb fragment en-
compassing the gag, pro, and RT coding regions to those se-
quences that restrict productive HIV-1 infection of macaque
cells have been mapped (41). Sequences from 11 HIV-1 iso-
lates, gathered from different clades to increase diversity, were
used. The pool of shuffled sequences was cloned into an infec-
tious MD17 backbone, which was derived from the dualtropic,
primary isolate DH12, and contains the pathogenic YE mutant
SIV nef (11). Consistent with previous studies (3, 14, 16, 25,
35), MD17 and other parental HIV-1 strains replicated mar-

ginally and did not persist beyond two passages in pt mPBMC
(Fig. 1). We subjected four gag-pro-RT shuffled libraries to
three cycles of alternating passages in pt mPBMC and
huPBMC to allow for selection, amplification, and adaptation
of rare viral species that have acquired replicative advantage.
The surviving populations were then stringently selected by
performing four successive pt mPBMC passages. Of the four
libraries, only the 1B3 library yielded a variant that survived
the selection. This variant was clearly improved over all the
HIV-1 parents, including MD17, although it still replicated less
efficiently than SHIV (SIV genome with HIV-1 env). The 1B3
variant could replicate to high levels (�100 ng of p24/ml), and
most importantly, it could be passaged continuously in fresh pt
mPBMC.

Several full-length proviral clones of 1B3 that exhibited the
improved replication phenotype were obtained. They all pos-
sessed a similar structure in the shuffled region, which was
predicted to result from recombination between sequence
fragments of at least seven of the parents (Fig. 6a). Several
changes were found in the unshuffled regions of the genome,
many of which were shared among the different clones. These
clones likely arose from a single founder, generated by shuf-
fling, which then acquired further adaptive mutations. Func-
tional analyses of reciprocal chimeras between a representative
improved 1B3 clone and the parental MD17 demonstrated that
both the shuffled and unshuffled regions of 1B3 contributed
synergistically to the augmented replication phenotype in pt
mPBMC. The shuffled gag-pro-RT and int3env regions of 1B3,
when transplanted individually into the original MD17 back-
ground, resulted in observable improvements in pt mPBMC
replication, although replication levels were significantly lower

FIG. 7—Continued.
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than that for the complete 1B3 clone. Similarly, when these
sequences in 1B3 were replaced by MD17 sequences, replica-
tion was adversely affected. The evolved nef-LTR of 1B3 had a
smaller effect. The enhanced replication of 1B3 and the chi-
meric viruses were not due to an overall increase in replicative
fitness since they exhibited no significant improvement in
huPBMC compared to MD17.

The observation that many changes in different regions were
required may reflect multiple limiting steps to HIV-1 replication
in pig-tailed macaque cells. Additionally, it may reflect the re-
quirement for different HIV-1 functions that interact with one
another to be coordinately altered. This highlights the complexity
involved to successfully evolve HIV-1 for pig-tailed macaque cell
tropism. That only one shuffled species from the four libraries,
containing an estimated 2.4 � 105 total number of clones, suc-
cessfully survived the selection regime and adapted suggests that
improved solutions are rare and complex. Thus, natural mecha-
nisms of retroviral recombination and mutation are unlikely to
generate these improved variants easily. The control mixture of
HIV-1 parents, when subjected to the same selection, became
extinct (Fig. 3). Similarly, we have never achieved any observ-
able improvements by extensive passaging of the best parent,
MD17, alternately in pt mPBMC and huPBMC (data not
shown). By screening larger libraries of shuffled HIV-1, other
improved recombinants may be recovered.

It cannot be ruled out that unshuffled gag-pro-RT sequences
from a HIV-1 parent, when transplanted into the 1B3 backbone,
may also result in the fully improved replication phenotype of the
complete 1B3 virus. However, in the absence of a priori informa-
tion on which gag-pro-RT sequences are favorable, DNA shuffling
provides an efficient means to rapidly generate and screen many
permutations for the best solution. Furthermore, the fragmenta-

tion of parental sequences during the shuffling process rarely
proceeds to completion. Thus, it is likely that residual, full-length
parental sequences were constituents of the screened libraries.
That a recombinant gag-pro-RT sequence was ultimately selected
over all the other constituents in the libraries suggests that it
conferred the best advantage.

In contrast to other SHIV constructs that are composed of
greater than 50% SIV sequences, all the sequences in 1B3
except for SIV nef were HIV-1 derived. Although 1B3 accu-
mulated numerous point mutations, these changes did not shift
its composition towards a more SIV-like sequence. Gartner et
al. (16) reported that an HIV-1 strain, CH69, derived from a
chimpanzee persistently infected with HIV-1 strain IIIB
showed improved viral production in pigtailed macaque cells.
This variant acquired changes during its adaptation in the
chimpanzee host in vivo that likely conferred replicative ad-
vantages in pigtailed macaques as well. CH69 thus underwent
a different evolutionary route compared to 1B3. The activity of
the evolved 1B3 virus is presently being assessed in vivo. This
improved variant should be useful in establishing a macaque
model of HIV-1 infection.
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