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ABSTRACT 
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host range, by iterative sequence recombination of variant 
viruses and selection of improved variants. 
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MODIFICATION OF VIRUS TROPISM AND HOST 
RANGE BY VIRAL GENOME SHUFFLING 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of Ser. 
No. 08/962,197 ?led Aug. 31, 1997. The present application 
claims bene?t of the Ser. No. 08/962,197 application, Which 
is incorporated herein by reference in its entirety for all 
purposes. 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY SPONSORED 

RESEARCH AND DEVELOPMENT 

[0002] This invention Was partially made With federal 
support, NIST-ATP grant # 97-01-0240. The government 
may have some rights in the present invention. 

FIELD OF THE INVENTION 

[0003] The invention relates to methods and compositions 
for forced evolution of a virus genome, such as a genome of 
an HIV-1 virus strain, to produce a variant virus having an 
altered phenotype that provides a desired property that may 
be advantageous for development of small animal models of 
viral diseases, and for the development of novel therapeutic 
approaches to viral diseases, among others (e.g., evolving a 
virus to replicate in an advantageous tissue culture system). 
The invention relates to novel viral genomes and virions 
Which are capable of replication in non-human animals and 
cells, and further relates to transgenic non-human animals 
and cell lines capable of supporting replication of such 
evolved virus variants. The invention also relates to methods 
for identifying novel antiviral agents. 

BACKGROUND OF THE INVENTION 

[0004] HIV-1 and Aids 

[0005] Human immunode?ciency virus type I (HIV-1) is a 
human retrovirus that is believed to be an etiologic agent of 
acquired immune de?ciency syndrome (AIDS), an infec 
tious disease characteriZed by a profound loss of immune 
system function. An aspect of HIV-1 disease is the typically 
delayed onset of disease symptoms, such as opportunistic 
infections, Kaposi’s sarcoma, dementia, and Wasting syn 
drome. Often it may take 10 to 15 years after initial infection 
before symptoms are evident; hoWever, in some instances 
disease onset is quite rapid. Moreover, the speci?c pathology 
of HIV-1 disease can be quite variable betWeen individuals 
and betWeen strains of the HIV-1 virus (for a revieW, see 
Field’s Virology, Third Edition, Fields et al. Eds., Lippin 
cott-Raven Publishers, Vol. 2, Chapters 60 and 61). At 
present, HIV-1 appears to be almost alWays pathogenic in 
humans, and although certain chemotherapeutic agents (e.g., 
protease inhibitors, nucleoside analogs) have shoWn clinical 
promise in arresting or sloWing HIV-1 disease, there is no 
established cure or preventative for HIV-1 disease at present. 

[0006] Unfortunately, the HIV-1 virus is also characteriZed 
by an extraordinarily high frequency of mutational change, 
including deletions, base pair substitutions, insertions, and 
recombinations betWeen HIV-1 genomes. It has been esti 
mated that on the average at least one quarter of the progeny 
virus from a single cycle of retrovirus replication Will have 
some kind of mutation relative to the parent genome, and 
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recombination Will further recombine these variant genomes 
(Temin HM (1989) Genome 31: 17). This characteristic of 
HIV-1 (and other lentiviruses, such as retroviruses) makes it 
dif?cult to obtain therapeutic solutions Which the virus 
cannot escape due to its inherently high rate of mutation and 
propensity to generate variants Which are resistant to the 
particular therapeutic solution selected. For this reason, the 
currently used therapeutic method to treat HIV-1 disease is 
to combine a cocktail of multiple chemotherapeutic agents 
(e.g., protease inhibitors and nucleoside analogs) to make it 
less likely that a resistant variant can arise during therapy. 
Nonetheless, it is almost certain that resistant HIV-1 variants 
Will arise, particularly in vieW of imperfect patient compli 
ance With chemotherapeutic regimens, pharmacogenetic dif 
ferences betWeen individuals in bioavailability of the che 
motherapy agents, and use of partially degraded or 
inaccurately dispensed chemotherapy agents in less-ad 
vanced nations. 

[0007] The globally circulating strains of HIV-1 exhibit 
extreme genetic diversity (Robertson et al. (1995) Nature 
374: 124). To evaluate the extent of global HIV-1 variation, 
sequences of virus strains originating from numerous coun 
tries have been compared. These studies have shoWn that 
HIV-1 can be classi?ed into tWo major groups, designated M 
and O, Which are de?ned as distinct clusters on phylogenetic 
trees. Groups M comprises the great majority of HIV-1 
isolates and can be further subdivided into at least nine 
sequence subtypes or clades, designated A to I, With addi 
tional variants being added to the classi?cation scheme 
continually (Gao et al. (1996) J. Virol. 70: 1651). Given this 
degree of diversity, it is Widely believed that a vaccine based 
on a single strain or subtype of HIV1 Will be unsuccessful 
against the larger spectrum of globally circulating HIV-1 
variants, as Well as against neW variants Which continually 
arise. Furthermore, the HIV-1 virus appears to undergo 
sequence variation and functional mutation in patients; 
isolates from different phases of HIV-1 infection exhibit 
stage-speci?c replication characteristics (Asjo et al. (1986) 
Lancet 2: 660; Cheng-Meyer et al. (1988) Science 240: 80; 
Fenyo et al. (1988) J. Virol. 62: 4414; Tersmette (1989) J. 
Virol. 63: 2118). 

[0008] In vieW of the propensity of HIV-1 to undergo rapid 
mutation and generate variants that are resistant to chemo 
theraputic agents and candidate “universal” vaccines, it is 
desirable to have non-human animal models of HIV-1 rep 
lication and disease in order to speed the identi?cation and 
development of neW generations of antiviral agents that can 
be used to treat resistant HIV-1 variants, or to prevent the 
generation of such variants in vivo. Unfortunately, such 
non-human models of HIV-1 disease are presently lacking. 

[0009] Non-Human Models of HIV-1 Disease 

[0010] The absence of a suitable animal model has 
remained one of the major barriers to the development of an 
effective therapy for HIV-1 infection. Ideally, a readily 
available small animal model that could sustain HIV-1 
infection and develop clinical symptoms that re?ect the 
disease in humans Would prove useful for modeling patho 
genesis and developing neW antiviral agents. An animal 
model that could duplicate human immune responses Would 
greatly facilitate the development of vaccines. Unfortu 
nately, no current model ful?lls these varied needs (for 
revieW see, Klotman et al. (1995) AIDS 9: 313; Chang et al. 
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(1996) Transfus. Sci. 17: 89; and Bonyhadi M L and 
Kaneshima H (Jun., 1997) Molec. Med. Today pp. 246-253; 
Mosier D E (Sept., 1996) Hosp. Prac. Pp. 41-60). 

[0011] In general, non-human animals are not susceptible 
to infection With HIV-1 (MorroW et al. (1987) J. Gen. Virol. 
68: 2253). However, several animal models exist in Which to 
study retroviruses related to HIV-1 and their related pathol 
ogy; these include SIV in macaque monkeys, FIV in cats, 
and murine acquired immunode?ciency syndrome virus 
(MAIDS) in mice, among others. HIV-1 replicates Weakly in 
chimpanZees, but causes no detectable disease symptoms, 
and chimpanZees are quite expensive and not suited for 
large-scale studies. Lewis A D and Johnson P R (1995) 
TIBTECH 13: 142 discuss various non-human animal 
model systems and their limitations. 

[0012] Several HIV-2 isolates, including three molecular 
clones of HIV-2 (HIV-2ROD, HIV-2SBL-ISY, and HIV 

2UC1), have also been reported to infect macaques malaria and M. nemestrina) or baboons (Franchini, et al. 

(1989) Proc. Natl. Acad. Sci. USA. 86, 2433-2437; Barnett, 
et al. (1993) Journal of Virology 67, 1006-14; Boeri, et al. 
(1992) Journal of Virology66, 4546-50; Castro, et al. (1991) 
Virology 184, 219-26; Franchini, et al. (1990) Journal of 
Virology 64, 4462-7; Putkonen, et al. (1990) Aids 4, 783-9; 
Putkonen, et al. (1991) Nature 352, 436-8). 

[0013] As alternatives to the above, models of HIV-1 
pathogenesis have been experimentally derived in mice 
that-are transgenic for portions of the HIV genome or an 
entire HIV-1 genome, as Well as in SCID mice Which have 
been reconstituted With HIV-infected immune cells (Rame 
Zani et al. (1996) Transfus. Sci. 17: 99; Chang et al. (1996) 
op.cit). HIV transgenic mice have been developed to model 
the in vivo regulation and pathological consequences of 
expression of various HIV open reading frames (ORFs), 
including knoWn HIV structural genes; although some use 
ful information might have been obtained from expression in 
various tissues of such animals, HIV gene expression in T 
cells of HIV transgenic mice has been negligible, indicating 
a substantial limitation of these mice as HIV disease models. 
Furthermore, a major hindrance of any mouse system is the 
inability of HIV to infect mouse cells, even When these are 
transduced With the gene for human CD4, the major receptor 
protein for HIV-1 infectivity. 

[0014] SCID/hu mice have been reported as candidate 
animal models for studying HIV-1 (Mosier D E (1996) 
op.cit; Aldrovandi G M and Zack J A (1996) J. Virol. 70: 
1505; Bonyhadi-M L and Kaneshima-H (1997) op.cit). 
SCID mice lack mature mouse T and B cells, and have been 
successfully engrafted With human hematolymphoid organs 
(e.g., the SCID/hu mouse having engrafted human thymus 
and liver tissue, peripheral blood leukocytes (PBLs), or 
hematopoietic precursor cells (Kamel-Reid et al. (1988) 
Science 242: 1706; McCune et al. (1988) Science 241: 1632; 
Mosier et al. Nature 335: 256). Such xenochimeric SCID/hu 
or SCID/hu-PBL mice have been used to study HIV patho 
genesis in vivo and to evaluate anti-HIV drugs (Mosier et al. 
(1991) Science 251: 791; Mosier et al. (1995) Science 260: 
689; McCune et al. (1990) Science 247; 564; Ruprecht et al. 
(1992) AIDS Res. Hum. Retroviruses 8: 997). HoWever, 
these SCID mice models produced certain results Which 
Were anomalous, such as When infected With non-cytopathic 
macrophage-tropic (in humans) HIV isolates the mice 
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underWent a rapid depletion of CD4+ cells, but When 
infected With cytopathic, T cell-tropic HIV isolates the 
CD4+ cells Were not depleted, the exact opposite of What 
occurs in the human. 

[0015] Thus, the art continues to search for improved 
models of HIV disease using small animal models and 
different (i.e., non-HIV) viruses. The absence of a suitable 
animal model has remained one of the major barriers to the 
development of an effective therapy for HIV1 infection. It is 
apparent from the foregoing that a need exists in the art for 
an improved model of HIV1 infection to further the devel 
opment of anti-HIV therapies and prophylactic agents. 

[0016] Signi?cant improvements to and neW opportunities 
for anti-HIV therapies and antiviral screening methods could 
be realiZed if better models of HIV-1 replication and patho 
genesis Were available. The present invention meets these 
and other needs and provides such improvements and oppor 
tunities. 

[0017] The references discussed herein are provided 
solely for their disclosure prior to the ?ling date of the 
present application. Nothing herein is to be construed as an 
admission that the inventors are not entitled to antedate such 
disclosure by virtue of prior invention. All publications cited 
are incorporated herein by reference, Whether speci?cally 
noted as such or not. 

SUMMARY OF THE INVENTION 

[0018] The present invention relates to methods for gen 
erating viral genotypes encoding at least one modi?ed viral 
tropic phenotype, such as infectivity, virulence, and patho 
genesis in a cell type, tissue, or host animal species (com 
monly host range; de?ned herein as a subset of viral tro 
pism). The tropic phenotype modi?cation can either permit 
or restrict viral infection, replication, and/or cytopatic effect 
in a predetermined cell type and/or host species (e.g., a 
non-human mammal). Abasic format of the method, termed 
viral genome shuffling, in broad application, consists of: (1) 
contacting a cell strain, cell line, or non-human animal (or 
explanted organ therefrom), Which does not naturally sup 
port substantial replication of an predetermined virus, With 
at least one initial infectious virion or replicable genome of 
said predetermined virus under replication conditions, (2) 
recovering a plurality of replicated genome copies of said 
predetermined virus, either as virions or as viral genomes in 
polynucleotide form, Wherein some or all of the replicated 
genome copies comprise a mutation relative to the initial 
infectious virion or replicable genome, (3) recombining a 
plurality of said replicated genome copies, so as to shuffle 
the mutations, thereby generating a collection of recombined 
replicated genome copies, and (4) selecting or screening said 
collection of recombined replicated genome copies to obtain 
one or more replicable viral genome encoding at least one 
modi?ed viral tropic phenotype. It is often desirable to 
perform at least one additional iterative cycle Whereby the 
collection of recombined replicated genome copies is con 
tacted With the cell strain, cell line, or non-human animal (or 
explanted organ therefrom) under replication conditions to 
produce second (or subsequent) round replicated copies 
having additional mutations, and to recover and shuffle by 
recombination, said second (or subsequent) round replicated 
genome copies prior to the step of selecting or screening for 
genomes encoding a modi?ed viral tropic phenotype. Typi 
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cally, the recombination in step (3) is performed in vitro or 
by an in vivo recombination method Which substantially 
does not occur naturally during replication of said viral 
genome. In certain variations, naturally occurring in vivo 
recombination mechanisms can be used in conjunction With 
a collection of preselected virus variants having a desired 
phenotypic property to be optimiZed further; in this Way, a 
natural viral recombination mechanism can be combined 
With intelligent selection of variants in an iterative manner 
to produce optimiZed variants by “forced evolution”, 
Wherein the forced evolved virus variants are not expected 
to, nor are observed to, occur in nature, nor are predicted to 
occur at an appreciable frequency. The practitioner may 
further elect to supplement and/or the mutational drift by 
introducing mutated viral genomes, or portions thereof, into 
the pool of initial infectious virions (or replicable genomes) 
and/or into the plurality of replicated genome copies Which 
are recombined. Mutational drift may also be supplemented 
by the use of mutagens (e.g., chemical mutagens or 
mutagenic irradiation), or by employing replication condi 
tions Which enhance the mutation rate of the virus. 

[0019] The invention also provides for the viral genomes 
and infectious virions produced by the method of viral 
genome shuf?ing; the exact structures of said produced viral 
genomes and infectious virions are de?nable a priori only by 
reference to the method by Which they are generated. Thus, 
the invention includes a viral genome, or plurality thereof, 
produced by the methods described herein. The shuffled 
viral genome(s) produced thereby are easily distinguishable 
from naturally occurring viral genomes by virtue of their 
atypical modi?ed viral tropic phenotype(s) Which is/are 
normally not present in the population of naturally occurring 
viral genomes. 

[0020] In a variation of the basic method, one or more 
portions of the viral genome are separately optimiZed or 
improved for function in the predetermined cell type and/or 
host species as distinct genetic elements isolated from the 
remainder of the viral genome. The optimiZed or improved 
portions of the viral genome are then either introduced into 
the initial viral genome(s) for use in the method, or are 
shuffled in by recombination With the replicated genome 
copies recovered after a round of replication in the host cell 
or host animal. In a variation, the optimiZed or improved 
portions of the viral genome can be used in conjunction With 
one or more heterologous polynucleotide sequence(s), such 
as non-viral genes or replicons to confer a desired functional 
or structural property, such as transcriptional regulation or 
translational regulation, to the heterologous sequence(s). 
OptimiZed or improved portions of a virus genome often can 
be marketed as a commercial product, either alone or in 
combination With one or more heterologous sequences. 

[0021] The invention also encompasses compositions of 
such shuffled viral genomes encoding at least one modi?ed 
viral tropic phenotype. The compositions can include a 
plurality of species of shuffled viral genomes, or can repre 
sent a single puri?ed viral genome species. Certain shuffled 
viral genomes encode variant viruses Which possess detect 
able phenotypes that are not naturally occurring and Which 
can be selected for; selected phenotypes often are charac 
teriZed by desirable properties, such as modi?ed host range 
as compared to Wildtype virus, modi?ed cell tropism as 
compared to Wildtype virus, and modi?ed immunogenicity, 
among other desirable properties. 
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[0022] The invention also encompasses screening assays 
and kits comprising a composition of such shuffled viral 
genome(s) and a cell type, tissue, or host animal species for 
Which said shuffled viral genome(s) encode a modi?ed viral 
tropism or drug resistance phenotype. In an aspect, the 
screening assay or kit further comprises a test agent, Which 
is typically a small organic molecule such as a nucleoside 
analog or protease inhibitor With a molecular Weight of less 
than 3,000 Daltons. In an aspect, the cell type or host animal 
is transgenic and expresses at least one human protein Which 
confers, either alone or in conjunction With one or more 
additional human protein species, susceptibility of a cell to 
infection by and/or replication of said predetermined virus. 

[0023] The invention provides screening assay methods 
for identifying and quantitating pharmacological properties 
of antiviral compounds. An exemplary screening assay 
format to identify agents that modify replication of a virus, 
said method comprises the steps of: (1) contacting, under 
suitable conditions, a test agent With a screening composi 
tion comprising: one or more variants of said virus 
evolved by viral genome shuffling so as to replicate in cells 
or in a non-human animal, Which cells or non-human animal 
does not naturally support replication of said virus, and (ii) 
said cells or non-human animal, and (2) determining 
Whether said test agent modi?es replication of said variant(s) 
in said cells or non-human animal. In an embodiment, the 
test agent inhibits virus replication, although it should be 
possible to screen for test agents Which modify other aspects 
of viral replication, such as replication potentiators, immune 
modulators (for use With non-human animal systems), and 
agents Which modify the virus genetic expression program 
(e.g, late gene inhibitors, latency modi?ers, and the like). 

[0024] Although the methods of the invention are believed 
to be suitable for use With substantially any virus type, 
including plant viruses, bacterial viruses, and animal 
viruses, it is described With particular reference to HIV-1 for 
illustrative purposes. It is believed that, With regard to 
animal viruses, the method Will ?nd particular use in devel 
oping shuf?ed virus genomes of pathogenic or oncogenic 
viruses for Which present-day non-human animal models are 
insufficient or lacking entirely. HIV-1 and the related HIV 
disease is only one example of such suitable viruses and 
their pathologies. 

[0025] With reference to HIV-1, the invention provides a 
method for producing, by viral genome shuf?ing, at least 
one HIV-1 variant Which is capable of substantial replication 
in a non-human cell type. In an embodiment, the invention 
provides a method for generating one or more HIV-1 
genome(s) Which encode(s) the phenotype of permissive 
replication in mouse cells that express at least one human 
protein Which confers, either alone or in conjunction With 
one or more additional human protein species, susceptibility 
of a mouse cell to infection by and/or replication of HIV-1. 
Examples of such human susceptibility proteins for HIV-1 
infection include, but are not limited to hCD4, hCCRS. 
hCXCR4, and other accessory proteins identi?ed in the art. 
Often, non-human primate homologs of these proteins can 
be substituted. In an aspect, the method employs a trans 
genic non-human cell or animal containing at least one 
expression cassette Which encodes and expresses at least one 
human HIV-1 susceptibility protein. The viral genome shuf 
?ing method using these transgenic cells and/or animals as 
replication media produces shuffled HIV variants Which 
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have improved tropism for infection and/or replication of the 
transgenic non-human cells or animals. The shuffled HIV 
variants may be backcrossed (e.g., by recombination) to one 
or more HIV isolate(s), With concomitant selection for 
retention of the property of improved tropism for the trans 
genic cells or animals, thereby retaining the minimal muta 
tions necessary for the desired tropic phenotype While 
“nativiZing” the remainder of the viral genome to conform 
With the chosen HIV isolate(s). By the use of backcrossing, 
it is believed possible to generate, by use of the method of 
the invention, HIM variants substantially corresponding to 
essentially any HIV clinical isolate or sequence-related 
category thereof (e.g., group, lade, etc.), Wherein the variants 
possess a desired phenotypic property not naturally associ 
ated With HIV; an example of such a phenotypic property 
can be the capacity for substantial replication in non-human 
cells and non-human organisms, such as for example mouse 
cells and transgenic mice. 

[0026] In an aspect, the methods of the invention can be 
used to modify the immunogenic properties of a virus (i.e., 
the phenotype being selected for is an immunological prop 
erty). For example, a virus (or collection of virus species) 
can be evolved to evade a host organism immune system, 
such as a human or mouse immune system. Also for 
example, a virus (or collection of virus species) can be 
evolved so as to mimic one or more immunologic stages of 
virus evolution in vivo; e.g., the viral dynamics of HIV-1 
infection of a human patient is characteriZed by a continual 
natural evolution of certain immunodominant viral epitopes 
so as to naturally evade the human immune system-the 
present invention can be used to generate HIV-1 variants 
Which mimic one or more later immunological stages of HIV 
infection; such variants may serve as candidate HIV-1 
vaccines, among other uses. 

[0027] In an aspect, the methods of the invention can be 
used to modify the metabolic properties of a virus (i.e., the 
phenotype being selected for is a resistance to one or more 
chemotherapeutic agent). For example, a virus (or collection 
of virus species) can be evolved to rapidly model the natural 
development of drug resistance to anti-HIV drugs. The 
present invention can be used to generate HIV-1 variants 
Which are drug resistant; such variants can be used in 
screening assays to identify alternative chemotherapeutic 
agents to Which the HIV variants are not cross-resistant, 
among other uses. 

[0028] The disclosed method for altering a viral phenotype 
by iterative genome shuffling and phenotype selection is a 
pioneering method Which enables a broad range of novel and 
advantageous viral and non-viral compositions, therapeutic 
and prophylactic methods and compositions, and apparatus 
Which Will be apparent to those skilled in the art in vieW of 
the present disclosure. 

[0029] Other features and advantages of the invention Will 
be apparent from the folloWing description of the draWings, 
preferred embodiments of the invention., the examples, and 
the claims. 

BRIEF DESCRIPTION OF THE FIGURES 

[0030] FIG. 1. Block diagram of an embodiment of the 
basic method for viral genome shuffling and selection for a 
desired phenotype. Solid boxes and arroWs indicate princi 
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pal steps, outlined boxes and dotted arroWs indicate alter 
native or optional steps or iterations. 

[0031] FIG. 2. Exemplary schematic of recombinatorial 
shuffling of a collection of viral genomes having a variety of 
mutations or distinct genome portions. 

[0032] Sequence variations are indicated With an and 
a novel open reading frame (ORF) present in one viral 
isolate but absent in the others is identi?ed as a box. 

[0033] FIG. 3. Schematic portrayal of virus evolution by 
viral genome shuffling to produce variants capable of sub 
stantial replication in a non-human animal, such as a mouse. 

[0034] FIG. 4. (A) Schematic portrayal of hoW chimeric 
oligonucleotide primers can be used to generate a SHIV 
genome by PCR-based shuffling of a mixture of an HIV 
genome and a SIV genome using the chimeric primers. An 
“H” indicates a portion complementary to an HIV sequence 
and a “S” indicates a portion complementary to a SIV 
sequence. (B) Structural diagram of SIV/HIV chimeric 
genome for shuffling and propagation in monkey cells. 

[0035] FIG. 5. Diagram shoWing an example of a loW 
crossover library of compared to a high crossover library 
resulting from a ?ne granularity shuffling. Each unique color 
(shade) represents nucleotide sequence from a distinct 
sequence variant (e.g., from a mutated parental sequence, 
from a plurality of viral isolates or clades, etc.). 

[0036] FIG. 6. Schematic Diagram for Construction of 
shuffled library. 

[0037] FIG. 7. Schematic diagram of Passaging of a 
Shuf?ed Library to select for CHO-Tropic virus. 

[0038] FIG. 8. Structure of recombinant CHO-tropic 
envelope shoWing contributions from three parents. 

[0039] FIG. 9. HIV-1 Evolution Decision Tree. 

DEFINITIONS 

[0040] Unless de?ned otherWise, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which this 
invention belongs. Although any methods and materials 
similar or equivalent to those described herein can be used 
in the practice or testing of the present invention, the 
preferred methods and materials are described. For purposes 
of the present invention, the folloWing terms are de?ned 
beloW. 

[0041] The term “reassembly” is used When recombina 
tion occurs betWeen identical polynucleotide sequences. 

[0042] By contrast, the term “shuf?ing” is used herein to 
indicate recombination betWeen substantially homologous 
but non-identical polynucleotide sequences, in some 
embodiments DNA shuffling may involve crossover via 
nonhomologous recombination, such as via cre/lox and/or 
?p/frt systems and the like, such that recombination need not 
require substantially homologous polynucleotide sequences. 
Homologous and non-homologous recombination formats 
can be used, and, in some embodiments, can generate 
molecular chimeras and/or molecular hybrids of substan 
tially dissimilar sequences. Viral recombination systems, 
such as template-sWitching and the like can also be used to 
generate molecular chimeras and recombined viral genomes, 
or portions thereof. 
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[0043] The term “related polynucleotides” means that 
regions or areas of the polynucleotides are identical and 
regions or areas of the polynucleotides are heterologous. 

[0044] The term “chimeric polynucleotide” means that the 
polynucleotide comprises regions Which are Wild-type and 
regions Which are mutated. It may also mean that the 
polynucleotide comprises Wild-type regions from one poly 
nucleotide and Wild-type regions from another related poly 
nucleotide. 

[0045] The term “cleaving” means digesting the poly 
nucleotide With enZymes or breaking the polynucleotide 
(e.g., by chemical or physical means), or generating partial 
length copies of a parent sequence(s) via partial PCR 
extension, PCR stuttering, differential fragment ampli?ca 
tion, or other means of producing partial length copies of 
one or more parental sequences. 

[0046] The term “population” as used herein means a 
collection of components such as polynucleotides, nucleic 
acid fragments or proteins. A “mixed population” means a 
collection of components Which belong to the same family 
of nucleic acids or proteins (i.e. are related) but Which differ 
in their sequence (i.e. are not identical) and hence in their 
biological activity. 

[0047] The term “mutations” means changes in the 
sequence of a parent nucleic acid sequence (e.g., a gene or 
a viral genome) or changes in the sequence of a parent 
polypeptide. Such mutations may be point mutations such as 
transitions or transversions. The mutations may be deletions, 
insertions or duplications. 

[0048] The term “recursive sequence recombination” as 
used herein refers to a method Whereby a population of 
polynucleotide sequences are recombined With each other by 
any suitable recombination means (e.g., sexual PCR, 
homologous recombination, site-speci?c recombination, 
etc.) to generate a library of sequence-recombined species 
Which is then screened or subjected to selection to obtain 
those sequence-recombined species having a desired prop 
erty; the selected species are then subjected to at least one 
additional cycle of recombination With themselves and/or 
With other polynucleotide species and at subsequent selec 
tion or screening for the desired property. 

[0049] The term “ampli?cation” means that the number of 
copies of a nucleic acid fragment is increased. 

[0050] The term “naturally-occurring” as used herein as 
applied to an object refers to the fact that an object can be 
found in nature. For example, a polypeptide or polynucle 
otide sequence that is present in an organism (including 
viruses) that can be isolated from a source in nature (e.g., 
including from human patients) and Which has not been 
intentionally modi?ed by man in the laboratory is naturally 
occurring. As used herein, laboratory strains of rodents 
Which may have been selectively bred according to classical 
genetics are considered naturally-occurring animals. As used 
herein, naturally-occurring viruses are those viruses, includ 
ing natural variants thereof, Which can be found in a source 
in nature, including virally infected individuals. 

[0051] As used herein “predetermined” means that the cell 
type, non-human animal, or virus may be selected at the 
discretion of the practitioner on the basis of a knoWn 
phenotype. 
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[0052] As used herein, “linked” means in polynucleotide 
linkage (i.e., phosphodiester linkage). “Unlinked” means not 
linked to another polynucleotide sequence; hence, tWo 
sequences are unlinked if each sequence has a free 5+ 
terminus and a free 3‘ terminus. 

[0053] As used herein, the term “operably linked” refers to 
a linkage of polynucleotide elements in a functional rela 
tionship. A nucleic acid is “operably linked” When it is 
placed into a functional relationship With another nucleic 
acid sequence. For instance, a promoter or enhancer is 
operably linked to a coding sequence if it affects the tran 
scription of the coding sequence. Operably linked means 
that the DNA sequences being linked are typically contigu 
ous and, Where necessary to join tWo protein coding regions, 
contiguous and in reading frame. HoWever, since enhancers 
generally function When separated from the promoter by 
several kilobases and intronic sequences may be of variable 
lengths, some polynucleotide elements may be operably 
linked but not contiguous. A structural gene (e.g., a HSV tk 
gene) Which is operably linked to a polynucleotide sequence 
corresponding to a transcriptional regulatory sequence of an 
endogenous gene is generally expressed in substantially the 
same temporal and cell type-speci?c pattern as is the natu 
rally-occurring gene. 

[0054] As used herein, the terms “expression cassette” 
refers to a polynucleotide comprising a promoter sequence 
and, optionally, an enhancer and/or silencer element(s), 
operably linked to a structural sequence, such as a cDNA 
sequence or genomic DNA sequence. In some embodiments, 
an expression cassette may also include polyadenylation site 
sequences to ensure polyadenylation of transcripts. When an 
expression cassette is transferred into a suitable host cell, the 
structural sequence is transcribed from the expression cas 
sette promoter, and a translatable message is generated, 
either directly or folloWing appropriate RNA splicing. Typi 
cally, an expression cassette comprises: (1) a promoter, such 
as an SV40early region promoter, HSV tk promoter or 
phosphoglycerate kinase (pgk) promoter, or other suitable 
promoter knoWn in the art, (2) a cloned polynucleotide 
sequence, such as a cDNA or genomic fragment ligated to 
the promoter in sense orientation so that transcription from 
the promoter Will produce a RNA that encodes a functional 
protein, and (3) a polyadenylation sequence. For example 
and not limitation, an expression cassette of the invention 
may comprise the cDNA expression cloning vectors, pCD 
and )tNMT (Okayama H and Berg P (1983) Mol. Cell. Biol. 
3: 280; Okayama H and Berg P (1985) Mol. Cell. Biol. 5: 
1136, incorporated herein by reference). 

[0055] The term “transcriptional modulation” is used 
herein to refer to the capacity to either enhance transcription 
or inhibit transcription of a structural sequence linked in cis; 
such enhancement or inhibition may be contingent on the 
occurrence of a speci?c event, such as stimulation With an 
inducer and/or may only be manifest in certain cell-types. 
The altered ability to modulate transcriptional enhancement 
or inhibition may affect the inducible transcription of a gene 
or may effect the basal level transcription of a gene, or both. 
Numerous other speci?c examples of transcription regula 
tory elements, such as speci?c enhancers and silencers, are 
knoWn to those of skill in the art and may be selected for use 
in the methods and polynucleotide constructs of the inven 
tion on the basis of the practitioner’s desired application. 
Literature sources and published patent documents, as Well 
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as GenBank and other sequence information data sources 
can be consulted by those of skill in the art in selecting 
suitable transcription regulatory elements for use in the 
invention. Where necessary, a transcription regulatory ele 
ment may be constructed by synthesis (and ligation, if 
necessary) of oligonucleotides made on the basis of avail 
able sequence information (e.g., GenBank sequences for a 
CD4 enhancer or a SV40 early promoter). 

[0056] As used herein, the term “transcriptional unit” or 
“transcriptional complex” refers to a polynucleotide 
sequence that comprises a structural gene (eXons), a cis 
acting linked promoter and other cis-acting sequences nec 
essary for ef?cient transcription of the structural sequences, 
distal regulatory elements necessary for appropriate tissue 
speci?c and developmental transcription of the structural 
sequences, and additional cis sequences important for ef? 
cient transcription and translation (e.g., polyadenylation site, 
mRNA stability controlling sequences). 

[0057] As used herein, the term “transcription regulatory 
region” refers to a DNA sequence comprising a functional 
promoter and any associated transcription elements (e.g., 
enhancer, CCAAT boX, TATA boX, SP1 site, etc.) that are 
essential for transcription of a polynucleotide sequence that 
is operably linked to the transcription regulatory region. 

[0058] As used herein, the term “Xenogeneic” is de?ned in 
relation to a recipient viral genome, mammalian host cell, or 
nonhuman animal and means that an amino acid sequence or 
polynucleotide sequence is not encoded by or present in, 
respectively, the naturally-occurring genome of the recipient 
viral genome, mammalian host cell, or nonhuman animal. 
Xenogenic DNA sequences are foreign DNA sequences; for 
eXample, human APP genes or immunoglobulin genes are 
Xenogenic With respect to murine ES cells; also, for illus 
tration, an HSV tk gene is Xenogenic With respect to an 
HIV-1 genome. Further, a nucleic acid sequence that has 
been substantially mutated (e.g., by site directed mutagen 
esis) is Xenogenic With respect to the genome from Which the 
sequence Was originally derived, if the mutated sequence 
does not naturally occur in the genome. 

[0059] As used herein, the term “minigene” or “minilo 
cus” refers to a heterologous gene construct Wherein one or 
more nonessential segments of a gene are deleted With 
respect to the naturally-occurring gene. Typically, deleted 
segments are intronic sequences of at least about 100 
basepairs to several kilobases, and may span up to several 
tens of kilobases or more. Isolation and manipulation of 
large (i.e., greater than about 50 kilobases) targeting con 
structs is frequently dif?cult and may reduce the ef?ciency 
of transferring the targeting construct into a host cell. Thus, 
it is frequently desirable to reduce the siZe of a targeting 
construct by deleting one or more nonessential portions of 
the gene. Typically, intronic sequences that do not encom 
pass essential regulatory elements may be deleted. Fre 
quently, if convenient restriction sites bound a nonessential 
intronic sequence of a cloned gene sequence, a deletion of 
the intronic sequence may be produced by: (1) digesting the 
cloned DNA With the appropriate restriction enZymes, (2) 
separating the restriction fragments (e.g., by electrophore 
sis), (3) isolating the restriction fragments encompassing the 
essential eXons and regulatory elements, and (4) ligating the 
isolated restriction fragments to form a minigene Wherein 
the eXons are in the same linear order as is present in the 

Jul. 3, 2003 

germline copy of the naturally-occurring gene. Alternate 
methods for producing a minigene Will be apparent to those 
of skill in the art (e.g., ligation of partial genomic clones 
Which encompass essential eXons but Which lack portions of 
intronic sequence). Most typically, the gene segments com 
prising a minigene Will be arranged in the same linear order 
as is present in the germline gene, hoWever, this Will not 
alWays be the case. Some desired regulatory elements (e.g., 
enhancers, silencers) may be relatively position-insensitive, 
so that the regulatory element Will function correctly even if 
positioned differently in a minigene than in the correspond 
ing germline gene. For eXample, an enhancer may be located 
at a different distance from a promoter, in a different 
orientation, and/or in a different linear order. For eXample, 
an enhancer that is located 3‘ to a promoter in germline 
con?guration might be located 5‘ to the promoter in a 
minigene. Similarly, some genes may have eXons Which are 
alternatively spliced at the RNA level, and thus a minigene 
may have feWer eXons and/or eXons in a different linear 
order than the corresponding germline gene and still encode 
a functional gene product. A cDNA encoding a gene product 
may also be used to construct a minigene. HoWever, since it 
is generally desirable that the heterologous minigene be 
expressed similarly to the cognate naturally-occurring non 
human gene, transcription of a cDNA minigene typically is 
driven by a linked gene promoter and enhancer from the 
naturally-occurring gene. 

[0060] As used herein, the terms “endogenous DNA 
sequence” and “endogenous target sequence” refer to poly 
nucleotide sequences contained in a eukaryotic cell. Such 
sequences include, for eXample, chromosomal sequences 
(e.g., structural genes, promoters, enhancers, recombinato 
rial hotspots, repeat sequences, integrated proviral 
sequences), episomal sequences (e. g., replicable plasmids or 
viral replication intermediates), chloroplast and mitochon 
drial DNA sequences. An eXogenous polynucleotide is a 
polynucleotide Which is transferred into a eukaryotic cell but 
Which has not been replicated in that host cell; for eXample, 
a virus genome polynucleotide that enters a cell by fusion of 
a virion to the cell is an eXogenous polynucleotide, hoWever, 
replicated copies of the viral polynucleotide subsequently 
made in the infected cell are endogenous sequences (and 
may, for eXample, become integrated into a cell chromo 
some). Similarly, transgenes Which are transfected into a cell 
are eXogenous polynucleotides, hoWever integrated and rep 
licated copies of the transgene(s) are endogenous sequences. 

[0061] The term “corresponds to” is used herein to mean 
that a polynucleotide sequence is homologous (i.e., identi 
cal) to all or a portion of a reference polynucleotide 
sequence, or that a polypeptide sequence is identical to a 
reference polypeptide sequence. 

[0062] In contradistinction, the term “complementary to” 
is used herein to mean that the complementary sequence is 
homologous to all or a portion of a reference polynucleotide 
sequence. For illustration, the nucleotide sequence “5‘ 
TATAC” corresponds to a reference sequence “5‘-TATAC” 
and is complementary to a reference sequence “5‘-GTAT ”. 

[0063] The folloWing terms are used to describe the 
sequence relationships betWeen tWo or more polynucle 
otides: “reference sequence”, “comparison WindoW”, 
“sequence identity , percentage of sequence identity”, and 
“substantial identity”. A “reference sequence” is a de?ned 
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sequence used as a basis for a sequence comparison; a 
reference sequence may be a subset of a larger sequence, for 
example, as a segment of a full-length viral gene or virus 
genome. Generally, a reference sequence is at least 20 
nucleotides in length, frequently at least 25 nucleotides in 
length, and often at least 50 nucleotides in length. Since tWo 
polynucleotides may each comprise (1) a sequence (i.e., a 
portion of the complete polynucleotide sequence) that is 
similar betWeen the tWo polynucleotides, and (2) a sequence 
that is divergent betWeen the tWo polynucleotides, sequence 
comparisons betWeen tWo (or more) polynucleotides are 
typically performed by comparing sequences of the tWo 
polynucleotides over a “comparison WindoW” to identify 
and compare local regions of sequence similarity. 

[0064] A “comparison WindoW”, as used herein, refers to 
a conceptual segment of at least 25 contiguous nucleotide 
positions Wherein a polynucleotide sequence may be com 
pared to a reference sequence of at least 25 contiguous 
nucleotides and Wherein the portion of the polynucleotide 
sequence in the comparison WindoW may comprise additions 
or deletions (i.e., gaps) of 20 percent or less as compared to 
the reference sequence (Which for comparative purposes in 
this manner does not comprise additions or deletions) for 
optimal alignment of the tWo sequences. Optimal alignment 
of sequences for aligning a comparison WindoW may be 
conducted by the local homology algorithm of Smith and 
Waterman (1981) Adv. Appl. Math. 2: 482, by the homology 
alignment algorithm of Needleman and Wunsch (1970) J. 
Mol. Biol. 48: 443, by the search for similarity method of 
Pearson and Lipman (1988) Proc. Natl. Acad. Sci. (USA) 
85: 2444, by computeriZed implementations of these algo 
rithms (GAP, BESTFIT, FASTA, and TFASTA in the Wis 
consin Genetics SoftWare Package Release 7.0, Genetics 
Computer Group, 575 Science Dr., Madison, Wis.), or by 
inspection, and the best alignment (i.e., resulting in the 
highest percentage of homology over the comparison Win 
doW) generated by the various methods is selected. 
[0065] The term “sequence identity” means that tWo poly 
nucleotide sequences are identical (i.e., on a nucleotide-by 
nucleotide basis) over the WindoW of comparison. The term 
“percentage of sequence identity” is calculated by compar 
ing tWo optimally aligned sequences over the WindoW of 
comparison, determining the number of positions at Which 
the identical nucleic acid base (e.g., A, T, C, G, U, or I) 
occurs in both sequences to yield the number of matched 
positions, dividing the number of matched positions by the 
total number of positions in the WindoW of comparison (i.e., 
the WindoW siZe), and multiplying the result by 100 to yield 
the percentage of sequence identity. The term “substantial 
identity” as used herein denotes a characteristic of a poly 
nucleotide sequence, Wherein the polynucleotide comprises 
a sequence that has at least 80 percent sequence identity, 
preferably at least 85 percent identity and often 89 to 95 
percent sequence identity, more usually at least 99 percent 
sequence identity as compared to a reference sequence over 
a comparison WindoW of at least 20 nucleotide positions, 
optionally over a WindoW of at least 30-50 nucleotides, 
Wherein the percentage of sequence identity is calculated by 
comparing the reference sequence to the polynucleotide 
sequence that may include deletions or additions Which total 
20 percent or less of the reference sequence over the WindoW 
of comparison. The reference sequence may be a subset of 
a larger sequence, for example, as a segment of the full 
length viral gene or virus genome. 
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[0066] Speci?c hybridiZation is de?ned herein as the for 
mation, by hydrogen bonding or nucleotide (or nucleobase) 
bases, of hybrids betWeen a probe polynucleotide (e.g., a 
polynucleotide of the invention and a speci?c target poly 
nucleotide (e.g., a viral gene or virus genome), Wherein the 
probe preferentially hybridiZes to the speci?c target such 
that, for example, a single band corresponding to, e.g., one 
or more of the RNA species of the gene (or speci?cally 
cleaved or processed RNA species) can be identi?ed on a 
Northern blot of RNA prepared from a suitable source (e.g., 
a virus-infected somatic cell expressing the viral gene). Such 
hybrids may be completely or only partially base-paired. 
Polynucleotides of the invention Which speci?cally hybrid 
iZe to viral genome sequences may be prepared on the basis 
of the sequence data provided herein and available in the 
patent applications incorporated herein and scienti?c and 
patent publications noted above, and according to methods 
and thermodynamic principles knoWn in the art and 
described in Sambrook et al. et al., Molecular Cloning: A 
Laboratory Manual, 2nd Ed., (1989), Cold Spring Harbor, 
NY; Berger and Kimmel, Methods in EnZymology, Volume 
152, Guide to Molecular Cloning Techniques (1987), Aca 
demic Press, Inc., San Diego, Calif.; Goodspeed et al. (1989) 
Gene 76: 1; Dunn et al. (1989) J. Biol. Chem. 264:13057, 
and Dunn et al. (1988) J. Biol. Chem. 263:10878, Which are 
each incorporated herein by reference. 

[0067] As used herein the term “replication conditions” 
refer to aqueous conditions Wherein a virus or virus genome 
is capable of undergoing at least one principal step of viral 
replication, Wherein the principal step can include: attach 
ment of virion to host cell, entry of viral genome into host 
cell, uncoating of virus, polynucleotide replication (RNA 
transcription (plus or minus strand), reverse transcription, 
DNA-templated DNA polymeriZation, viral gene expres 
sion, encapsidation, budding, and the like. In general, con 
ditions Which result in a replication phenotype (see, infra) 
are replication conditions. Often, suitable replication condi 
tions can be physiological conditions. “Physiological con 
ditions” as used herein refers to temperature, pH, ionic 
strength, viscosity, and like biochemical parameters that are 
compatible With a viable organism, and/or that typically 
exist intracellularly in a viable cultured mammalian cell, 
particularly conditions existing in the nucleus of said mam 
malian cell. For example, the intranuclear or cytoplasmic 
conditions in a mammalian cell groWn under typical labo 
ratory culture conditions are physiological conditions. Suit 
able in vitro reaction conditions for in vitro transcription 
cocktails are generally physiological conditions, and may be 
exempli?ed by a variety of art-knoWn nuclear extracts. In 
general, in vitro physiological conditions can comprise 
50-200 mM NaCl or KCl, pH 6.5-8.5, 20-45° C. and 
0.001-10 mM divalent cation (e.g., Mg++, Ca++); preferably 
about 150 mM NaCl or KCl, pH 7.2-7.6, 5 mM divalent 
cation, and often include 0.01-1.0 percent nonspeci?c pro 
tein (e.g., BSA). A non-ionic detergent (TWeen, NP-40, 
Triton X-100) can often be present, usually at about 0.001 to 
2%, typically 0.05 -0.2% (v/v). Particular aqueous conditions 
may be selected by the practitioner according to conven 
tional methods. For general guidance, the folloWing buffered 
aqueous conditions may be applicable: 10-250 nM NaCl, 
5-50 mM Tris HCl, pH 5-8, With optional addition of 
divalent cation(s), metal chelators, nonionic detergents, 
membrane fractions, antifoam agents, and/or scintillants. 
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[0068] As used herein, the term “replication phenotype” 
refers to one or more of the following phenotypic charac 
teristics of cells infected With a virus: (1) substantial expres 
sion of late gene products, such as capsid proteins (e.g., 
adenoviral penton base polypeptide) or RNA transcripts 
initiated from viral late gene promoter(s), (2) replication of 
viral genomes or formation of replicative intermediates, (3) 
assembly of viral capsids or packaged virion particles, (4) 
appearance of cytopathic effect (CPE) in the infected cell, 
(5) completion of a viral lytic cycle, and (6) other pheno 
typic alterations Which are typically contingent upon sub 
stantial replication of a virus in cells infected With a Wild 
type replication competent virus encoding functional viral 
protein(s). Areplication phenotype comprises at least one of 
the listed phenotypic characteristics, preferably more than 
one of the phenotypic characteristics. 

[0069] As used herein, the term “replication de?cient 
virus” refers to a virus that supports expression of a virus 
replication phenotype, and Which is substantially unable to 
independently complete the replication cycle to produce 
infectious virions in the absence of helper virus or helper 
functions acting in trans. Typically, a replication de?cient 
virus exhibits a substantial decrease in plaquing ef?ciency 
on cells conventionally used to plaque titer a parent virus. 

[0070] As used herein, the terms “label” or “labeled” refer 
to incorporation of a detectable marker, e.g., a radiolabeled 
amino acid or a recoverable label (e.g. biotinyl moieties that 
can be recovered by avidin or streptavidin). Recoverable 
labels can include covalently linked polynucleobase 
sequences that can be recovered by hybridiZation to a 
complementary sequence polynucleotide. Various methods 
of labeling polypeptides, PNAs, and polynucleotides are 
knoWn in the art and may be used. Examples of labels 
include, but are not limited to, the folloWing: radioisotopes 
(e.g., 3H, 14C, 35S, 1251, 1311), ?uorescent or phosphores 
cent labels (e.g., FITC, rhodamine, lanthanide phosphors), 
enZymatic labels (e.g., horseradish peroxidase, [3-galactosi 
dase, luciferase, alkaline phosphatase), biotinyl groups, pre 
determined polypeptide epitopes recogniZed by a secondary 
reporter (e.g., leucine Zipper pair sequences, binding sites 
for antibodies, transcriptional activator polypeptide, metal 
binding domains, epitope tags). In some embodiments, 
labels are attached by spacer arms of various lengths, e.g., to 
reduce potential steric hindrance. 

[0071] As used herein, the term “statistically signi?cant” 
means a result (i.e., an assay readout) that generally is at 
least tWo standard deviations above or beloW the mean of at 
least three separate determinations of a control assay readout 
and/or that is statistically signi?cant as determined by Stu 
dent’s t-test or other art-accepted measure of statistical 
signi?cance. 

[0072] The term “transcriptional modulation” is used 
herein to refer to the capacity to either enhance transcription 
or inhibit transcription of a structural sequence linked in cis; 
such enhancement or inhibition may be contingent on the 
occurrence of a speci?c event, such as stimulation With an 
inducer and/or may only be manifest in certain cell types. 

[0073] The term “agent” is used herein to-denote a chemi 
cal compound, a mixture of chemical compounds, a biologi 
cal macromolecule, or an extract made from biological 
materials such as bacteria, plants, fungi, or animal (particu 
larly mammalian) cells or tissues. Agents are evaluated for 
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potential activity as antiviral agents by inclusion in screen 
ing assays described herein beloW. 

[0074] The term “candidate agent” is used herein to refer 
to an agent Which is identi?ed by one or more screening 
method(s) of the invention as a putative antiviral agent. 
Some candidate antiviral agents may have therapeutic poten 
tial as drugs for human use. 

[0075] As used herein, “substantially pure” means an 
object species is the predominant species present (i.e., on a 
molar basis it is more abundant than any other individual 
macromolecular species in the composition), and preferably 
a substantially puri?ed fraction is a composition Wherein the 
object species comprises at least about 50 percent (on a 
molar basis) of all macromolecular species present. Gener 
ally, a substantially pure composition Will comprise more 
than about 80 to 90 percent of all macromolecular species 
present in the composition. Most preferably, the object 
species is puri?ed to essential homogeneity (contaminant 
species cannot be detected in the composition by conven 
tional detection methods) Wherein the composition consists 
essentially of a single macromolecular species. Solvent 
species, small molecules (<500 Daltons), and elemental ion 
species are not considered macromolecular species. 

[0076] As used herein,the term optimiZe is used to mean 
substantially improved in a desired structure or function 
relative to an initial starting condition, not necessarily the 
optimal structure or function Which could be obtained if all 
possible combinatorial variants could be made and evalu 
ated, a condition Which is typically impractical due to the 
number of possible combinations and permutations in poly 
nucleotide sequences of signi?cant length (e.g., a complete 
viral gene or genome). 

DETAILED DISCUSSION OF THE INVENTION 

[0077] The invention relates in part to a generally appli 
cable method for generating novel variant viruses having 
genotypes and phenotypes Which do not naturally occur or 
Would be anticipated to occur at a substantial frequency. A 
broad aspect of the method employs recursive nucleotide 
sequence recombination, termed “sequence shuffling”, 
Which enables the rapid generation of a collection of broadly 
diverse viral phenotypes that-can-be selectively bred for a 
broader range of novel phenotypes or more extreme pheno 
types than Would otherWise occur by natural evolution in the 
same time period. A basic variation of the method is a 
recursive process comprising: (1) sequence shuf?ing of a 
plurality of viral genomes, (2) selection of the resultant 
shuffled viral genomes to isolate or enrich a plurality of 
shuffled viral genomes having a desired phenotype(s), and 
(3) repeating steps (1) and (2) on the plurality of shuffled 
viral genomes having the desired phenotype(s) until one or 
more variant viral genomes having a sufficiently optimiZed 
desired phenotype is obtained. In this general manner, the 
method facilitates the “forced evolution” of a viral genome 
to encode a desired phenotype Which natural selection and 
evolution has heretofore not generated. FIG. 1 shoWs a 
block diagram of a basic method for viral genome shuf?ing 
and selection for a desired phenotype; the recursion option 
is generally selected each cycle until one or more viral 
genomes having a satisfactory optimiZation for the desired 
phenotype(s) are obtained. 

[0078] Typically, a plurality of viral genomes of the same 
taxonomic classi?cation are shuffled and selected by the 
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present method. It is believed that a common use of the 
method Will be to shuffle mutant variants of a clinical 
isolate(s) or of a laboratory strain of a virus to obtain a 
variant of the clinical isolate or laboratory strain that pos 
sesses a novel desired phenotype. HoWever, the method can 
be used With a plurality of strains (or clades) of a virus, or 
even With a plurality or related viruses (e.g., lentiviruses, 
herpesviruses, adenoviruses, etc.), and in some instances 
With unrelated viruses or portions thereof Which have 
recombinogenic portions (either naturally or generated via 
genetic engineering). As long as tWo sequences have a 
region of sequence similarity, they can generally be com 
bined. 

[0079] The method can be used to shuffle xenogeneic viral 
sequences into a viral genome (e.g., incorporating and 
evolving a gene of a ?rst virus in the genome of a second 
virus so as to confer a desired phenotype to the evolved 
genome of the second virus). Furthermore, the method can 
be used to evolve a heterologous sequence (e.g., a non 
naturally occurring mutant viral gene) to optimiZe its phe 
notypic expression (e.g., function) in a viral genome, and/or 
in a particular host cell or expression system (e.g., an 
expression cassette or expression replicon). FIG. 2 shoWs an 
example schematic representation of recombinatorial shuf 
?ing of a collection of viral genomes having a variety of 
mutations-or distinct genome portions; positions of muta 
tions are indicated by an (X), and distinct genome segments 
(e.g., obtained from the genomes of different virus isolates) 
are indicated by a open box. 

[0080] In an aspect of the invention, the phenotype(s) 
Which are selected for are the tropism and/or host range of 
the virus. Tropism is often de?ned as the cell type Which can 
be productively infected by a virus (e.g., CD4+ T cells for 
HIV-1, nasopharyngeal epithelium for rhinovirus, etc.), and 
host range is commonly de?ned as the species of organism 
in Which the virus can replicate (e.g., humans, simians, mice, 
rats, etc.). Both tropism and host range are believed to be 
restricted by the speci?c type(s) of proteins expressed by a 
cell; a cell lacking expression of a necessary protein that acts 
as a viral receptor may fail to support infection by the virus, 
similarly a virus may have evolved to use a host cell protein 
(e.g., polymerase) in one species (e.g., human) but not in 
another species (e.g., mouse). The present method can be 
used to create variant viruses Which exhibit altered tropism 
or host range by employing the rapid forced evolution of 
shuffling to generate variant viruses that are adapted to the 
desired tropism or host range. As an example of this, HIV-1, 
Which does not naturally replicate in mouse cells, can be 
evolved to do so by the present method. Similarly, it is 
believed that HIV-1, Which normally does not infect human 
?broblasts, can be evolved to do so by the present method. 
The method is general and can be employed to modify 
tropism and/or host range of substantially any virus suitable 
for recursive sequence shuffling (e.g., viruses that can be 
rescued as infectious virions folloWing sequence shuffling). 
FIG. 3 shoWs a schematic portrayal of virus tropism/host 
range evolution by viral genome shuffling to produce recom 
binant variants capable of substantial replication in a non 
human animal or cell line, such as a mouse. 

[0081] The present method can also be employed to force 
evolution of host cells and transgenic animals to support 
infection and/or replication of a virus Which normally does 
not infect or replicate in said cells or transgenic animal. For 
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example, a transgenic mouse (or mouse cell line) expressing 
a transgene encoding a human chemokine receptor protein 
(e.g., CCRS, CXCR4) and/or a human CD4 protein can be 
improved for supporting infection by HIV-1 by selecting 
those transgenic mice (or transgenic mouse cells) Which 
exhibit at least one, preferably more, positive phenotypic 
characteristics of HIV-1 infection (e.g., attachment of HIV 
1, viral entry, replication, expression of a reporter gene 
encoded by HIV-1, production of infectious HIV-1 virions, 
etc.), and shuffling the transgenes (or portions thereof) from 
the selected mice (or cells) Which encode the chemokine 
receptor protein(s) and/or human CD4. By recursive shuf 
?ing and selection, it is believed possible to force the 
evolution of transgene-encoded proteins Which permit infec 
tion by HIV-1. HIV-1 variant viruses may be alloWed to 
co-evolve With the transgenic mice (or transgenic mouse 
cells), or the transgenic mice (or cells) can be optimiZed to 
support naturally-occurring HIV-1 isolates. 

[0082] Although described With speci?city With respect to 
HIV-1, the present method can be used With substantially 
any type of virus having a genome suitable for in vitro or in 
vivo sequence shuffling, including but not limited to hepa 
titis C virus (HCV), adenovirus, adeno-associated virus 
(AAV), lentivirus, hepatitis B virus, HIV-2, murine leukemia 
virus (MLV) among others. Preferably, the viruses used in 
the method of the invention are suitable for cloning of an 
intact genome (or a substantial portion thereof), such that the 
genomic sequences can be shuffled by a recombination 
method of the invention, and the recombined viral 
genome(s) can be rescued as infectious virus, such as 
through the use of a helper cell line, helper virus, or in vitro 
reconstitution of replication intermediates (see, for example, 
US. Pat. No. 5,166,057 and WO 097/12032). Such genome 
recovery and rescue systems are knoWn in the art for many 
types of viruses, and can be applied by the practitioner to the 
virus type of interest. Thus, both viruses having either an 
RNA genome or DNA genome are suitable for use in the 
method. Intact genomes (or portions thereof) can be recov 
ered from virions, as replicative intermediates from host 
cells, as cDNA copies, or as integrated provirus from a host 
cell genome (e.g., as a cosmid clone or lambda clone). The 
recovered viral genome sequences can be shuffled With other 
viral genome sequences and/or With one or more spiked 
polynucleotide specie(s) (e.g., mutation-bearing gene 
sequences or mutation-bearing intergenic viral genome 
sequences), Which may include optimiZed components of a 
viral genome that have been separately optimiZed by shuf 
?ing (e.g., a Tat gene sequence or a tar sequence of HIV-1 
Which has been optimiZed for function in mouse cells). 
OptimiZed components typically can include expression 
cassettes encoding viral genes, viral transcriptional regula 
tory sequences, origins or replication, non-coding sequences 
important for replication (e.g., panhandle sequences of in?u 
enZa virus genome segments), LTRs, repeat sequences, and 
the like. For viruses With segmented genomes, individual 
segments may be optimiZed separately by recursive 
sequence shuffling and selection, or a combination or all of 
the segments may be optimiZed collectively for a desired 
phenotype; it is also possible to combine one or more 
cycle(s) of individual component/segment evolution With 
one or more cycle(s) of collective component/segment evo 
lution, in any order. 

[0083] In an aspect of the invention, a plurality of repli 
cation defective viral genomes are shuffled and the resultant 
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shuffled genomes are selected for the capacity to replicate in 
a desired cell type or host organism. 

[0084] In an aspect of the invention, complementing 
genome portions of or complete genomes of tWo or more 
distinct virus types (e.g., HIV-1 and SIV) are shuffled and 
phenotype selected to generate and isolate one or more 
shuffled variant virus genomes that have a desired phenotype 
(e.g., the capacity to replicate in simian cells but retain a 
substantial portion of the HIV-1 genome). The resultant 
shuf?ants comprising a portion of an HIV-1 (or HIV-2) 
genome and a portion of an SIV genome, and having 
functional sequences suf?cient to support replication in a 
host cell are termed “SHIV recombinants”. KuWata et al. 
(1996) AIDS 10:-1331 report chimeric viruses betWeen SIV 
and various HIV-1 isolates that have biological properties 
similar to those of parental HIV-1. Unlike the present 
invention, the chimeras made by KuWata et al. are simple 
recombinants of discrete genome portions of SIV and HIV 
1, and are not the product of recursive sequence shuffling 
and selection for a desired phenotype. 

[0085] Recombination Methods 

[0086] The present invention provides methods, reagents, 
genetically modi?ed animals and cells, and pharmaceutical 
compositions relating to the forced evolution of viral 
genomes, or portions thereof, having a desired phenotypic 
alteration generated by polynucleotide sequence shuffling of 
a plurality of viral genomes, typically of the same virus type 
(e.g., HIV-1, HCV, adenovirus, etc.). 
[0087] Generally, the nomenclature used hereafter and the 
laboratory procedures in cell culture, molecular genetics, 
virology, and nucleic acid chemistry and hybridiZation 
described beloW are those Well knoWn and commonly 
employed in the art. Standard techniques are used for 
recombinant nucleic acid methods, polynucleotide synthe 
sis, and microbial culture and transformation (e.g., elec 
troporation, lipofection). Generally, enZymatic reactions and 
puri?cation steps are performed according to the manufac 
turer’s speci?cations. The techniques and procedures are 
generally performed according to conventional methods in 
the art and various general references. 

[0088] For example, the practice of this invention involves 
the construction of recombinant nucleic acids, the expres 
sion of genes in transfected host cells and molecular library 
construction. Molecular cloning techniques to achieve these 
ends are knoWn in the art. A Wide variety of cloning and in 
vitro ampli?cation methods suitable for the construction of 
recombinant nucleic acids such as expression vectors are 
Well-knoWn to persons of skill. General texts Which describe 
molecular biological techniques useful herein, including 
mutagenesis, include Berger and Kimmel, Guide to Molecu 
lar Cloning Techniques, Methods in EnZymology volume 
152 Academic Press, Inc., San Diego, Calif. (Berger); Sam 
brook et al., Molecular Cloning—A Laboratory Manual 
(2nd Ed.), Vol. 1-3, Cold Spring Harbor Laboratory, Cold 
Spring Harbor, NY, 1989 (“Sambrook”) and Current Pro 
tocols in Molecular Biology, F. M. Ausubel et al., eds., 
Current Protocols, a joint venture betWeen Greene Publish 
ing Associates, Inc. and John Wiley & Sons, Inc., (supple 
mented through 1998) (“Ausubel”)). 

[0089] Examples of techniques suf?cient to direct persons 
of skill through in vitro ampli?cation methods, including the 
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polymerase chain reaction (PCR) the ligase chain reaction 
(LCR), Q-replicase ampli?cation and other RNA poly 
merase mediated techniques (e.g., NASBA) are found in 
Berger, Sambrook, and Ausubel, as Well as Mullis et al., 
(1987) US. Pat. No. 4,683,202; Technology: Principles and 
Applications for DNA Ampli?cation ed. HA Erlich, Free 
man Press, NeW York, NY. (1992); Mattila et al. (1991) 
NucleicAcids Res. 19: 4967; Eckert, K. A. and Kunkel, T. A. 
(1991) PCR Methods and Applications 1: 17; PCR, eds. 
McPherson, Quirkes, and Taylor, IRL Press, Oxford; and 
US. Pat. No. 4,683,202, Which are incorporated herein by 
reference). PCR ProtocolsA Guide to Methods and Appli 
cations (Innis et al. eds) Academic Press Inc. San Diego, 
Calif. (1990) (Innis); Arnheim & Levinson (Oct. 1, 1990) 
C&EN 36-47; The Journal Of NIH Research (1991) 3, 
81-94; (KWoh et al. (1989) Proc. Natl. Acad. Sci. USA 86, 
1173; Guatelli et al. (1990) Proc. Natl. Acad. Sci. USA 87, 
1874; Lomell et al. (1989) J. Clin. Chem 35, 1826; Lande 
gren et al., (1988) Science 241, 1077-1080; Van Brunt 
(1990) Biotechnology 8, 291-294; Wu and Wallace, (1989) 
Gene 4, 560; Barringer et al. (1990) Gene 89, 117, and 
Sooknanan and Malek (1995) Biotechnology 13: 563-564. 
Improved methods of cloning in vitro ampli?ed nucleic 
acids are described in Wallace et al., US. Pat. No. 5,426, 
039. Improved methods of amplifying large nucleic acids by 
PCR are summariZed in Cheng et al. (1994) Nature 369: 
684-685 and the references therein, in Which PCR amplicons 
of up to 40 kb are generated. One of skill Will appreciate that 
essentially any RNA can be converted into a double stranded 
DNA suitable for restriction digestion, PCR expansion and 
sequencing using reverse transcriptase and a polymerase. 
See, Ausubel, Sambrook and Berger, all supra. 

[0090] Oligonucleotides for use as probes, e.g., in in vitro 
ampli?cation methods, for use as gene probes, or as shuf 
?ing targets (e.g., synthetic genes or gene segments) are 
typically synthesiZed chemically according to the solid 
phase phosphoramidite triester method described by Beau 
cage and Caruthers (1981), Tetrahedron Letts., 22(20):1859 
1862, e.g., using an automated synthesiZer, as described in 
Needham-VanDevanter et al. (1984) Nucleic Acids Res., 
12:6159-6168. Oligonucleotides can also be custom made 
and ordered from a variety of commercial sources knoWn to 
persons of skill. 

[0091] Indeed, essentially any nucleic acid With a knoWn 
sequence can be custom ordered from any of a variety of 
commercial sources, such as The Midland Certi?ed Reagent 
Company (mcrc@oligos.com), The Great American Gene 
Company http://WWW.genco.com), ExpressGen Inc. 
(WWW.expressgen.com), Operon Technoloigies Inc. 
(Alameda, Calif.) and many others. Similarly, peptides and 
antibodies can be custom ordered from any of a variety of 
sources, such as PeptidoGenic (pkim@ccnet.com), HTI Bio 
products, inc. (http://WWW.htibio.com), BMA Biomedicals 
Ltd (UK), Bio.Synthesis, Inc., and many others. 

[0092] Chimeric targeted mice are derived according to 
Hogan, et al., Manipulating the Mouse Embryo: A Labora 
tory Manual, Cold Spring Harbor Laboratory (1988) and 
Teratocarcinomas and Embryonic Stem Cells: A Practical 
Approach, E. J. Robertson, ed., IRL Press, Washington, 
DC, (1987) Which are incorporated herein by reference. 

[0093] Embryonic stem cells are manipulated according to 
published procedures (Teratocarcinomas and Embryonic 






















































