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DESCRIPTION

TECHNICAL FIELD

[0001] This disclosure generally relates to viruses.

BACKGROUND

[0002] Circumventing and avoiding a neutralizing or toxic iIimmune response against a gene
therapy vector is a major challenge with all gene transfer vector types. Gene transfer to date is
most efficiently achieved using vectors based on viruses circulating in humans and animals,
e.g., adenovirus and adeno-associated virus (AAV). However, If subjects have been naturally
Infected with a virus, a subsequent treatment with a vector based on that virus leads to
Increased safety risks and decreased efficiency of gene transfer due to cellular and humoral
Immune responses. Capsid antigens are primarily responsible for the innate and/or adaptive
iImmunity toward virus particles, however, viral gene-encoded polypeptides also can be
Immunogenic.

[0003] Calcedo et al., 2009 discloses worldwide seroprevalence towards a number of different
AAV types.

SUMMARY

[0004] The invention is defined by the claims.

[0005] This disclosure describes methods of predicting and synthesizing ancestral viral
sequences or portions thereof, and also describes virus particles containing such ancestral
viral sequences. The methods described herein were applied to adeno-associated virus (AAV);
thus, this disclosure describes predicted ancestral AAV sequences and AAV virus particles
containing such ancestral AAV sequences. This disclosure also describes the reduced
seroprevalance exhibited by virus particles containing ancestral sequences relative to virus
particles containing contemporary sequences.

[0006] In one aspect, this disclosure Includes adeno-associated virus (AAV) capsid
polypeptides, e.g., synthetic and/or artificial AAV capsid polypeptides, having an amino acid
sequence selected from the group consisting of SEQ ID NOs: 1, 3,5, 7, 9, 11, 13, 15 and 17.
In some implementations, the AAV capsid polypeptides or virus particles comprising the AAV
capsid polypeptides exhibit a lower seroprevalence than do an AAVZ capsid polypeptide or a
virus particle comprising an AAV2 capsid polypeptide, and the AAV capsid polypeptides or virus
particles comprising the AAV capsid polypeptides exhibit about the same or a lower
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seroprevalence than do an AAV8 capsid polypeptide or a virus particle comprising an AAV3
capsid polypeptide. In some embodiments, the AAV capsid polypeptides or virus particles
comprising the AAV capsid polypeptides are neutralized to a lesser extent by human serum
than is an AAV2Z capsid polypeptide or a virus particle comprising an AAV2 capsid polypeptide,
and the AAV capsid polypeptides or virus particles comprising the AAV capsid polypeptides are
neutralized to a similar or lesser extent by human serum as is an AAV8 capsid polypeptide or a
virus particle comprising an AAV8 capsid polypeptide. In some embodiments, the AAV capsid
polypeptides are purified. The AAV capsid polypeptides provided herein can be encoded by a
nucleic acid sequence selected from the group consisting of SEQ ID NOs: 2, 4, 6, 8, 10, 12, 14,
16, and 18.

[0007] In one aspect, the disclosure provides nucleic acid molecules, e.g., synthetic and/or
artificial nucleic acid molecules, encoding an adeno-associated virus (AAV) capsid polypeptide
having a nucleic acid sequence selected from the group consisting of SEQ ID NOs: 2, 4, 6, 8,
10, 12, 14, 16, and 18. Also provided are vectors that includes such a nucleic acid, and a host
cell that includes such a vector.

[0008] In another aspect, the disclosure provides purified virus particles that include an AAV
capsid polypeptide described herein. In some embodiments, the virus particles Include a
transgene.

[0009] In other aspects, the disclosure provides adeno-associated virus (AAV) capsid
polypeptides, e.g., synthetic and/or artificial AAV capsid polypeptides, having at least 95% (e.g.,
97, 98, 99, or 100%) sequence identity to an amino acid sequence selected from the group
consisting of SEQ ID NOs: 19, 20, 21, 22, 23, 24, 25 and 26. In some embodiments, the AAV
capsid polypeptides or virus particles comprising the AAV capsid polypeptide exhibit a lower
seroprevalence than does an AAV2Z capsid polypeptide or a virus particle comprising an AAV2
capsid polypeptide, and the AAV capsid polypeptide or a virus particle comprising the AAV
capsid polypeptide exhibit about the same or a lower seroprevalence than does an AAVS
capsid polypeptide or a virus particle comprising an AAV8 capsid polypeptide. In some
embodiments, the AAV capsid polypeptides or virus particles comprising the AAV capsid
polypeptide are neutralized to a lesser extent by human serum than is an AAVZ capsid
polypeptide or a virus particle comprising an AAV2 capsid polypeptide, and the AAV capsid
polypeptide or a virus particle comprising the AAV capsid polypeptide Is neutralized to a similar
or lesser extent by human serum as Is an AAV8 capsid polypeptide or a virus particle
comprising an AAV8 capsid polypeptide. In some embodiments, the AAV capsid polypeptides
are purified.

[0010] In another aspect, the AAV capsid polypeptides described herein can be encoded by
nucleic acid sequences as described herein. In one implementation, the disclosure provides
nucleic acid molecules encoding an adeno-associated virus (AAV) capsid polypeptide, wherein
the nucleic acid molecules have at least 95% (e.g., 97, 98, 99, or 100%) sequence identity to a
nucleic acid sequence as shown herein. The disclosure also provides vectors including such
nucleic acid molecules, as are host cells that include such a vector.
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[0011] In one aspect, the disclosure provides virus particles that include at least one of the
AAV capsid polypeptides described herein. In some embodiments, the virus particles include a
transgene.

[0012] In certain aspects, the disclosure provides methods of administering a virus particle as
described herein to a subject in need of gene transfer or vaccination. In some embodiments,
the virus particles exhibit less seroprevalence than does an AAVZ virus particle. In some
embodiments, the virus particles exhibit about the same or less seroprevalence than does an
AAVS virus particle. In some embodiments, the virus particles are neutralized to a lesser extent
by human serum than i1s an AAVZ2 virus particle, and the AAV virus particles are neutralized to a
similar or lesser extent by human serum than is an AAV8 virus particle.

[0013] In one aspect, the disclosure provides methods of administering a target antigen
operably linked to an AAV capsid polypeptide as described herein to a subject in need of
vaccination. In some embodiments, the AAV capsid polypeptides exhibit less seroprevalence
than does an AAVZ2 capsid polypeptide. In some embodiments, the AAV capsid polypeptide
exhibits about the same or less seroprevalence than does an AAV8 capsid polypeptide. In
some embodiments, the AAV capsid polypeptides are neutralized to a lesser extent by human
serum than is an AAV2 capsid polypeptide, and the AAV capsid polypeptide is neutralized to a
similar or lesser extent by human serum than is an AAV8 capsid polypeptide.

[0014] In another aspect, the disclosure provides in silico methods of predicting a sequence of
an ancestral virus or portion thereof. Such methods typically include providing nucleotide or
amino acid sequences from a plurality of contemporary viruses or portions thereof; aligning the
sequences using a multiple sequence alignment (MSA) algorithm; modeling evolution to obtain
a predicted ancestral phylogeny of the plurality of contemporary viruses or portions thereof;
estimating, at a phylogenic node of the predicted ancestral phylogeny, the evolutionary
probability of a particular nucleotide or amino acid residue at each position of the sequence;

and predicting, based on the estimated probability at each position, a sequence of an ancestral
virus or portion thereof.

[0015] In some embodiments of the present disclosure, one or more, or all, of the steps are
performed using a computer processor. In some embodiments of the present disclosure, the
MSA algorithm uses phylogenetic information to predict if a gap in the alignment is a result of a
deletion or an insertion. In some embodiments of the present disclosure, the MSA algorithm is
a Probabilistic Alignment Kit (PRANK). In some embodiments of the present disclosure, the
model used for modeling evolution 1s selected using Aikake Information Criterion (AIC). In
some embodiments of the present disclosure, the predicted ancestral phylogeny is obtained
using a JTT model with a Gamma distribution model ("+G") and a frequency calculation of i
("+F"). In some embodiments of the present disclosure, the modeling the evolution step iIs
performed using a JTT+G+F model. In some embodiments of the present disclosure, the
methods include synthesizing, based on the predicted sequence, the ancestral virus or portion
thereof. In some embodiments of the present disclosure, the methods include assembling the
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ancestral virus or portion thereof into an ancestral virus particle.

[0016] In some embodiments, the methods also include screening the ancestral virus particle
for at least one of the following: (a) replication; (b) gene transfer properties; (c) receptor
binding; or (d) seroprevalence. In some embodiments, the ancestral virus particles exhibit less
seroprevalence than does a virus particle assembled from at least one of the plurality of
contemporary viruses or portions thereof. In some embodiments, the ancestral virus particle i1s
neutralized to a lesser extent by human serum than is a virus particle assembled from at least
one of the plurality of contemporary viruses or portions thereof. In some embodiments, the
plurality of contemporary viruses or portions thereof belong to a family selected from the group
consisting of adenovirus (AV), human immunodeficiency virus (HIV), retrovirus, lentivirus,
herpes simplex virus (HSV), vaccinia virus, pox virus, influenza virus, respiratory syncytial virus,
parainfluenza virus, and foamy virus.

[0017] Thus, the present disclosure provides ancestral viruses or portions thereof that exhibit
reduced susceptibility to pre-existing immunity in current day human populations than do
contemporary viruses or portions thereof. Generally, the reduced susceptibility to pre-existing
iImmunity exhibited by the ancestral viruses or portions thereof In current day human
populations iIs reflected as a reduced susceptibility to neutralizing antibodies.

[0018] Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the methods and
compositions of matter belong. Although methods and materials similar or equivalent to those
described herein can be used In the practice or testing of the methods and compositions of
matter, suitable methods and materials are described below. In addition, the materials,
methods, and examples are illustrative only and not intended to be limiting.

DESCRIPTION OF DRAWINGS

[0019] The patent or application file contains at least one drawing executed in color. Copies of
this patent or patent application publication with color drawings will be provided by the Office
upon request and payment of the necessary fee.

Figure 1 Is a schematic showing the relationships between ancestral/contemporary viral
Infections and ancestral/contemporary host immune response.

Figures 2A to 2D are a series of schematics showing an example of an ancestral
reconstruction procedure. Data shown are excerpted from a full dataset and represent
residues 564-584 (AAV2-VP1 numbering).

Figures 3A to 3C together illustrate a phylogenetic tree of AAV contemporary sequences
generated using the methods described herein.

Figures 4A and 4B together illustrate an alignment of ancestral AAV VP 1 polypeptides.
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Figures 5A and 5B together Illustrate an alignment of functional ancestral AAV VP1
polypeptides and contemporary AAV VP1 polypeptides.

Figure 6 Is an electrophoretic gel demonstrating that ancestral AAV VP1 sequences are
transcribed and alternately spliced in a manner similar to that for contemporary AAV VP1
sequences.

Figure 7 1s a graph showing the luciferase activity in HEK293 cells transduced with ancestral
AAV vectors.

Figure 9 1s a graph showing the sequence comparison (% up from diagonal, # of aa
differences below) between the Anc80 library and Anc80L635.

Figures 10A-D are images of experimental results demonstrating that Anc80L65 1s capable of
assembling and yielding particles of high titer. Panel A shows that Anc80L65 Is able to produce
vector yields equivalent to AAVZ; Panel B 1Is a TEM Iimage of virus particles that include
Anc80L695; Panel C shows that virus particles that include Anc80L65 are able to produce AAV
cap VP1, 2 and 3 proteins based on SDS-PAGE gel under denaturing conditions; and Panel D
shows a Western blot of Anc80L65 using the AAV capsid antibody, B1.

Figures 11A-C are images of experimental results demonstrating that Anc80L65 Is able to
Infect cells In vitro on HEK293 cells using GFP as readout (Panel A) or luciferase (Panel B)
versus AAV2 and/or AAV8 controls and also is efficient at targeting liver following an |V injection
of AAV encoding a nuclear LacZ transgene (top row, Panel C: liver), following direct IM
Injection of an AAV encoding GFP (middle row, Panel C: muscle), and following sub-retinal
Injection with AAV encoding GFP (bottom row, Panel C: retina).

Figures 13A and 13B are sequence identity matrices producing using MAFFT that show the
amino acid sequences of the VP1 proteins of ancestral vectors aligned with those of
representative extant AAVs (Figure 13A), and the amino acid sequences of the VP3 proteins of
ancestral vectors aligned with those of representative extant AAVs (Figure 13B).

Figure 14 1s a graph that demonstrates that AAV vectors were produced In triplicate in small
scale (6-well dishes). Crude viruses were assessed via qPCR to determine the absolute
production of each vector.

Figure 15 Is a table showing the titers of each vector, averaged and compared, to those of
AAVS.

Figure 16 are photographs that show the results of experiments in which 1.9E3 GC/cell of each
vector was added to HEK293 cells (except for Anc126, in which case MOIls of 2.5E2 - 3.1E2
GC/cell were achieved). Sixty hours later, infectivity was assessed using fluorescence
MICroscopy.

Figure 17 I1s a graph showing the results of experiments in which the same cells from Figure 16

were lysed and assayed for luciferase expression. As In Figure 16, Anc126 was not titer
controlled with the other vectors, but rather ranged from an MOI of 2.5E2 - 3.1E2 GC/cell.
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Figure 18 Is a table showing the luminescence of cells transduced by each vector, which were
averaged and compared to those of AAVS.

Figure 19 1s a chart that provides a summary of in vitro experiments to determine the relative
production and infectivity of the ancestral AAV vectors described herein.

DETAILED DESCRIPTION

[0020] Gene transfer, either for experimental or therapeutic purposes, relies upon a vector or
vector system to shuttle genetic information into target cells. The vector or vector system iIs
considered the major determinant of efficiency, specificity, host response, pharmacology, and
longevity of the gene transfer reaction. Currently, the most efficient and effective way to
accomplish gene transfer is through the use of vectors or vector systems based on viruses that
have been made replication-defective.

[0021] Seroprevalence studies, however, Indicate that significant proportions of worldwide
human populations have been pre-exposed (e.g., by natural infection) to a large number of the
viruses currently used In gene transfer and, therefore, harbor pre-existing Iimmunity.
Neutralizing antibodies toward the viral vector in these pre-exposed individuals are known to
imit, sometimes significantly, the extent of gene transfer or even re-direct the virus away from
the target. See, for example, Calcedo et al. (2009, J. Infect. Dis., 199:381-90) and Boutin et al.
(2010, Human Gene Ther.,, 21:7/04-12). Thus, the present disclosure Is based on the
recognition that ancestral viruses or portions thereof exhibit reduced susceptibility to pre-
existing iImmunity (e.g., reduced susceptibility to neutralizing antibodies) in current day human
populations than do contemporary viruses or portions thereof.

[0022] Figure 1 1s a schematic showing the relationships between ancestral and contemporary
viral infections and ancestral and contemporary host immune response. Figure 1 shows how
ancestral AAVs can be refractory to contemporary pre-existing immunity. A contemporary,
extant virus (Vc) Is presumed to have evolved from an ancestral species (Vanc), primarily
under evolutionary pressures of host iImmunity through mechanisms of immune escape. Each
of these species, Vanc and Vc, have the ability to induce adaptive immunity including B and T
cell mmunity (lanc and lc, respectively). It was hypothesized, and confirmed herein, that
iImmunity induced by contemporary viruses does not necessarily cross-react with an ancestral
viral species, which can be substantially different in terms of epitope composition than the
extant virus.

[0023] This disclosure provides methods of predicting the sequence of an ancestral virus or a
portion thereof. One or more of the ancestral virus sequences predicted using the methods
described herein can be generated and assembled into a virus particle. As demonstrated
herein, virus particles assembled from predicted ancestral viral sequences can exhibit less,
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sometimes significantly less, seroprevalence than current-day, contemporary virus particles.
Thus, the ancestral virus sequences disclosed herein are suitable for use in vectors or vector
systems for gene transfer.

Methods of Predicting and Synthesizing an Ancestral Viral Sequence

[0024] To predict an ancestral viral sequence, nucleotide or amino acid sequences first are
compiled from a plurality of contemporary viruses or portions thereof. While the methods
described herein were exemplified using adeno-associated virus (AAV) capsid sequences, the
same methods can be applied to other sequences from AAV (e.g., the entire genome, rep
sequences, ITR sequences) or to any other virus or portion thereof. Viruses other than AAV
Include, without limitation, adenovirus (AV), human immunodeficiency virus (HIV), retrovirus,
lentivirus, herpes simplex virus (HSV), measles, vaccinia virus, pox virus, influenza virus,
respiratory syncytial virus, parainfluenza virus, foamy virus, or any other virus to which pre-
existing immunity is considered a problem.

[0025] Sequences from as few as two contemporary viruses or portions thereof can be used,
however, It IS understood that a larger number of sequences of contemporary viruses or
portions thereof Is desirable so as to include as much of the landscape of modern day
sequence diversity as possible, but also because a larger number of sequences can Increase
the predictive capabilities of the algorithms described and used. For example, sequences from
10 or more contemporary viruses or portions thereof can be used, sequences from 50 or more
contemporary viruses or portions thereof can be used, or sequences from 100 or more
contemporary viruses or portions thereof can be used.

[0026] Such sequences can be obtained, for example, from any number of public databases
Including, without limitation, GenBank, UniProt, EMBL, International Nucleotide Sequence
Database Collaboration (INSDC), or European Nucleotide Archive. Additionally or alternatively,
such sequences can be obtained from a database that is specific to a particular organism (e.g.,
HIV database). The contemporary sequences can correspond to the entire genome, or only a
portion of the genome can be used such as, without limitation, sequences that encode one or
more components of the viral capsid, the replication protein, or the ITR sequences.

[0027] Next, the contemporary sequences are aligned using a multiple sequence alignment
(MSA) algorithm. Figure 2(a) 1s a schematic showing an alignment of multiple sequences. MSA
algorithms are well known In the art and generally are designed to be applied to different size
datasets and different inputs (e.g., nucleic acid or protein), and to align the sequences In a
particular manner (e.g., dynamic programming, progressive, heuristic) and apply different
scoring schemes In the alignment (e.g., matrix-based or consistency-based, e.g., minimum
entropy, sum of pairs, similarity matrix, gap scores). Well known MSA algorithms include, for
example, ClustalWW (Thompson et al., 1994, Nuc. Acids Res., 22:46/3-90), Kalign (Lassmann
et al.,, 2006, Nuc. Acids Res., 34:\W596-99), MAFFT (Katoh et al., 2005, Nuc. Acids Res.,
33:911-8), MUSCLE (Edgar, 2004, BMC Bioinform., 5:113), and T-Coffee (Notredame et al.,



DK/EP 3459965 T3

2000, J. Mol. Biol., 302:205-17).

[0028] As described herein, one of the main features when selecting a MSA algorithm for use
In the methods described herein is the manner in which the algorithm treats a gap In the
alignment. Gaps In a sequence alignment can be assigned a penalty value that is either
dependent or independent on the size of the gap. In the present methods, it is preferred that
the MSA algorithm used In the methods described herein apply phylogenetic information to
predict whether a gap in the alignment is a result of a deletion or an insertion as opposed to a
biased, non-phylogenetic treatment of gaps due to, e.g., insertions and/or deletions. A suitable
method of treating gaps Iin alignments and evolutionary analysis i1s described in Loytynoja and
Goldman, 2008, Science, 320:1632-5, and commercially available algorithms that apply gaps
In alignments In a manner that is suitable for use In the methods described herein Is a
Probabilistic Aignment Kit (PRANK; Goldman Group Software; Loytynoja and Goldman, 2005,
PNAS USA, 102:10557-62), and variations of the PRANK algorithm.

[0029] An evolutionary model is then applied to the resulting alignment to obtain a predicted
ancestral phylogeny (see Figure 2(b)). There are a number of evolutionary models available In
the art, each of which apply slightly different matrices of replacement rates for amino acids.
Without limitation, algorithms for applying models of evolution include the Dayhoff models (e.g.,
PAM120, PAM160, PAM250; Dayhoff et al., 1978, In Atlas of Protein Sequence and Structure
(ed. Dayhoff), pp. 345-52, National Biomedical Research Foundation, Washington D.C.), the
JTT model (Jones et al., 1992, Comp. Appl. Bioscl., 8:275-82), the WAG model (VWhelan and
Goldman, 2001, Mol. Biol. Evol.,, 18:691-9), and the Blosum models (e.g., Blosum45,
Blosum62, Blosum80; Henikoff and Henikoff, 1992, PNAS USA, 89:10915-9).

[0030] In addition, the constraints that structure and function impose on an evolutionary model|
can themselves be modeled, for example, by considering that some positions are invariant
"+": Reeves, 1992, J. Mol. Evol., 35:17-31), that some positions undergo different rates of
change ("+G"; Yang, 1993, Mol. Biol. Evol., 10:1396-1401), and/or that equilibrium frequencies
of nucleotides or amino acids are the same as those In the alignment ("+F"; Cao et al., 1994, J.
Mol. Evol., 39:519-27).

[0031] The fithess of one or more models of evolution can be evaluated using the Alkake
Information Criterion (AIC; Akalke, 1973, In Second International Symposium on Information
Theory, Petrov and Csaki, eds., pp 267-81, Budapest, Akademiai Kiado), the Bayesian
Information Criterion (BIC; Schwarz, 1978, Ann. Statist. 6:461-4), or variations or combinations
thereof. In addition, AlC, BIC, or variations or combinations thereof can be used to evaluate the
relative importance of including one or more parameters (e.g., the constraints discussed
above) In the evolutionary model.

[0032] As explained In the Example section below, ProTest3d (Darriba et al, 2011,
Bioinformatics, 27(8):1164-5) can be used to determine, based on the lowest AIC, that a
JTT+G+F algorithm was the most suitable model for AAV evolution. It would be understood by
a skilled artisan that a JTT+G+F algorithm also may be used to predict ancestral viral
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sequences other than AAV capsid polypeptides, however, it also would be understood by a
skilled artisan that, depending on the dataset and the fithess score, a different model of
evolution may be more suitable.

[0033] Once a model of evolution has been selected and its fitness determined, a phylogenetic
tree of the virus sequences or portions thereof can be constructed. Constructing phylogenetic
trees I1s known In the art and typically employs maximum likelihood methods such as those
implemented by PhyML (Guindon and Gascuel, 2003, Systematic Biology, 52:696-7/04)),
MOLPHY (Adachi and Hasegawa, 1996, ed. Tokyo Institute of Statistical Mathematics), BioNJ
(Gascuel, 1997, Mol. Biol. Evol., 14:685-95), or PHYLIP (Felsenstein, 1973, Systematic
Biology, 22:240-9). A skilled artisan would understand that a balance between computational
complexity and the goodness of fit is desirable in a model of amino acid substitutions.

[0034] If desired, the phylogenetic tree can be assessed for significance. A number of
statistical methods are available and routinely used to evaluate the significance of a model
Including, without Ilimitation, bootstrap, jackknife, cross-validation, permutation tests, or
combinations or variations thereof. Significance also can be evaluated using, for example, an
approximate likellhood-ratio test (aLRT; Anisimova and Gascuel, 2006, Systematic Biology,
55:539-52)).

[0035] At any phylogenetic node of the phylogeny (e.g., an interior phylogenetic node), the
sequence can be reconstructed by estimating the evolutionary probability of a particular
nucleotide or amino acid residue at each position of the sequence (Figure 2(c)). A phylogenic
node refers to an intermediate evolutionary branch point within the predicted ancestral
phylogeny. As used herein, "evolutionary probability” refers to the probability of the presence of
a particular nucleotide or amino acid at a particular position based on an evolutionary model as
opposed to a model that does not take into account, for example, an evolutionary shift in the
codon usage. Exemplary models that take into account the evolutionary probability of a
particular nucleotide or amino acid residue at a particular position can be estimated using, for
example, any number of maximum likellhood methods Including, without Iimitation,
Phylogenetic Analysis by Maximum Likellhood (PAML; Yang, 1997, Comp. Applic. BioScl.,
13:555-6) or Phylogenetic Analysis Using Parsimony (PAUP; Sinauer Assoc., Inc., Sunderland,
MA).

[0036] Based on the estimated evolutionary probability of a particular nucleotide or amino acid
residue at each position, the predicted sequence of an ancestral virus or portion thereof can be
assembled to form a complete or partial synthetic nucleic acid or polypeptide sequence. If
desired, the likelihood that any residue was Iin a given state at a given node along the node can
be calculated, and any position along the sequence having a calculated posterior probability
beneath a particular threshold can be identified (Figure 2(d)). In this manner, an ancestral
scaffold sequence can be generated, which can include variations at those positions having a
probability below the particular threshold.

[0037] If the ancestral sequence that Is predicted using the methods herein 1s a nucleic acid
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sequence, the sequence then can be codon optimized so that it can be efficiently translated
INto an amino acid sequence. Codon usage tables for different organisms are known In the art.
Optionally, however, a codon usage table can be designed based on one or more
contemporary sequences that has homology (e.g., at least 90% sequence identity) to the
ancestral scaffold sequence, and an ancestral sequence as described herein can be codon
optimized toward mammalian (e.g., human) codon usage.

[0038] Any or all of the steps outlined herein for predicting an ancestral viral sequence can be
performed or simulated on a computer (e.g., /in siico) using a processor or a MICroprocessor.

Ancestral Adeno-Associated Virus (AAV) Scaffold Sequences

[0039] The methods described herein were applied to adeno-associated virus (AAV) using
contemporary capsid sequences (described In detail in the Examples below). AAV Is widely
considered as a therapeutic gene transfer vector and a genetic vaccine vehicle, but exhibits a
high seroprevalence In human populations. Using the methods described herein, a
phylogenetic tree was assembled using contemporary AAV sequences (see Figures 3A-3C)
and predicted ancestral scaffold sequences were obtained at the designated phylogenic node
(Table 1). As used herein, an ancestral scaffold sequence refers to a sequence that Is
constructed using the methods described herein (e.g., using evolutionary probabilities and
evolutionary modeling) and i1s not known to have existed in nature. As used herein, the
ancestral scaffold sequences are different from consensus sequences, which are typically

constructed using the frequency of nucleotides or amino acid residues at a particular position.
Table 1.

W Polypeptide (SEQ ID NO) Nucleic Acid (SEQ ID NO)
AncBO
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[0040] The scaffold sequence of the Anc80 polypeptide i1s shown In SEQ ID NO: 1, which Is
encoded by the scaffold sequence of the Anc80 nucleic acid shown in SEQ |ID NO:2. The
scaffold sequence of Anc80 con