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The complete sequence of adeno-associated virus type 1 (AAV-1) was defined. Its genome of 4,718 nucleotides
demonstrates high homology with those of other AAYV serotypes, including AAV-6, which appears to have arisen
from homologous recombination between AAV-1 and AAV-2. Analysis of sera from nonhuman and human
primates for neutralizing antibodies (NAB) against AAV-1 and AAV-2 revealed the following. (i) NAB to AAV-1
are more common than NAB to AAV-2 in nonhuman primates, while the reverse is true in humans; and (ii) sera
from 36% of nonhuman primates neutralized AAV-1 but not AAV-2, while sera from 8% of humans neutralized
AAV-2 but not AAV-1. An infectious clone of AAV-1 was isolated from a replicated monomer form, and vectors
were created with AAV-2 inverted terminal repeats and AAV-1 Rep and Cap functions. Both AAV-1- and AAV-
2-based vectors transduced murine liver and muscle in vivo; AAV-1 was more efficient for muscle, while AAV-2
transduced liver more efficiently. Strong NAB responses were detected for each vector administered to murine
skeletal muscle; these responses prevented readministration of the same serotype but did not substantially
cross-neutralize the other serotype. Similar results were observed in the context of liver-directed gene transfer,
except for a significant, but incomplete, neutralization of AAV-1 from a previous treatment with AAV-2. Vectors

based on AAV-1 may be preferred in some applications of human gene therapy.

Adeno-associated viruses (AAV) are small, nonenveloped,
single-stranded DNA viruses which require helper virus to
facilitate efficient replication (3). The 4.7-kb genome of AAV
is characterized by two inverted terminal repeats (ITRs) and
two sels of open reading frames, which encode the Rep and
Cap proteins. The Rep open reading frames encode four pro-
Leins with molecular masscs of 78, 68, 52, and 40 kDa. These
proteins function mainly in regulating AAV replication and
integration. The Cap open rcading {frames cncode three struc-
tural proteins with molecular masscs of 85 kDa (VP1), 72 kDa
(VP2), and 61 kDa (VP3) (3). The two ITRs arc the only cis
elements essential for all steps in the AAV life cycle.

AAV have been found in many animal species, including
nonhuman primatcs, canines, lowl, and humans (18). A total of
six scrolypes of AAV, including AAV type 1 (AAV-1), have
been isolated from primates, and two have been isolated from
nonhuman primates; AAV-2, AAV-3, and AAV-5 are from
humans, and AAV-6 is from a human adenovirus preparation.
AAV-2 is the most characterized primale serotype, since its
infectious clone was the first one made (24). The full sequences
for AAV-3A, AAV-3B, AAV-4, and AAV-6 rccenlly were
determined (4, 17, 22). Generally, all primate AAV show more
than 80% homology in nuclcotide sequence.

A number of unique properties make AAV a very promising
vector for human gene therapy (19). AAV are not associated
with any known human diseases and arc generally not consid-
ercd pathogenic. Wild-type AAV are capable of inlegrating
into the host chromosome in a site-specific manner (14, 26).
Recombinant AAV (rAAV) vectors can integrate into tissue
culture cells at chromosome 19 if the Rep proteins are supplied
in trans (1, 29). The transduced genomes of AAV have been
shown to confer long-term gene expression in a number of
lissues, including muscle, liver, brain, and retina (8, 13, 27, 28,
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30, 31). The development of new methods for producing high-
titer rAAV has largely removed the hurdles which prevented
AAV vectors from being tested in large-animal models of
human diseases and in human clinical trials (5, 6, 11, 32).

Among AAV-1 to AAV-6, only AAV-1 and AAV-4 arc
considered to be simian viruses, since they were isolated from
nonhuman primates and monospecific antibodies Lo the viruses
have not been detected in human serum (20). They may have
advantages for use in human gene therapy to replace or aug-
menl the use of AAV-2 vectors. For example, AAV-1 veclors
could be used in patients who develop anti-AAV-2 neutraliz-
ing antibodies (NAB) due to a naturally acquired infection or
previous treatment with AAV-2 vectors. To study the possibil-
ity of using AAV-1 as a gene therapy vector, we constructed an
AAV-1 infectious clone and determined its full scquence. Vec-
tors derived from this infected clone were evaluated in murine
models of liver and muscle gene transfer.

MATERIALS AND METHODS

Murine studies. C57BL/6 mice (6- to 8-weck-old males) were obtained from
Jackson Laboratory. AAV vectors were administered by cither intramuscular or
intrasplenic injection as described before (8, 30).

Nonhumnn primates. Wild-caught juvenile rhesus monkeys were purchased
from Covance (Alice, Tex.) and LABS of Virginia (Yemassee, S.C.) and kept in
full quarantine. The monkeys weighed approximately 3 to 4 kg. The nonhuman
primates used in the Institute for Human Gene Therapy rescarch program are
purposefully bred in the United States from specific-pathogen-free closed colo-
nies. All vendors are U.S. Department of Agriculture class A dealers. The rhesus
macagues are therefore not infected with important simian puthagens, including
the tuberculosis agent, major simian lentiviruses (simian immunodeficiency virus
and simian retroviruses), and cercopithecine herpesvirus. The animals arc also
frec of internal and external parasites. The excellent health status of these
premium animals minimizes the: potential for extraneous variables. The use of
these monkeys in protocols was approved by the Infection Control Committee of
the Hospital of the University of Pennsylvania and the Environmental Health
and Safety Office, the Institutional Biosafety Committee, and the Institutional
Animal Care and Use Committee of the University of Pennsylvania. For this
study, serum was obtained from monkeys prior to initiation of any protocol.

Human subjects. Normal volunteers (n, 77) were analyzed for immune reac-
tivity to AAV. Individuals were members of the University of Pennsylvania
community. The study was approved by the Institutional Review Board of the
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University of Pennsylvanin. The median age was 27 years (range, 18 to 54 years),
and the age distributons in the two groups were similar,

Cell culture and virus, AAV-free 293 cells und §4-31 cells were obtained from
the Human Applications Laboratory of the University of Pennsylvanin. These
cells were cultured in Dulbecea’s modificd Eagle medium with 10% fetal bovine
serum (Hyelone), penicillin (100 Ufml), and streptomyein (100 pgfmb) a1 37°Cin
4 moisturized environment supplied with 5% CO,. The 84-31 cell line constitu-
tively expresses adenovirus E4 protemns and hos been deseribed previously (7).
AAVEL [ATCC VR-645) seed stock was purchased from the American Type
Culture Colleetion (Rocksille, Md.). AAV were propogated in 293 cells with
wild-type adenovirus type 5 a5 a helper virus,

rAAV pencration. tAAV were penerated by triunsfection with an sdenovirus-
free method described elsewhere (304). Briefly, the ey plasmid (with AAV
ITRS), the trans plasmid (with the AAV Rep gene and Cap gene), and a helper
plasmid (pFAT3, with an essentinl region from the adenovirus genome) were
cotransfected into 203 cells at i ratio of 1:1:2 by ealcium phosphate precipitation,
The AAV vectors used in this study express murine erythropoietin or human
cel-antitrypsin from i chicken f-actin promoter enhanced by sequences from
cytomegalovirus. pFAL3 has an 8-kb deletion in the adenovirus E2B segion and
most of the late penes. The cells were harvested 96 h postiransfection and
subjected to two rounds of CsCl gradient purification, For the peneration of
TAAYV bused on AAV-2, pSE1S was used 15 the frans plasmid, since it greatly
improved the rAAV yield. To make TAAV with AAV-] virions, pAVIH or
pSE18(2/1) was used as the fraps plasmid to provide Rep and Cap functions.

DNA techniques. Hirt DNA extraction was performed as deseribed before with
minor modifications (25).

To construct AAV-1 infectious clones, the Hirt DNA [rom AAV-l-infected
293 cells was repaired with the Klenow enzyme (New England BioLubs) to muke
sure that the ends were blunt. The treated AAV-1 Hirt DNA was then digested
with BamHI and cloned into three vectors. The internal BamHI fragment was
cloned Into pBlueseript TI-SK(+) eut with BamH1 to produce pAVI-BM, The
left sind right fragments were cloned into pBlueseript 11-8K(+) cut with Baml]
and FeoRV 1o obtain pAVI-BL and pAVI-BR, respectively. The AAV se-
quences i these three plasmids were subsequently assembled into the same
vector to produce AAV-1 infeetious clone pAAV-1,

For sequencing; an ABI 373 automatic sequencer wis used to determine the
sequentes for all plismids snd PCR fragments used in this study by lluorescence
sequencing (FS) dye chemistry, They were confirmed by sequencing both plus
and minus strands, For sequencing the AAV terminal repeats, the fragment
containing AAV ITRs was amplified from pAAV-1, pAVI-BR, or pAVI-BL
with MI3E (GTAAAACGACGGCCAGT) and CAPLn (GAA CCGTGC TGG
TAA GGT TAT T) or MI3F and VIRepls (CCA TGC CGG GCT TCT ACG
AGA TCG TTA TCA GGG TG), The PCR was perfurmed with a GC-advan-
tape kit (Clontech Laboratories, Ine. ). The S0-pl reaction mixture contained
1% reaction buffer (40 mM Tricine-KOH [pH 9,02} at 25°C, 15 mM KOAL,
3.5 mM Mg(OAc)s, 3% dimethyl sulloxide, 3.75 pg of bovine serum albumin
per ml); 1 GC mely; 10 mM AATE, dCTP, 7-denznGTP-dGTP (3:1), and
dTTP; 10 ng of template; 00 ng of each primer; and 2.5 U of polymerase. The
purificd PCR product was sequenced as deseribed above,

A plismid expressing AAV-2 Rep and Cap, pSEIS(2E), wis construcled (o
nikimize veetor production. This was secomplished by relocating the p5 pro-
mater Lo g position 37 to the Cap gene, thereby minimizing expression of Rep78
and Reptis, This stratepy was initinfly deseribed by Li et al. (15), PSE18(2/2) was
constructed in the following way, The previously deseribed pMMTV-trans vector
(30a) (ie., the mouse mammary tumor virus promoter substituted for the p3
promoter in an AAV-2-based vector) was digested with Smal and Clal, filled in
with the Klenow enzyme, and then recireulurized with DNA ligase. The resulting
construct was digested with Xbal, filled in, and ligated o the unt-ended
HamH1-Xhal fragment from pCR-p3, constructed in the following way, The ps
promoter of AAV was amplified by PCR with the following oligonueleotides:
TGT AGT TAA TTA ACC CGC CAT GCT ACT TAT C and GGC GGCTGC
GCG TTC AAA CCT CCC GCT TCA AAA TG. The amplificd fragment was
subsequently cloned into pCR2.1 (Invitrogen) to yield pCR-p5. The helper
plasmid pAVIH was constructed by cloning the Bfal fragment of pAAV-1 into
pBlueseript 1-SK(+) at the HeorV and Smal sites. The 3.0-kb Xpul-Kpnl frug-
ment from pSEIE(2/2), the 2.3-kb Xbal-Kpnl fragment from pAVIH, and the
1.7-kh Kpnl fragment from pSEIS(2/2) were incorporated into i separate plis-
mud, pSEIR(2/1), which contains AAV-2 Rep, AAV-1 Cap, and the AAV-2 pi
promoter located 3' to the Cap gene.

For Southern blot analysis, Hirt DNA was digested with Dpal 1o remove
hacterivm-borne plasmid and probeds with the internal BamH1 {ragment of
AAV-1. The membrane was then washed under high-stringency conditions: twice
[or 30 min each time with 2 SSC (1¢ 88C is 0.15 M NaCl plos 0.015 M sodium
citrate)-0.1% sodium dodeeyl sulfate (SDS) at 65°C and twice for 30 min each
Ume with 0.1 S8C-0.1% SDS at 65°C. The membrane was then analyzed by
both phosphorimiges analysis and X-ray autoradiography.

Western blot analyses. Serum samples were analyzed for reactivity 1o Various
AAV-2 capsid proteins by Western blotting as described previously (8). Purified
AAV-2 veetors were used as antigens for the capsid proteins, and a monoclonal
antibody that recognizes shiared epitopes on VP, VP2, and VP3 (clone Bl
American Research Products) was used a8 a positive control. AAV-2 antigens
were electrophoresed by SDS-10% polyacrylamide pel electrophoresis and trans-
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FIG. 1. DNA hybridization analysis of the rescue and replication ol the
AAV-1 infectious clone. Two independent clones of pAAV-1 (Clone-1 and
Clone-2) were tramsfected into 293 cells, which were then supeninfected with
adenovirus type S. Hirt DNA was extracted 485 h postinfection and digested with
Dpnt before eleetrophoresiy in un 0.8% ugurose gel. An internal Haml I frog-
ment of pAAV-1 way used ag o probe. The autoradiograph shows the locations
of replicated dimers and monomers and their molecular sizes. The analysis
included eells not infected (negative control) or infeeted with clone-1 or clone-2.

ferred to a nitrocellulose membrane (Hybond-ECL; Amersham). The reactivity
of the serum wis mensured by incubating membrane containing AAV antigen
with test serum samples, followed by peroxiduse wnti-human immunaglobulin G
antibody. The reaction was detected with an ECL kit (Aamersham)

Anti-AAY NAB. NAB titers were analyzed by assessing the ability of serum
antibudy to nhibit the transduction of reporter virus (AAVI-GFP or AAVZ-
GFP) into 84-31 cells, which are subelones of 293 cells that stubly express
adenovirus B4 proteins, which render them permissive for AAV transduetion.
Various dilutions of antibedies preincubated with reporter virus for |hat 37°C
were added 1o 909 confluent cell eultures. Cells were incubated for 48 b, ane the
expression of green Muorescent protein (GFP) was measured by Fluorolmaging
(Molecular Dynamics). NAB Litess were caleulated as the highest dilution at
which 50% of the cells stained green,

Human al-antitrypsin assay, The concentiation of humin al-ntitrygsi
in mouse serum was measured by an enzyme-linked inmunosorbent dssay
(ELISA). The coating antibady wits rhbit anti-human wl-antitrypsin (Sigma),
We used goat anti-human wg-antitrypsin (Sigma) as the primary detection anti-
hady (30), The sensitivity of the assay is 0.3 to 30 ng/ml.

Nucleotide sequence accession number, The AAV-L tegueties 15 uvidluble
through GenBank under accession no. AF063497

RESULTS

Generation of an infectious clone of AAV-1. The replicated
form of AAV-1 was extracted from 293 cells infected with
AAV-1 and wild-type adenovirus type 5. Analysis of Hirt DNA
revealed three bands with apparent molecular sizes equivalent
to a double-stranded dimer (9.4 kb), a doublc-stranded mono-
mer (4.7 kb), and single-stranded DNA (1.7 kb). The monomer
band was excised from the gel and digested with BamHI, re-
vealing a pattern of three fragments (1.1, 0.8, and 2.8 kb), in
accordance with the original description of AAV-1 by Bantel-
Schaal and zur Hausen (2). The three [ragments were sub-
cloned into one plasmid-based construct to obtain pAAV-1.

This clone was tested for its abilities 1o rescue AAV-1 ge-
nomes from the plasmid backbone and to replicate and pack-
age infectious virus, Plasmid pAAV-1 was transfected into 293
cells infected with adenovirus type 5 at a multiplicity of infec-
tion of 10, and the virus supernatant was used to reinfeet 293
cells. DNA hybridization analysis of Dpnl-digested Hirt DNA
from infected 293 cells demonstrated the reseue and replica-
tion of AAV-1 genomes (Fig. 1).

Genomic structure of AAV-1. The entire AAV-1 genomc
was sequenced from pAAV-1 (Fig. 2). PCR products derived
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FIG. 2. Alignment of nucleotides for AAV-1, AAV-2, and AAV-6. The full sequence of AAV-1 is indicated in the top line; the AAV-2 and AAV-6 sequences arc
shown below with nucleotide differences. Homology is indicated by dots. Critical landmarks in the structures of the AAV genomes are shown. Gaps are indicated by
dashes. The 3’ ITR of AAV-1 is shown in the same configuration as in the published AAV-2 and AAV-6 sequences (22). TRS, terminal resolution site.

from the original AAV-1 seed stock were also sequenced to
confirm the structure of the replicated form. No major differ-
ences were noted. The length of AAV-1 (4,718 nucleotides) is
very close to that of AAV-3 (4,726 nucleotides), which is

shorter than AAV-4 (4,774 nucleotides) but longer than AAV-
2 (4,681 nucleotides) and AAV-6 (4,683 nucleotides).

The AAV-1 genome shows more than 80% identity with
other known AAV and contains the characteristic structural
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AAV-1  CCGACAGSTACCAAAACARATGTICTCGTCACGCCGECATGCTTCAGATECTSTTTCCCTGCARGACATGCCAGACAATCAATCAGAATTTCANCATTTGCTTCACGCACCCGACGAGAG 2036
AAV=2 iAisssssassnnnnssrasssssvssnssssaTavans s aTrvanvsnsasesdnina GRCR. sy S T T ) CAL T CeeenvneaTooo o «ACK. (AL . 2019
AAV-6  siasaasan

sesmasassvasese s snnesenanasn s eNisenininenens saaee e s vesrassssnesrrsssennssvesGerse 2031

AAV-1 ACTGTTCAGAGTGCTTCCCCGGCGTGTCAGAATCTCAACCGGTC - - - GTCAGAAAGAGGACGTATCGGAAACT CTGTGCCATTCATCATCTGCTGGGGCGGGCTCCCGAGATTGCTTGCT 215)
AAV=2 tieivaTeevncovaeToommmvgrnnranrooonsesesCoTTCT. . OTC. ARG eeerehieeneeGueCTA e euens s AVCALLLLARA..TG. LA, =-=Cuena A 210D

el eenensscrnn

Rep78 stop v VPi v Rep63 stop
AAV-1  CGGCCTGCGATCTGGTCAACGTCGACCTGGATGACTGTGTTTCTGAGCANTAAATAACTTAMA CCAGG TATGGCTGCCGATG RTTATCTTCCAGATT GGCTCGAGGACAACCTCTCTAAG 2273

AV-2 .TivvissnsennnarerarTannesTlrsvessnrssCReCuTuuelicinnrnossTrirereTrocssnssnniosanonnecnsnicinns B R L = I A 2253
shssssasaias dsarasenas P T S T P A P L S S = =L «+:G 2258

sesranenaTas

MV-1 GGOATTCGCGAGTGS CTTGAAACCT CCCGAAGCCCAANGCCAACCAGCARAAG CAGGACGACGECCGEGGTCTEOTGCTTCCTGCCTACAAGTACCTEGEACCCTTOAD 232)
AAV-2 . .A  ARAC. esss+:RGC.CrunuaeeeCCALLACCA,.A..GC. .GCAG. . GGC. TA v vrwsAr e rnrenaTivrsnnerrrsloannny, o AR sesnes 3373

AV-6 sorsrasaracsaanns B Y P I R R T TR T R R Ia  l

AAV-1  GOACTCCACAAGGGGGAGCTCOTCAACGCGGCGGACGCAGCEUCCCTCAAGCACGACAAGGCCTACGACCAGCAGCT CAAAGCCRGTEACAATCCGTACCTEOGETATAACCACGCCEAC 2511
AAV-2 vesreRissvansoansGaacrssGaCAGC. A er e 1CovernsesCANL o Cunvennns saes 4493
AAV-6 «eAeAGCO. . Tevr e oTowwrn=asCGCG. v Tuvurrennns . 2498

AAV-1 GCCGAGTTTCAGGhﬂCGTCTOCAAGAAGITACGTCTTTTGGGGBCAACCTCGGGCGLGCIQTCTTCCLGQCCAAGlLGCGcﬁTTCTCGLACCTCTCGGTCTGGTTGAGG&&GGCGCTAAG 2633
EEREE R « =R TRy RPN TeisvaansGooConovnrssasssCCTTuus, 2613
cvilesannas ..‘....T.T.................T...... 2618

VP2
AAV-1 ACGGCTCCTGGAAAGAAACGTCCGGTAGAGCAGTCGCCACARGAGCCAGACTCCTCCTCGGGCATCGGCAAGACAGGCCAGCAGCCCGCTAAAAAGAGACTCAATTTTGGTCAGACTGGC 2753
ARV-2 L iieann I T - O - TR« T .- 2 5« L W D S N B I e veanansd 2733
AAV=6  vovvoreoTireeoGeeACuPonnvnoreeesBeaBio ACAR o eareencnsroersscessTocnerorncasonrarsssnsssasaasianssasnanisarasssssosns . 2738

YP3
AAV-1 G&C?CIGAGTCMGTCCCCGATCCACIACCTCTCGGlG&hCCTCC&GCAACCCCCGCTGCTGTGGGRCC?lCTACAE?EGCTTCAGBCGGTGGCGCACCAITGGCAGACAATRACGXAGGC 2873
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FIG. 2—Continued.

features. The ITRs of AAV-1 are predicted to form T-shaped last nucleotide in the D sequence. The AAV-2 Rep binding
hairpin structures (Fig. 3). The right and left ITRs of AAV-1 motif (GCTCGCTCGCTCGCTG) found in the AAV-2 pre-
are identical and virtually the same as the right ITR of AAV- mtegratmn region in human chromosome 19 is well conserved
6, except for 1 nucleotide in the A and A’ sequences and the in AAV-1.
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Although the overall features of AAV terminal repeats are
conserved among the different serotypes, their lengths difler
slightly. The terminal repeats of AAV-1 are 143 nucleotides
long, while those of AAV-2, AAV-3, and AAV-4 are 145 or
146 nucleotides long. The loop region of the AAV-1 TTR
mostly resembles that of the AAV-4 ITR in that il also uses
TCT instead of the TTT found in the AAV-2 and AAV-3 ITR.
We ruled out the possibility of a sequencing error at this site by
using restriction enzyme digestion of the replicative interme-
diate, since these 3 nucleotides are part of the Sacl site (GA
GCTC).

The p5 promoler region of AAV-1 shows some divergence
from homologous regions of other AAV serotypes bul main-
tains critical regulatory elements; the repeated YY1 sites are
present throughout all known AAV serotypes, including AAV-
1. In AAV-4, 56 additional nucleotides are inserted between
YY1 and the E-box/USF site, while in AAV-1, 26 additional
nucleotides are inserted before the E-box/USF site. The p19
promoter, the p40 promoter, and poly(A) can also be ident ificd
in the AAV-1 genome by homology to those in known AAV
serolypes, which are also highly conserved (3).

AAV-6 is a hybrid of AAV-1 and AAV-2. The sequence of the
AAV-1 coding region is virtually identical to that of AAV-6
from position 452 to the end of the coding region (99% ho-
mology). The first 508 nucleotides of AAV-6 were shown to
be identical to those of AAV-2 (22). AAV-0 is organized in
the following manner: AAV-2 lelt ITR, AAV-2 p5 promoter,
AAV-1 coding region, and AAV-1 right ITR. This organiza-
tion suggests that AAV-6 is a naturally occurring hybrid of
AAV-1 and AAV-2 (Fig. 4).

Recombinant vector based on AAV-1. Our initial goal was to
create a recombinant vector which uses the Cap proteins of
AAV-1 together with a vector genome comprised of AAV-2
ITR. We winted to take advantage of the well-characterized
and favorable biology of AAV-2 ITR while developing a re-

combinant viris whosc capsid proteins are derived entirely
from simian-based AAV-1. This vector, referred to here as the
AAV-1 veclor, should be serologically distinct from AAV-2.
To create the desired recombinant vector, we developed
plasmids that could transcomplement vector production with
AAV-1 Cap. The first plasmid is a homolog of the psub20]
veetor of AAV-2 in which the ITRs were deleted from pAAV-
I, leaving behind Rep and Cap expressed from endogenous
promoters (pAVIH). A recombinant veclor wis produced hy
transfecting into 293 cells three plasmids: an AAV-2-hased
vector (i.e., AAV-2 TR with a reporter gene), pAVIH, and a
plasmid containing adenovirus type 5 helper functions. Lysates
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FIG. 3. Potential secondary structure of AAV-1 ITR. Nucleotide diflerences
in the corresponding sequences of AAV-2 and AAV-6 relative to AAV-1 are
underlined. AAV-2 sequence differences are lowercase, underlined, and itali-
cized, whercas AAV-6 sequence differences are lowercase and underlined.
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FIG. 4. Hypothesis for the creation of AAV-6 from homologous recombination between AAV-1 and AAV-2. The first line represents the AAV-2 genome, with Rep and Cap sequences demarcated by
hatched arrows. The second line represents the AAV-1 genome, with the Rep and Cap sequences depicted as solid arrows. The hypothesis suggests homologous recombination between AAV-2 and AAV-
1 at the region of the box containing wavy lines; this region contains a highly homologous sequence of the Rep gene shared by AAV-1 and AAV-2. PA, poly(A). A more detailed illustration of the common
region of these three viruses is shown at the bottom. Arrows indicate nucleotides that differ.
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FIG. 5. In vivo activities of AAV-1 and AAV-2 vectors. Recombinant stocks
of virus were generated by transfection and purified through cesium chloride
gradicnts. (A) AAV-1 and AAV-2 vectors expressing murine erythropoictin
(Epo) from a cytomegalovirus-cnhanced B-actin promoter (CB). Equivalent
stocks of these two vectors were injected into muscle (S X 10'” genomes) or liver
via the portal circulation (1 X 10* genomes), and the animals (four groups) were
analyzed on day 30 for the presence of erythropoietin in blood. Dala for the
groups were combined. Error bars show standard crrors. (B) An identical ex-
periment was performed with AAV-1 und AAV-2 vectors expressing human
al-antitrypsin («1AT) from the same promater. Serum harvested from four
groups of animals 30 days after gene transfer was analyzed for the presence ol
al-antitrypsin by an ELISA. Data are reported as in panel A,
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were purified on CsCl gradients, yielding low titers of the re-
combinant vector (i.e., 5 X 10'° genomes/50 15-cm? plates).

The AAYV helper vector was revised in two ways to improve
yield. First, the AAV-1 Rep gene in pAV1H was substituted
for the corresponding genc in AAV-2. Second, the p5 pro-
molter was relocated behind the Rep and Cap open rcading
frames to reduce the expression of the p78 and p68 forms; this
modification has been used to enhance the titers of AAV-2
vectors (15,300). The resulting plasmid (pSE182/1) produced
10- to 20-fold higher quantities of the vector than pAV1H (i.c.,
10'? genomes/50 15-cm? plates).

The performance of AAV-1 vectors was evaluated with im-
munodeficient mice (i.e., RAG-1 KO) injected intramuscularly
or in the portal circulation to target the liver (Fig. 5). Direct
comparisons were made to equivalent quantities of AAV-2
vectors containing the same vector genomes encoding secreted
proteins easily measured in blood (i.e., murine erythropoietin
and human «1-antitrypsin). Early experiments indicated simi-
lar in vivo performances of AAV-1 vectors produced with
pAV1H and p5E18(2/1) (data not shown). All subsequent
studics used AAV-1 vectors derived from p5SE18(2/1) because
of the increased yield.

AAV-2 vectors consistently produced 10- to 50-fold more
scrum erythropoietin or a1-antitrypsin when injected into liver
compared to muscle. This result was very different from that
for AAV-1 vectors, with which muscle expression was equiva-
lent to or greater than liver expression. In fact, AAV-1 out-
performed AAV-2 in muscle when equivalent titers based on
genomes were administered.

NAB to AAV-1 and AAV-2 in nonhuman and human pri-
mates. Simple and quantitative assays for NAB to AAV-1 and
AAV-2 were developed with recombinant vectors. A total of 33
rhesus monkeys and 77 normal human subjects were screened.
Figure 6 summarizes the results. A reciprocal dilution of NAB
equal to 20 is the baseline (i.e., no detectable NAB).

Analysis of NAB in rhesus monkeys showed that 61% of
animals tested positive for AAV-1; a minority (24%) had NAB
to AAV-2, Over one-third of animals had antibodies to AAV-
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FIG. 6. NAB to AAV-1 and AAV-2 in nonhuman and human primates. Sera were analyzed for neutralizing activity against rAAV-1 and rAAV-2 as described in
Materials and Methods, The reciprocal dilution of the NAB was plotted for AAV-2 versus AAV-1. Sera were titrated in sequential twofold dilutions. A titer of 1:20
represents the background (i.e., no detectable NAB). The number next to each datum point represents the total number of animals or humans with a particular NAB
profile. In panel A, 33 adolescent rhesus monkeys were analyzed. In panel B, 77 normal human volunteers were evaluated.
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1 but not AAV-2 (i.c., were monospecific for AAV-1), whereas
no animals were positive for AAV-2 without reacting to AAV-
L. These data support the hypothesis that AAV-1 is endemic in
rhesus monkeys. The presence of true AAV-2 infections in this
group of nonhuman primates is less clear, since we cannol rule
out cross-neutralizing activity of an AAV-1 response to AAV-
2. It is interesting that there is a linear relationship between
AAV-2 NAB and AAV-1 NAB in animals that had both.

Analysis of sera from normal human subjccts was remark-
able for a relative lack of NAB to either virus, with 71% of
subjects scoring negative for both AAV-1 and AAV-2. Only 1
of 77 individuals was positive for AAV-1 and not AAV-2 (the
titer in this person was only twofold higher than the baseline),
whereas 6 individuals (8%) were positive for AAV-2 but not
AAV-1. Overall, more patients had NAB to AAV-2 (27%)
than to AAV-1 (20%), and the overall tilers against AAV-2
appeared to be higher, These data support the hypothesis that
AAV-2 infections are present in the human population, al-
though independent primary infections with AAV-1 cannot be
ruled out. The lack of monospecific antibodies to AAV-1 ar-
gues against this virus infecting humans to any appreciable de-
gree.

Applications of AAV-1 vectors in animal models ol gene
therapy. AAV-1 could have a role in human gene therapy in
situations in which AAV-2 is rendered inelfective because of
preexisting NAB, such as in patients with a prior history of
AAV-2 infection or those who received gene therapy with an
AAV-2 vector. This hypothesis presumes that there is little
cross-neutralization in vivo between AAV-1 and AAV-2. Ex-
periments were designed to test this hypothesis in the context
of AAV-mediated gene transfer to murine liver and muscle.
The basic paradigm is o inject AAV-1 or AAV-2 expressing
human al-antitrypsin and to follow up with a second veetor of
the same or different serotype and expressing murine erythro-
poictin. The efliciency of gene (ransler is quantitatively mea-
sured by ELISA analysis of crythropoietin and al-antitrypsin
in blood.

An analysis of vector readministration in muscle is presented
in Fig. 7. Administration of AAV-2 vectors led to high levels of
AAV-2 NAB that blocked the readministration of AAV-2 in
vivo (group 1). The NAB in these animals did not neutralize
AAV-1 in vitro, although there was a modest diminution (i.e.,
fivefold) in the transduction of an AAV-1 vector in vivo (group
5) to a level below that achieved in naive animals (group 4).
Similarly, AAV-1 vectors resulted in high levels of AAV-1
NAB that blocked AAV-1 readministration in vivo (group 2)
but did not interfere with AAV-2 vector (ransduction in vivo
(group 6), compared 1o the results for naive animals that re-
ceived AAV-2 alone (group 3).

Similar studies performed with a model of liver-directed
gene transier, with vectors being injected Into the portal cir-
culation via the spleen, gave mixed results (Fig. 8). Previous
exposure to AAV-1 does not interfere with AAV-2 gene trans-
fer. However, the opposite is not true. Initial treatment with
AAV-2 elicited high levels of NAB to AAV-2 and low levels of
NAB to AAV-1 sufficient to suppress the gene transfer of
AAV-1 20-fold.

DISCUSSION

AAV vectors have been bascd primarily on serotype 2, a
human-derived parvovirus (19, 23). The early availability of an
infectious clone of AAV-2 stimulated work on the develop-
ment of replication-defective vectors. The utility of AAV-
2-based vectors for achieving long-term, stable, and safe genc
transfer has been demonstrated with small-animal models; a
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FIG. 7. Readministration of AAV vectors in muscle. C57BL/6 mice were
evaluted for AAV-medinted gene transfer following introduction into naive
anirmuls os well as 30 days following the first vector administration. The differeat
experimental groups are shown below the graphs. In each cose, vector 1 ex-
pressed cb-antlrypsin (alAT) [rom u eytomepalovinus-enhanced Peretin pro-
moter, while veetor 2 expressed murine erythrapoietin (EPO) from the same
promoter. Group 1, AAV-2 followed by AAV-2; proup 2, AAV-1 fallowed hy
AAV-1; group 3, phosphate-buflered saline (PBS) followed by AAV-2; group 4,
PES followed by AAV-1; group 5, AAV-2 followed by AAV-1; group fi, AAV-]
followed by AAV-2, (A) Serum ccl-antitrypsin 30 days after veetor 1 admins-
tration, (B) Serum erythropoietin (Epo) measured by an ELISA 30 days after
vector 2 administration. (C) Reciprocal dilution (diln) of NAB 0 AAV:| at day
30. (D) Reciprocal dilution of NAB to AAV-2 at day 30.

number of studies with large animals, including humans, arc
cither planned or under way (9, 10, 21, 27). The tropism of
replication-defective AAV-2 for efficient in vivo gene therapy
is narrow.

The goal of this study was to isolate an infectious clone of
AAV-1, which would be sequenced and used to develop a
recombinant vector. The hypothesis was that AAV-1 vectors
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FIG. 8. Readministration of AAV vectors in the liver. These experiments are
identical to those described in the legend to Fig. 7, cxcept that animals reccived
vectors in the portal circulation (o target the liver.

would have distinct biological profiles with advantages over
AAV-2 veetors i sue applications. Furthermore, AAV-1 and
AAV-2 vectors should not cross-ncutralize, providing impor-
tant advantages when used in the context of preexisting immu-
nity due to a natural infcction or prior gene therapy treatment.

An infectious clone of AAV-1 was generated from a repli-
cation intermediate. Sequencing ol the AAV-1 genome con-
firmed the presence of the structural components that charac-
terize the AAV family. There is approximately 80% homology
in nucleotide sequence between AAV-1 and AAV-2. Delineat-
ing the entire sequence of AAV-1 has clarified a potential
ctiology of AAV-6, which was previously isolated as a contam-
inant in a human adenovirus preparation. AAV-6 appears Lo
be a hybrid of AAV-1 and AAV-2 formed by homologous
recombination between highly conserved regions spanning 452
to 552 nucleotides. There has been minimal divergence from
the precursor genomes since this homologous event occurred.

J. VIROL.

The implications of this observation for gene therapy are un-
clear. The homologous sequences al the site of polential re-
combination are located at the 5’ end of the Rep gene, which
is deleted in the AAV vectors. Recombination of this kind may
lead to additional diversity within the AAV [amily, although it
is not clear if AAV-6 resulted from recombination in vitro or
occurred in vivo during naturally acquired infections.

The initial strategy for exploiting the biology of AAV-1 [or
veclors was to create actual chimeras in which the vector ge-
nome was formed from AAV-2 ITRs, whereas the Rep and
Cap sequences used to generate the virions were derived from
AAV-1, Our goal was to retain the favorable biology of AAV-
2 in terms of efficient and stable transduction while modifying
the entry pathways and potentially diverting humoral immunc
responses (8, 31). Analysis of these vectors with murine models
of liver and lung gene therapy demonstrated some important
differences. When normalized for equivalent doses of admin-
istered vector genomes, AAV-2 performs better in liver than in
muscle, whereas the opposite is true of AAV-1. This finding
presumably is due to differences in the efficicncy of entry,
although postentry events that differ between the two vectors
cannot be ruled out.

Another important advantage of allernative serolypes is Lo
avoid neutralization due to preexisting humoral immunity. The
existence of monospecific NAB to AAV-1 in nonhuman pri-
mates and to AAV-2 in humans supports the same scrospeci-
ficity of these AAV. 1t should be noted, however, that sero-
positivity to AAV-1 and AAV-2, which is not neutralizing, is
detected at higher frequencies with Western assays or ELISAs
(ddta not shown). Administration ol the vectors into murine
muscle demonstrated the predicted result, in that previous
treatment with AAV-2 blocks the subsequent administration of
AAV-2 while having only a modest impact on the cfficiency o!
AAV-1 treatment. The opposite is also true, in that AAV-]
administered (o muscle blocks a second treatment with AAV-
1 but does not interfere with genc transfer mediated by AAV-
2. The murine model of AAV gene transfer Lo liver yiclded
mixed results. Clearly, AAV-2 and AAV-1 completely blocked
readministration of the same scrotype. Inilial treatment with
AAV-1 did not affect a follow-up administration of AAV-2,
although the opposite was not true. Specilfically, initial treal-
ment with AAV-2 diminished retreatment with AAV-1 ap-
proximately 20-fold, a value which will likely be significant in
therapeutic applications. We conclude that AAV-2 generales
cross-neutralizing antibodies to AAV-1 that have an impact on
AAV-1-mediated gene transfer. This effect is more signilicant
in the context of intravascular administration. There is no
evidence that antibodies to AAV-1 cross-neutralizc AAV-
2-mediated gene transfer to muscle or liver.

One should consider these results in the context ol human
applications of AAV vectors. The majority of humans do not
have NAB to either AAV-1 or AAV-2. In fact, the absencc of
monospecific antibodies to AAV-1 in humans, together with
the fact that it was isolated from monkeys, argucs against il
being a human virus. What is the relevance of neutralizing
activity 1o AAV-1 in 20% of humans? Does this value reflect
primary infection or cross-neutralization in the context of in-
fection with wild-type AAV-2? Will this neutralizing activity
have an impact on the efficiency of AAV-1 uptake? The data
presented here suggest that the AAV-1 vector would be the
preferred initial vector for muscle-directed gene therapy. It is
more efficient than AAV-2 and does not preciude follow-up
treatment with AAV-2. The situation for the liver is less clear.
The AAV-1 vector is less cfficient in the context ol naive
animals, although initial treatment with AAV-2 partially inhib-
its a second administration of AAV-1.
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The impact of humora) immunc responses (o AAV vectors

on human applications of gene therapy is an important con-
sideration for chronic discases. It appears that AAV expres-
sion will persist {or a prolonged period of time in most target
organs, What is less clear is how long the humoral immune
responsc will persist. The use of vectors based on different
serotypes should allow at least two treatments. A requirement
for more frequent rcadministration of vectors over short time
periods may requirc other strategies which blunt the initial
humoral immune response (12, 16).
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Efficient approaches for the precise genetic engineering
of human pluripotent stem cells (hPSCs) can enhance
both basic and applied stem cell research. Adeno-
associated virus (AAV) vectors are of particular interest for
their capacity to mediate efficient gene delivery to and
gene targeting in various cells. However, natural AAV sero-
types offer only modest transduction of human embry-
onic and induced pluripotent stem cells (hESCs and
hiPSCs), which limits their utility for efficiently manipu-
lating the hPSC genome. Directed evolution is a powerful
means to generate viral vectors with novel capabilities,
and we have applied this approach to create a novel AAV
variant with high gene delivery efficiencies (~50%) to
hPSCs, which are importantly accompanied by a con-
siderable increase in gene-targeting frequencies, up to
0.12%. While this level is likely sufficient for numerous
applications, we also show that the gene-targeting effi-
ciency mediated by an evolved AAV variant can be further
enhanced (>1%) in the presence of targeted double-
stranded breaks (DSBs) generated by the co-delivery of
artificial zinc finger nucleases (ZFNs). Thus, this study
demonstrates that under appropriate selective pressures,
AAV vectors can be created to mediate efficient gene
targeting in hPSCs, alone or in the presence of ZFN-
mediated double-stranded DNA breaks.

Received 26 May 2011; accepted 27 October 2011; published online
22 November 2011, doi:10.1038/mt.2011.255

INTRODUCTION

The capacity to mediate high efficiency gene delivery to human
pluripotent stem cells (hPSCs) has numerous applications, rang-
ing from the study of specific genes in stem cell self-renewal and
differentiation to the directed differentiation of stem cells into
specific lineages for therapeutic application. Furthermore, pre-
cise manipulation of the human stem cell genome using gene-
targeting techniques that exploit the natural ability of cells to

perform homologous recombination (HR) has broad applications
and implications, including safe harbor integration of genes for
basic or therapeutic application, creating in vitro models for investi-
gating human development and disease, and high-throughput drug
discovery and toxicity studies.'"? However, while gene delivery and
gene targeting are well established for various mammalian somatic
cells,? a readily generalized approach [or efficient gene expression
and gene targeting in hPSCs requires further development.

Current methods to deliver genes to hPSCs range from viral
vectors to plasmid-based transient gene expression. Lentiviral
vectors—which are highly efficient and result in long-term gene
expression—have been extensively employed in numerous studies
in human stem cells.” However, transient expression is desirable in
some cases, such as for the temporary overexpression of regulatory
signals to manipulate stem cell fate decisions.>* Also, vector integra-
tion into the genome can risk insertional mutagenesis, a potential
concern for downstream clinical application.! As an alternative,
electroporation can be used to achieve transient gene expression,
though this method can suffer from low transfection efficiencies and
moderate toxicity in human stem cells.” In addition to gene deliv-
ery, there is a need to develop eflicient gene-targeting methods that
rely on HR to introduce permanent and sequence-specific genome
modifications in hPSCs. Several impressive studies have demon-
strated successful gene targeting in hPSCs, though the initial rates
reported using conventional methodologies are low (107-107 cor-
rectly targeted cells for every original cell in the population), which
necessitates the use of positive and negative selection to improve the
overall efficiency and specilficity of the process.*’

Recently, several approaches have been utlized to improve
gene targeting in hPSCs, including the introduction of double-
stranded breaks (DSBs) into the cellular genome by engineered
nucleases.”™ Such breaks stimulate the cellular DNA repair
machinery and thereby greatly enhance the rate of homologous
recombination with a donor DNA.'* For example, Zou et al. found
that cotransfection of plasmids containing the donor DNA and
zinc finger nucleases (ZFNs) significantly increased gene tar-
geting in hPSCs up to a frequency of 0.24% (~1 targeted cell in
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415 original cells), as compared to less than 1 targeted cell per 10¢
original cells in the absence of the ZFNs."* More recently, a new
approach has been described to engineer DNA-binding specifici-
ties based on (ranscription activator-like effector (TALE) proteins
from Xanthomonas plant pathogens and artificial restriction
enzymes generated by fusing TALEs to the catalytic domain of
Fokl was used to generate discrete edits or small deletions within
endogenous human genes at efficiencies of up to 25%.'¢ However,
while the utilization of ZFNs and transcription activator-like
eflector nucleases (TALENSs) to enhance gene-targeting eflicien-
cies in hPSCs is highly promising, the approach entails custom
engineering of a new nuclease for each new target locus, which
requires labor, time, and resources.

Adeno-associated virus (AAV) is a nonpathogenic, nonenvel-
oped virus containing a 4.7 kb single-stranded DNA genome that
encodes the structural proteins of the viral capsid (encoded by the
cap gene) and the nonstructural proteins necessary for viral rep-
lication and assembly (encoded by the rep gene), flanked by short
inverted terminal repeats.”” Recombinant versions of AAV can
be created by inserting a sequence of interest in place of rep and
cap, and the resulting recombinant vectors can efficiently deliver a
transgene and safely mediate long-term gene expression in divid-
ing and nondividing cells of numerous tissues.” Such AAV-based
veclors have proven safe, efficient, and recently very effective for
clinical application.''

An interesting property of AAV is that, as demonstrated
by Russell and colleagues, AAV vector genomes carrying gene-
targeting constructs can mediate HR with target loci in a cel-
lular genome at efficiencies 10°-10"-fold higher than plasmid
constructs.* The AAV genome’s inverted terminal repeats, which
apparently mediate its entry into the RAD51/RAD54 component
of the cellular HR pathway, play a central role in this property.”
AAV-mediated gene targeting has been successfully applied to cells
that AAV can effectively transduce, but naturally occurring AAV
variants are typically inefficient at infecting a number of stem cell
types, particularly human embryonioc stem cells (hESCs) *"*

We have implemented directed evolution—a rapid, high-
throughput selection approach to create and isolate novel mutants
from millions of genetic variants—to rapidly engineer AAV vari-
ants with desired gene delivery properties in the absence of the
extensive mechanistic information typically required for rational
biomolecular design. Recent work highlights the ability to apply
directed evolution to create AAV mutants with altered receptor
binding, neutralizing antibody-evasion properties, and altered cell
tropism in vitro and in vivo.2-? Likewise, we have recently demon-
strated that directed evolution can yield novel AAV variants that
enhance gene delivery and gene targeting in neural stem cells.”
Here, we implement this approach to create new AAV mutants
with the enhanced capacity to infect and, subsequently, increase
the efficiency of AAV-mediated gene targeting in hPSCs, both
in the presence and absence of ZFN-mediated double-stranded
DNA breaks.

RESULTS

Evaluation of wild-type serotypes

There are numerous naturally occurring AAV variants and
serotypes, each of which has different protein capsids and thus
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Figure 1 Gene expression in hESCs mediated by various AAV sero-
types. HSF-6 cells were infected with numerous natural AAV serotypes at
a MOI of 10,000. Transduction efficiency was assessed as the percentage
of GFP positive cells measured by flow cytometry 48 hours postinfection.
Error bars indicate standard deviation (n = 3). AAV, adeno-associated
virus; GFP, green fluorescent protein; hESC, human embryonic stem cell;
MOI, multiplicity of infection.

somewhat different gene delivery properties for various cell types
and tissues.?® AAV serotypes 1-6 and 8 were tested to assess their
potential for hESC gene delivery. Initially, HSF-6 hESCs were
infected with AAV veclors carrying green fluorescent protein
(GFP) complementary DNA at a multiplicity of infection (MOT)
of 10,000, and 48 hours postinfection, flow cytometry was used to
determine the percentage of cells that express GFP and were thus
infected by AAV. The most efficient was AAV6 (Figure 1); how-
ever, its low delivery efficiency (14.75 £ 3.08% GFP positive cells)
places significant limitations on the fraction of cells that express a
transgene or cculd undergo genc targeting. These results are con-
sistent with earlier reports showing that natural AAV serotypes
are lypically inefficient in genc delivery to human stem cells,**
thus demonstrating the nced (o find, or evolve, an AAV variant
capable of more efficient transduction.

AAV library generation and selection through
directed evolution

The AAV capsid proteins, encoded by the cap gene, determine the
virus® ability to infect cells through their initial binding to vari-
ous cell-surface receptors, intracellular trafficking, and entry into
the nucleus. Directed evolution is a high-throughout approach
that involves the creation and functional selection of libraries of
genetic mutants to isolate novel variants with desirable proper-
ties. We implemented a directed evolution strategy to create AAV
variants capable of mediating efficient gene delivery to hESCs
(Figure 2a). Briefly, hESCs were infected with pools of virus
variants created using several different techniques: a library in
which AAV?2 and AAV6 cap were subjected to error-prone PCR,
a “shuffled” library composed of random cap chimeras of seven
parent AAV serotypes,* an AAV2 cap library with random 7-mer
inserts,® and AAV?2 cap with substituted loop regions.” Following
infection with AAV libraries (Figure 2a, step 4) and amplifica-
tion of the infectious AAV variants through adenovirus super-
infection—as AAV requires a helper virus such as adenovirus to
induce replication—(step 5), the resulting titre of AAV rescued
from each library condilion was quantified and compared (o titres
of recovered wild-type AAV2 as a metric for relative success of
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Figure 2 Directed evolution of AAV and hPSC transduction by AAV 1.9. (a) Schematic representation of directed evolution. T) A viral library
is created by mutating the cap gene. 2) Viruses are packaged in HEK293T cells using plasmid transfection, such that each particle is composed of
mutant capsid surrounding the cop gene encoding that protein capsid. 3) Viruses are harvested from 293 cells and purified. 4) The viral library is
introduced to the HSE-6 hESCs in vitra, 5) Successful viruses are amplified and recovered using adenovirus rescue. 6) Successful clones are eririched
through repeated selections. 7) Isolated viral DNA reveals selected cap genes. 8) Selected cap genes are mutated again to serve as a new starting
point for selection. (b) Molecular model of the full AAV2 capsid, based o the solved structure,®' shows the location of the R459G mutation (blue) on
the surface of the capsid (VP3 region), near the threefold axis of symmetry and residues known Lo be important for heparin and FGF receptor bind-
ing (pink). (c) AAV-mediated gene expression in hESCs. HSF-6 cells were infected with selected mutants at a MOI of 10,000. Transgene expression
was assessed as the percentage of GFP positive cells measured by flow cytometry 48 hours postinfection. Error bars indicate the standard deviation
(n=13), *P < 0.01. (d) Elevating the MOI increases transduction. HSF-6 cells were infected with AAV1.9 at MOIs of 1,000, 10,000, and 100,000.
Transgene expression was assessed as the percentage of GFP positive cells measured by flow cytometery 48 hours postinfection. Error bars indicate
standard deviation (n'= 3), *P < 0.01. (e) AAV1.9-mediated gene expression in hP5Cs. M5F-6 hESCs, human dermal fibroblast-derived hiPSCs, human
MSC-derived hiPSCs, and H1 hESCs were infected at a MOI of 10,000, Transgene expression was assessed as the percentage of GFP positive cells
measured by flow cytometry 48 hours postinfection. Frror bars indicate the standard deviation (n = 3), *P < 0.01. (f) In vitro analysis of AAV1.9
tropism. Variant AAV1.9 (white), selected on hESCs, is less infectious on AAV-permissive cell types (HEK293T, CHO) than recombinant AAV2 (black)
and AAV6 (gray), but mare infectious on HSF-6 hESCs. Error bars indicate standard deviation (1= 3), *P < 0.01. (g) H5F-6 cells infected by AAV1.9
maintain pluripotency marker expression. HSF-6 cells infected with AAVI.9 encoding GFP at an MOI of 100,000 were fixed and immunostained
1 week after infection for the presence of GFP (green) and the pluripotency marker Nanog (red). AAV, adeno-associated virus; FGF, fibroblast growth
factor; GFP, green fluorescent protein; hESC, human embryoriic stem cell; hiPSC, human induced pluripotent stem cell; MOI, multiplicity of infection;
MSC, mesenchymal stem cell.

the selection. For each selection step, viral pools from the library
produced higher viral titres than wild-type AAV2 at MOIs of both
10 and 100 (data not shown). These viral pools were then used as
the starting point for the subsequent selection step (step 6). After
three such selection steps, the successful viral cap genes were iso-
lated (step 7) and tested individually to identify variants with the
most efficient gene delivery. In addition, the cap genes isolated
after the third selection step were subjected to an additional round
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of evolution, i.c., additional mutagenesis (step 8) and three selec-
tion steps, to further increase the fitness of the pool.

Increased transduction efficiency of the novel
evolved AAV variant in hESCs

Nine cap variants from each library isolated after the third selection
step of the first round of evolution were fully sequenced, and the
AAV capsid protein variations and the frequency with which each
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clone was detected in the error-prone PCR-mutagenized AAV2
and AAV6 library are shown in Table 1. The cap genes of these
. variants were also used to package recombinant AAV carrying
the GFP gene, under the control of the cytomegalovirus (CMV)
promoter. These recombinant AAV variants were then used (o
infect hESCs, and the gene delivery efficiency of each virus was
measured via flow cytometry. Of the mutants isolated from the
error-prone PCR-mutagenized AAV2 and AAV6 library, the vari-
ant AAV EP 1.9 (or AAV1.9), which carries a single-point muta-
tion (R459G) (Figure 2b), showed the highest infection efficiency
at 28.25 £ 1.68% GFP positive cells, representing an approximately
threefold increase over AAV?2 (its parental serotype) and a two-
fold increase over AAV6 (the best serotype) at an MOI of 10,000
(Figure 2c). Variants isolated from the shuffled, 7-mer insertion,
and substituted loop region libraries were sequenced and analyzed
as well. Variants from these libraries showed increased infection
efficiency compared to AAV2, but not AAV6 (data not shown). At
an MOI of 100,000, the variant AAV1.9 achieved a strong infec-
tion efliciency of 48.21 + 12.92% GFP positive cells (Figure 2d).
It should be noted that hESCs grow as colonies that are typically
multilayered, making accessing and infecting all of the cells in a
colony difficult. However, AAV1.9 provides an increase in gene
delivery efficiency, by an increase in the number of cells infected
(Figure 2¢), an increase in the relative fluorescence intensity
of infected cells (approximately threefold higher than AAVG),
and a significantly increased number of donor DNA molecules

Table 1 Summary of variants isolated from three rounds of selection
against hESCs

Clone name Mutations Frequency
EP 1.1 585G, R459G 3/9
EP 1.3 R459G, V600A 1/9
EP1.5 $85G, R447S, R459G 1/9
EP 1.8 R447S, R459G 219
EP 1.9 R459G 2/9

Protein sequence features and the frequency of appearance during analysis are
listed for each clone isolated from the EP AAV2/AAV6 library.
AAV, adeno-associated virus; hESC, human embryonic stem cell.
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delivered to each cell (Supplementary Materials and Methods
and Supplementary Figure S1). Interestingly, sequencing of cap
variants isolated after an additional round of mutagenesis to the
cap library and three additional selection steps all matched the
sequence of AAV1.9 (data not shown).

AAV19 was isolated through multiple rounds of selection
using the HSF-6 hESC line; however, the increase in gene deliv-
ery efliciency also extended to the broadly utilized H1 hESC line,
as well as induced pluripotent cell lines including mesenchymal
stem cell (MSC)-derived, and dermal fibroblast-derived hiPSC
lines (Figure 2e).>* In addition, while AAV1.9 is capable of higher
gene delivery efficiency to hESCs and hiPSCs, it is less infectious
towards several cell types typically permissive to AAV infec-
tion (Figure 2f), indicating that in this case directed evolution
yielded a variant that efficiently and somewhat selectively trans-
duces an ordinarily nonpermissive cell. Furthermore, the hESCs
maintained pluripotency marker expression following infection,
assessed via Nanog immunostaining (Figure 2g).

The R459G mutation in AAV1.9 lies close to but not within
the heparin or fibroblast growth factor (FGF) receptor binding
domains on the AAV capsid surface (Figure 2b), though it could
conceivably modulate binding to the cell surface. To determine
whether the amino acid 459 mutation alters the heparin-binding
properties of the variant, AAV2, AAV6, and AAV1.9 were ana-
lyzed using heparin column chromatography, which can provide a
measure of the heparin-binding affinity of AAV variants. Despite
its mutation residing outside the reported heparin-binding
domain,” and despite the loss of a positively charged residue,
AAV1.9 displays a higher affinity for heparin compared to the
parental serotype AAV2, as indicated by the higher NaCl concen-
tration needed to elute the majority of AAV1.9 from the heparin
column. (Figure 3a). However, in vitro transduction of CHO and
pgsA (a mutant CHO cell line lacking surface glycosaminoglycans
(GAGsS)) cells showed that AAV1.9 had less dependence on cell-
surface heparan sulfate proteoglycans (AAV2’s primary receptor)*
for cell transduction (Figure 3b). Furthermore, while it exhibited
higher transduction levels, AAV1.9 bound to hESCs at levels simi-
lar to AAV2 (Figure 3c). Collectively, these data indicate that the
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r= = 25| 60 3
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Figure 3 Mechanistic analysis of transduction by variant AAV. (a) AAV1.9 has a higher affinity for heparin than AAV2 and AAV6. The heparin affin-
ity column chromatogram of recombinant AAV2 (black), AAV6 (gray), and AAV1.9 (white) is shown, where virus was eluted from the column using
increasing concentrations of NaCl. Virus was quantified using qPCR. (b) In vitro characterization of AAV1.9 HSPG dependence. CHO (black) and pgsA
(white) cells were transduced to demonstrate the decrease in HSPG dependence of AAV1.9 compared to AAV2. Error bars indicate standard deviation
(n = 3), *P < 0.01. AAV, adeno-associated virus; hESC, human embryonic stem cell, gPCR, guantitative PCR. () In vitro characterization of AAV1.9
binding affinity. AAV1.9 and its parental serotype AAV2 bind hESCs to similar extents, yet AAV1.9 is capable of significantly higher transduction of
hESCs. Error bars indicate standard deviation (n = 3), *P < 0.01.
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R459G mutation may exert its effects after initial docking to the
cell surface, though future studies will be needed to elucidate its
mechanism of enhanced hESC infection.

Enhanced gene-targeting efficiency of the novel
evolved AAV variant in hESCs

We assessed the ability of the novel variant to mediate gene tar-
geting in hPSCs. To do so, we employed a mutated GFP-based
reporter system, previously described by Zou et al.”® Briefly, GFP
complementary DNA containing a 35bp insertion harboring a
stop codon (GFPA35) was introduced into HSF-6 hESCs using a
lentiviral vector (see Materials and Methods and Figure 4a). The
donor construct (t37GFP) consisted of a promoter-less, nonfunc-
tional GFP with a 37bp 5 truncation, as well as 290 nucleotides

a 35 bp insert

AAV for Enhanced Gene Delivery and Targeting

of homology upstream and 1,619 nucleotides downstream of the
35bp insertion in GFPA35. The donor plasmid was packaged
into recombinant AAV vectors (AAV2, AAV6, and AAV1.9), and
a hESC line carrying the mutated GFP was infected with these
gene-targeting constructs to test their capacity to mediate gene
correction and thereby restore GFP fluorescence. The levels of
gene correction achieved using recombinant AAV2 and AAV6
were below the limits of detection of flow cytometry in this assay
(Figure 4b), whereas the variant AAV1.9 was capable of tar-
geted gene correction resulting in fluorescent hESCs (0.12%).
Furthermore, consistent with previous reports,’ we also show that
at similar efficiencies of gene delivery, AAV vectors can medi-
ate targeted gene correction at rates much higher than plasmid
constructs (Figure 4b). Moreover, as discussed earlier, AAV1.9 is
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Figure 4 AAV1.9-mediated correction of a nonfunctional GFP expressed in hESCs. (a) Schematic overview depicting the targeting strategy for
the GFP gene correction. The defective GFP gene—GFPA35, mutated by the insertion of a 35bp fragment containing a translational stop codon'—
was integrated into HSF-6 cells using a lentiviral vector. A targeting veclor (t37GFP) containing a 5" truncated GFP coding sequence was packaged
into a recombinant AAV vector lacking a promoter, Homolagous recombination between donor vector and integrated defective GFPA35 gene would
correct the 35bp mutation and result in fluorescent hESCs. (b) Gene targeting frequencies assessed as the percentdge of GFP positive cells mea-
sured via flow cytometry 72 hours postinfection. Error bars indicate standard deviation (n = 3), *P < 0.01. ND, not detectable by flow cytometry.
(c,d) Representative analyses of the targeted correction of GFPA35 gene. Genomic DNA from the “corrected” and “uncorrected” HSF-6 cells was
amplified using PCR. The 35 bp mutation within the GFPA35 gene contains an Xho | site, and therefore only the PCR products from the “uncorrected”
cells (sample 2) can be digested using Xho |, whereas the PCR products from the corrected cells (sample 1) show the restoration of the functional GFP
gene without the Xho | site. DNA sequencing analysis also shows AAV] ‘9.mediated correction of the 35bp mutation in HSF-6 cells originally express-
ing the mutated GFPA35 gene. (e) Time course of AAV-mediated GFPA35 correction in HSF-6 cells. Error bars indicate standard deviation (n = 3).
(f) Maintenance of an undifferentiated state of gene-corrected, GFP-expressing cells for 30 days postinfection. GFP positive HSF-6 cells, isolated via
FACS, were cultured for 30 days, then fixed and probed for the presence of GFP (green), Oct4 (red), and DAPI (blue). (g) Pluripotency of the HSF-6
cells carrying the corrected GFP gene was further confirmed through embryoid body-mediated in vitro differentiation to generate derivatives of all
three germ layers, as indicated by the expression of the ectodermal marker B-1Il tubulin, the mesodermal marker c-smoath muscle actin (-5MA),
and the endodermal marker hepatocyte nuclear factor 3 p (HNF3B) after 24 days of differentiation (Bar = 100 um). AAY, adeno-associated virus; CMV,
cytomegalovirus; DAPI, 4°,6-diamidino-2-phenylindale; FACS, fluorescent-activated cell sorting; GFP, green fluorescent protein; hESC, human ernbry-
onic stem cell; IRES, internal ribosome entry site; ITR, inverted terminal repeat; LTR, long terminal repeat.
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Table 2 Summary of gene targeting experiments and rates in various
human pluripotent lines in the presence and absence of ZFN-mediated
DSBs

% Gene targeting % Gene targeting

Hun'\an without ZFNs with ZFNs
pluripotent

cell line AAV2 AAV1.9 AAV2 AAV1.9
HSF-6 hESCs ND 0.08 £0.02* 0.09+0.04 12+0.28"
H1 hESCs 0.02+0.01 0.12+0.03* 0.31+0.07 1.6%0.19*
MSC-iPSCs ND 0.06 £ 0.01* 0.12+0.04 1.3+£0.14*
hFib2-iPSCs ND 0.06 £ 0.02% 0.16+0.03 1.2%0.19*

Values reported as mean £ SD (n = 3).

AAV, adeno-associated virus; hESC, human embryonic stem cell; iPSC, induced
pluripotent stem cell; MSC, mesenchymal stem cell; ND, not detectable; ZFN,
zinc finger nuclease.

*P<0.01.

also capable of higher gene delivery efficiency to H1 hESCs, and
MSC- and dermal fibroblast-derived hiPSCs (Figure 2e), and we
observe a corresponding increase in gene-targeting efficiencies
(0.06-0.12%) for these cell lines as well (Table 2).

Introduction of DSBs via ZFNs improves the
gene-targeting efficiencies of AAV vectors

Directed evolution thus created a novel AAV variant that medi-
ates high levels of gene targeting in hESCs and hiPSCs, and previ-
ous reports indicate that in addition to enhancing the ability of
the donor DNA to mediate HR, complementary approaches such
as inducing local DSBs at the target locus can further enhance
gene targeting.”” Recent years have witnessed the development
of engineered restriction enzymes generated by fusing a DNA
cleavage domain either to a zinc finger or a TAL elfector DNA-
binding domain as a general approach to generate site-specific
double-stranded chromosomal breaks and thereby greatly stim-
ulate homology-directed gene repair in a number of human cell
lines.!o-!*16 These findings provided rationale 1o explore whether
stimulation of gene targeting by nuclease-mediated DSBs can be
combined with an evolved AAV to further enhance gene target-
ing in hPSCs. We first generated AAV vectors that expressed the
ZFNs from a CMV promoter to target a site 12 bp upstream of the
35bp insertion in the GFP gene (Figure 4a).” hPSCs harboring
the mutant GFP were infected with the two AAV vectors encoding
a GFP-specific ZFN, as well as the AAV donor vector (t37GFP),
and the gene-targeting efficiency was measured via flow cytom-
etry to detect cells expressing the corrected GFP. In the presence
of a local DSB-mediated by ZFNs, we observe a fivefold to 13-fold
increase in AAV1.9-mediated gene-targeting rates (Figure 4b and
Table 2), from an already relatively high efficiency of 0.06-0.12%
to 1.2-1.6% across multiple hPSC lines. Also, while not as high
as with AAV1.9, using other AAV serotypes to deliver the donor
construct and ZFNs did yield measurable gene correction in all
cases, indicating the generality of using AAV to deliver both
donor and nuclease for enhanced HR (Figure 4b and Table 2).
Finally, we observed similar increases in gene-targeting efficien-
cies when we infected human pluripotent embryonic carcinoma
cells (NT2) and human embryonic kidney (HEK293T) cells har-
boring the mutant GFP with AAV2 vectors encoding the GFP-
specific ZFN and the donor t37GFP plasmids, indicating the
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general utility of combining an AAV donor with DSBs at the target
locus (Supplementary Figure S2).

To verify correction of the GFPA35 sequence, genomic DNA
from “corrected” (GFP positive cells isolated using fluorescence-
activated cell sorting) and “uncorrected” HSF-6 hESCs was sub-
jected to PCR to amplify the GFP sequence. The 35bp insert of
the mutated GFP cell line harbors a unique Xho I site that enabled
the confirmation of GFP correction by restriction digest analysis
(Figure 4c). Also, direct sequencing of the PCR fragments con-
firmed the correction of the mutated GFPA35 gene (Figure 4d).
Furthermore, the GFP positive hESCs, purified via fluorescence-
activated cell sorting, were expanded and monitored by flow cytom-
etry for 30 days, and >95% of cells maintained GFP expression
(Figure 4e). These cells also maintained a pluripotent state during
long-term culture following targeted gene correction as indicated
by the expression of the pluripotency marker Oct4 (Figure 4f) and
their ability to differentiate into cells originating from the three
germ layers via embryoid body formation in vitro (Figure 4g).

Finally, in addition to measuring targeted gene correction via
HR, we also assessed the frequency of random chromosomal inte-
gration of AAV1.9 vectors. HSF-6 hESCs harboring GFPA35 were
infected with AAV1.9 donor constructs and cultured for 14 days.
The genomic DNA from the infected cells was subjected to PCR
to specifically amplify a 822bp fragment that partially spanned
the AAV viral genome following the puromycin resistance gene
(Supplementary Figure $3a), a region that should not participate
in homologous recombination (Figure 4a) and would thus rep-
resent residual AAV sequence. This assay was calibrated by con-
ducting PCR in parallel on naive hESC DNA samples spiked with
different amounts of AAV1.9 donor plasmid, ranging {rom 1 copy
of AAV plasmid per 400 cellular genome copies to 1 copy of AAV
plasmid per 20 cellular genome copies. Based on the quantifica-
tion of the samples and the standards, ~1 copy of AAV1.9 genome
was present per 100 cells that were originally exposed to the vec-
tor (Supplementary Materials and Methods and Supplementary
Figure $3b), consistent with earlier reports that demonstrate low
risk of random genomic integration of AAV in human cells.””* To
determine whether introduction of site-specific DSBs using ZFNs
increases this low frequency of random integration, we coinfected
hESCs carrying the mutant GFP with AAV1.9 vectors encoding
the donor plasmid, as well as the GFP-specific ZFNs. We did not
observe a significant increase in the levels of random integration
in the presence of ZFNs (Supplementary Figure $3), which sug-
gests that at least in this system the introduction of site-specific
DSBs may not have a strong effect on nonhomologous integration
frequencies of AAV vectors.”’*

DISCUSSION

AAV has attracted increasing attention for its ability to safely and
efficiently mediate gene targeting in a variety of cell types.>***
However, prior studies have indicated that naturally occurring
AAV serotypes are typically inefficient in transducing numer-
ous classes of stem cells, which can limit also the application of
AAV-mediated gene targeting to hPSCs. Recently, two studies
have reported the natural serotype AAV3 as the most efficient
serotype for human pluripotent lines.*"* In the hESC and hiPSC
cell lines we examined, we did not observe a higher efficiency for
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AAV3 relative to other serotypes (Figure 2¢ and data not shown).
Moreover, the reported transduction efliciency for AAV3 in the
earlier studies was lower than 25% at a MOI of 200,000, and likely
as a result, the maximum reported gene-targeting frequency was
1.3 x 1075 Collectively, these results indicate that different natural
serotypes may be suited for different hPSC lines, but importantly
that gene-targeting efforts in general may benefit from increasing
AAV’s delivery efficiency to hPSCs.

Directed evolution has proven to be a powerful approach to
create AAV vectors with novel capabilities, and we successfully
demonstrate that under appropriate selective pressures AAV can
evolve for improved transduction efficiencies in human pluripotent
stem cells. Specifically, we isolated a new AAV variant, AAV1.9,
that exhibited an enhanced infection efliciency of ~48% at a MOI
of 100,000. AAV1.9 harbors a single R459G mutation that lies in
close proximity to both the heparin and FGF receptor binding
domains of AAV2. This variant displayed a slightly higher affinity
for heparin compared to AAV2 (Figure 3a), though we observed
similar levels of AAV1.9 and AAV2 binding to hESCs (Figure 3c).
In their investigation of AAV?2’s heparin-binding domain, Opie
et al. found that a R459A AAV2 mutant was incapable of infecting
HelLa cells, despite heparin-binding levels essentially the same as
AAV2." The authors hypothesized that the R459A mutation may
result in a defect in a later stage of viral infection.*’ This finding,
in conjunction with our observations that similar percentages of
AAV2 and AAV1.9 bind to hESCs, suggests that the R459G muta-
tion may increase hESC gene delivery by modulating viral infec-
tion at a point following initial cell-surface docking, for example
AAV structural rearrangement during heparan sulfate binding,
subsequent binding to secondary receptors, or cellular entry.
Further studies are needed to elucidate such mechanisms.

An AAV variant with enhanced gene delivery to hESCs can
serve as a valuable tool for numerous applications. For example,
AAV could mediate the controlled overexpression of regulatory pro-
teins, short hairpin RNAs, or microRNAs, which would enable basic
investigations of the roles of key factors in stem cell self-renewal or
lineage commitment, as well as therapeutic applications that rely
on the efficient generation of specific cell lineages. AAV has the
potential to remain episomal and thereby mediate transient expres-
sion of such factors, compared to typically constitutive expression
from lentiviral vectors, which may in some cases be advantageous.
Furthermore, increased gene delivery efliciencies afford the oppor-
tunity to deliver multiple cargos effectively. For example, a twofold
increase in the delivery of one AAV vector would translate to an
eightfold increase in the number of cells that would be transduced
with three vectors carrying three different transgenes (such as the
gene-targeting construct and two ZFN-encoding vectors utilized in
this study). Another consequence of generating AAV variants with
higher transduction efficiencies in stem cells is the corresponding
increase in gene-targeting efficiencies. When AAV1.9 was used
to mediate gene correction in HSF-6 hESCs, we observed gene-
targeting frequencies of 8 x 107, approximately tenfold higher than
the reported targeting frequencies mediated by naturally occurring
AAV serotypes.®'* We have also observed that AAV1.9 allows for
increased gene delivery and gene-targeting efficiencies to the H1
hESC line, as well as dermal fibroblast- and MSC-derived iPSCs,
thus establishing the generality of the method.
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It was previously shown that AAV gene targeting could be
enhanced with a double-stranded DNA break introduced at the
target locus by the nuclease I-Scel,”*® and our results build upon
this important prior work to show for the first time that AAV can
function effectively in conjunction with ZIFNs, which can now be
engineered for genomic site specificity.'®'?"* In addition to ZFNs,
TALE truncation variants have recently been linked to the catalytic
domain of Fok I to yield a new class of nucleases that can generate
discrete edits or small deletions within endogenous human genes
and induce gene modification in human cells by both nonhomol-
ogous end joining and HR.'S Alternatively, the DNA recognition
properties of homing endonucleases can be re-engineered to yield
enzymes that recognize endogenous genes in human cells.” Such
custom nucleases can be beneficial, as prior studies indicate that
gene-targeting frequencies vary from locus to locus and are lower
at nonexpressed genes,'>* and the targeting efliciencies in this
study may have benefitted from the use of a lentiviral vector—
which preferentially integrates into active transcription units"*—as
the target locus. Furthermore, researchers have observed that gene
correction, gene knock-in, and knock-out vectors exhibit varying
targeting frequencies.’®" However, depending on the application,
it is important to note that an appropriate AAV has the potential
to mediate gene targeting at a given locus at rates that are suf-
ficiently high to obviate the time, labor, and resources entailed in
generating a custom nuclease. Furthermore, as ZFNs and other
nucleases have the potential to exhibit off-target cleavage,*® the
use of effective donor DNA in the absence of DSBs offers cerlain
advantages.

In conclusion, we have used directed evolution to create a
novel AAV variant with a single-point mutation that exhibited
enhanced gene delivery efficiency, and subsequently gene targel-
ing, in hPSCs. In addition, this work demonstrates that AAV-
mediated gene-targeting frequencies can be further enhanced in
the presence of targeted DSBs generated by the AAV vector co-
delivery of ZFNs. These findings suggesl thal AAV vectors may
find strong utility in investigations of stem cell biology and ther-
apy, ranging from the generation of reporter cell lines to therapeu-
tic gene correction.

MATERIALS AND METHODS

Cell lines. Cell lines were cultured at 37°C and 5% CQ, and, unless oth-
erwise mentioned, were obtained from the American Type Culture
Collection (Manassas, VA). HEK293T and NT2 cells were cultured
in Dulbecco’s modified Eagles medium supplemented with 10% fetal
bovine serum (Gibco, Carlsbad, CA) and 1% penicillin/streptomycin
(Invitrogen, Carlsbad, CA). CHO K1 and CHO pgsA cells were cultured
in F-12K medium (ATCC) supplemented with 10% fetal bovine serum
(Gibco) and 1% penicillin/streptomycin (Invitrogen). HSF-6 hESCs (UC
San Francisco) were cultured on Matrigel-coated cell culture plates (BD,
Franklin Lakes, NJ) in X-Vivo medium (Lonza, Norwalk, CT) supple-
mented with 80ng/ml FGF-2 (PeproTech, Rocky Hill, NJ) and 0.5 ng/ml
TGF-P1 (R&D Systems, Minneapolis, MN). H1 hESCs (WiCell, Madison,
WI) and dermal fibroblast- and MSC-derived iPS cells (a kind gift from
George Q. Daley, Children’s Hospital Boston, Boston, MA) were cul-
tured on Matrigel-coated cell culture plates (BD) in mTeSR1 maintenance
medium (Stem Cell Technologies, Seattle, WA).

Library generation and viral production. Four replication-competent viral
libraries were used as starting materials for selections on HSF-6 hESCs.
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A random mutagenesis library was generated by subjecting cap genes
from AAV2 and AAV6 lo error-prone PCR using 5-CATGGGAAA
GGTGCCAGACG-3' and 5-ACCATCGGCAGCCATACCTG-3" as
forward and reverse primers, respectively, as previously described (EP
Library).? Libraries consisting of AAV2 containing random 7-mer pep-
tide inserts” and AAV2 containing randomized cap loop regions® were
also utilized. Finally, a library containing shuffled DNA from the wild-
type AAV1, AAV2, AAV4, AAV5, AAVG6, AAVS, AAVY cap genes was
packaged.? Libraries were pooled for the selection steps. Following evolu-
tion, to create recombinant versions of selected viruses, the cap genes were
inserted into the pXX2 recombinant AAV packaging plasmid using Not I
and Hind 1117 Both the replication-competent AAV library and recom-
binant AAV vectors expressing GFP under the control of a CMV pro-
moter were packaged using HEK293T cells using the calcium phosphate
transfection method, and the viruses were purified by iodixonal gradient
centrifugation and Amicon fltration.?? DNase-resistant genomic titres
were determined via quantitative PCR.?

Library selection and evolution. Onc sclection step is defined as hESC infec-
tion using a starting library, rescue by addition of adenovirus serotype 5 (at
levels sufficient to induce 2 cylopathic cffect 48 hours post-adenovirus infec-
tion), and harvest of successful variants. For each selection step, cells were
grown on Matrigel-coated plates to eliminate the use of feeder cells, which
could become infected and bias the sclection towards viral variants that trans-
duce the feeder layer. In addition, stromal cells were removed from the culture
using collagenase digestion before the viral harvest to prevent the selection of
viral variants that infect stromal cells instead of hESCs. One round of evolu-
tion consists of genetic diversification of the cap gene followed by three selec-
tion steps. Two rounds of evolution were performed, with clonal analysis
(cap gene sequencing and hESC gene delivery assay for each sclected virus)
performed between cach round of evolution. Following the third selection
step, AAV cap genes were isolaled from the pool of successful AAV variants
and amplified via PCR. Cap genes were then sequenced at the University of
California, Berkeley DNA sequencing facility and analyzed using Geneious
software (Biomatters, Auckland, New Zealand). Three-dimensional models
of the AAV2 capsid (Protein Databank accession number 1LP3) were ren-
dered in Pymol (DeLano Scientific, San Carlos, CA).

HPSC transduction analysis. The human pluripotent cell lines were
plated at a density of 10° cells/well 24 hours before infection. Cells were
infected with rAAV-GFP at an MOI of 10". Stromal cells were removed
from the hESC and the iPSC culture using collagenase digestion beforc
flow cylometry. The percentage of GFP positive cells was assessed 48 hours
postinfection using a Beckman-Coulter Cytomics FC 500 flow cytometer
(Beckman-Coulter, Brea, CA).

Immunofluorescence staining. Immunostaining was performed to visual-
ize the cxpression of pluripotency markers following AAV infection and
gene targeting. HSF-6 hESCs were plated on a 24-well plate and infected
as described for the transduction analysis. Forty-eight hours postinfection,
cells were fixed in 4% paraformaldchyde for 15 minutes, washed three times
with phosphate-buffered saline (PBS), and blocked with 1% bovine serum
albumin (BSA) and 0.1% Triton X-100 in PBS for 30 minutes. Cells were
incubated overnight at 4°C with a mouse anti-Oct-3/4 primary antibody
(1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA) or anti-Nanog
primary antibody (1:200 dilution, Santa Cruz Biotechnology). Cells were
then washed three times with PBS and incubated with a secondary fluo-
rescent-conjugated Alexa Fluor 647 goat anti-mouse antibody (1:250 dilu-
tion, Invitrogen) for 2 hours, followed by 4',6-diamidino-2-phenylindole
(DAPI) for nuclear staining (Invitrogen) for 15 minutes. Cells were imaged
using a Zciss Axio Observer.Al inverted microscope.

In vitro differentiation assay of pluripotency. Colonies of HSF-6 hESCs
were isolated from stromal cells by collagenase enzymatic treatment and
partially dissociated by gentle pipetling. The cells were cultivated as small
clusters (5-10 cells) in suspension culture in ultra low-attachment plates
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(Corning, Corning, NY) to generate embryoid bodies (EBs) in X-Vivo
medium. Alter 6 days, the EBs were transferred Lo plates precoated with
Matrigel and further differentiated for 24 days. Immunocytochemistry as
described above was used (o investigate whether the cells express mark-
ers of the three germ layers using the following primary antibodics: cclo-
dermal: rabbit anti-B-1II tubulin (1:500 dilution; Covance, Princeton, NJ);
mesodermal: mouse anti-o.-smooth muscle actin (1:500 dilution; Sigma, St
Louis, MO); endodermal: rabbit anti-hepatocyte nuclear factor 3 (1:500
dilution; Millipore, Billerica, MA). Fluorescence images were acquired
using a Nikon TE2000E2 epifluorescence microscope.

In vitro transduction and cell binding analysis. To determine the hepa-
ran sulfate dependence of AAV2 and the selected mutant, CHO K1 and
CHO pgsA cells were plated at a density of 2.5 x 10" cclls per well 24
hours before infection. Cells were infected with AAV2-GFP, AAV6-GFP,
or AAV1.9-GFP at MOIs ranging from 100-2,500.% The percentage of
GFP positive cells was assessed 48 hours postinfection using a Beckman-
Coulter Cytomics FC 500 flow cytomeler.

To analyze cell-surface binding of AAV variants, cells were plated as
described for the hESC transduction analysis. Stromal cells were removed
from the hESC culture via collagenase digestion, and cells were incubated
at 4°C for 10 minutes; 10° cells were incubated with rAAV-GFP (MOI
of 10%) at 4°C for 1 hour. Cells were washed twice with ice-cold PBS to
remove unbound virus. DNase-resistant genomic titers were determined
via quantitative PCR.

Heparin column chromatography. rAAV-GFP vectors were subjected to
heparin column chromatography as previously described.* Bricfly, 10'°
vector genonic containing AAV particles were loaded into a I ml HiTrap
heparin column (GE Healthcare, Piscataway, NJ) previously equilibrated
with 0.15mol/l NaCl and 50 mmol/l Tris at pH = 7.5. Washes were per-
formed using 1 ml volumes of Tris bufler conlaining increasing increments
of 50 mmol/l NaCl, starling at 150 mmol/l NaCl and ending at 750 mmol/l
NaCl, followed by a 1 mol/l NaCl wash. Genomic titres from each fraction
were determined via quantitative PCR.

Generation of mutant GFP hPSC lines. An internal ribosome entry site and
puromycin resistance gene cassette (IRES-PuroR) were cloned into the Eco
RI and Xho [ sites of pFUGW (a kind gift from David Baltimore, California
Institute of Technology, Pasadena, CA) to replace the woodchuck hepati-
tis virus post-transcriptional regulatory element (WPRE) and yicld pFU-
GIP. Next, a mutant GFP scquence harboring a 35bp insertion (GIPA35)
(a kind gift from Matthew H. Porteus, University of Texas Southwestern
Medical Center, Dallas, TX) digested with Bam HI/Eco RI was inscrted
in place of the GFP sequence of similarly digested pFUGIP to construct
pFUGA35IP. The lentiviral vector carrying the mutated GFP was packaged
by the calcium phosphate transient transfection method.® Bricfly, 10 g of
pEUGA3S5IP, 5 g of pMDL g/p PRE, 3.5ug of pcDNA 3 IVS VSV-G, and
1.5g of pRSV Rev were transfected into HEK 293T cell lines (>70% con-
fluency), which were cultured on 10cm tissue culture plates under Iscove’s
modificd Dulbecco’s medium (IMDM) supplemented by 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. The lentiviral vector was har-
vested and concentrated by ultracentrifugation (L8-55M Ultracentrifuge;
Beckman Coulter), followed by resuspension in 100l of PBS with 20%
sucrose. Stable hPSC lines expressing the mutant GFP was gencrated by
infection with the lentiviral vector, followed by puromycin selection (1 pg/
ml) for 1 week. GFP fluorescence was not detected in the GFPA35 hPSCs,
as confirmed by flow cylometry.

Gene targeting assay. The donor plasmid was generated by subcloning
a truncated GFP genc missing the first 37 base pairs (t37GIP), inter-
nal ribosome entry site, and puromycin resistance gene cassette into
an AAV vector plasmid (pAAV CMV GFP SN), such that the result-
ing targeting vector lacled o promoter. The ZFN expression constructs,
driven by a CMV promoter, were generated by subcloning gene cassettes
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conlaining the engineered zince fingers targeting GFP (also a gift from
Matthew H. Porteus) into pAAV CMV GFP SN (detailed cloning steps
for the donor and ZFN expressing constructs available upon request). The
donor construct and the ZFN expressing constructs were then packaged
into the AAV2, AAV6, and AAV1.9 capsids. All viral vectors were har-
vested and purified as described earlier.

For gene-targeting experiments mediated by AAV, hPSCs were seeded
onto 12-well tissue culture plates at a density of 10° cells/well 24 hours
before AAV infection. The cells were infected with the AAV targeting
vectors at an MOI of 10° For targeting experiments in the presence
of ZFNs, the ZEN expressing vectors were added at an MOI of 10° to
the cells in addition to the AAV targeting vectors. For gene-targeting
experiments mediated by naked plasmid constructs, Rho kinase inhibitor
(ROCK inhibitor, Y-27632; CalBioChem, San Diego, CA) was added to
hPSC media 24 hours before electroporation. Cells were harvested using
collagenase digestion, resuspended at 10° cells/ml in 100pl Bio-Rad
buffer (GPEB 2) containing 1pg each of the donor plasmid and ZFN
expression plasmids, and electroporated using the Bio-Rad Gene Pulser
MXcell System (250, 500 LF, 1000 ohms; Bio-Rad, Hercules, CA). The
cells were replated on Matrigel-coated plates in hPSC culture medium
supplemented with ROCK inhibitor. The medium was replaced afler 1 day.
The percentage of GEP positive cells was assessed 48 hours postinfection
using flow cytometry as described carlier.

Cell sorting and sequencing. Cells infected with AAV1.9 were cultured
for 30 days and sorted at the UC Berkeley Cancer Center with a BD Influx
Sorter to isolate GEP positive cells. For DNA sequencing analysis, cellular
genomic DNA was extracted with the QIAamp DNA Micro Kit (Qiagen,
Valencia, CA) and amplified using 5-CCACCCTCGTGACCACCCTG-3
and 5-CGGCCATGATATAGACGTTGTGGC-3" primers. The result-
ing PCR products were cloned using the StrataClone™ PCR cloning kit
(Stratagene, La Jolla, CA), and individual clones were sequenced to con-
firm the gene correction.

SUPPLEMENTARY MATERIAL

Figure ST. AAV1.9 increases the number of donor molecules per cell.
Figure $2, AAV2-mediated correction of a nonfunctional GFP ex-
pressed in HEK293Ts and NT2s.

Figure $3. Representative analysis of residual AAV1.9 genomes.
Materials and Methods.
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Abstract

Background: The basidiomycete fungus Moniliophthora perniciosa is the causal agent of Witches'
Broom Disease (WBD) in cacao (Theobroma cacao). It is a hemibiotrophic pathogen that colonizes
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the apoplast of cacao's meristematic tissues as a biotrophic pathogen, switching to a saprotrophic
lifestyle during later stages of infection. M. perniciosa, together with the related species M. roreri, are
pathogens of aerial parts of the plant, an uncommon characteristic in the order Agaricales. A
genome survey (1.9% coverage) of M. perniciosa was analyzed to evaluate the overall gene content
of this phytopathogen.

Results: Genes encoding proteins involved in retrotransposition, reactive oxygen species (ROS)
resistance, drug efflux transport and cell wall degradation were identified. The great number of
genes encoding cytochrome P450 monooxygenases (1.15% of gene models) indicates that M.
perniciosa has a great potential for detoxification, production of toxins and hormones; which may
confer a high adaptive ability to the fungus. We have also discovered new genes encoding putative
secreted polypeptides rich in cysteine, as well as genes related to methylotrophy and plant
hormone biosynthesis (gibberellin and auxin). Analysis of gene families indicated that M. perniciosa
have similar amounts of carboxylesterases and repertoires of plant cell wall degrading enzymes as
other hemibiotrophic fungi. In addition, an approach for normalization of gene family data using
incomplete genome data was developed and applied in M. perniciosa genome survey.

Conclusion: This genome survey gives an overview of the M. perniciosa genome, and reveals that
a significant portion is involved in stress adaptation and plant necrosis, two necessary
characteristics for a hemibiotrophic fungus to fulfill its infection cycle. Our analysis provides new
evidence revealing potential adaptive traits that may play major roles in the mechanisms of

http://www biomedcentral.com/1471-2164/9/548

pathogenicity in the M. perniciosa/cacao pathosystem.

Background

Moniliophthora perniciosa, previously known as Crinipellis
perniciosa (Singer) Stahel, is a hemibiotrophic basidio-
mycete (Tricholomataceae, Agaricales, Marasmiaceae)
fungus that causes Witches' broom disease (WBD) in
cacao (Theobroma cacao L.) [1-3]. WBD and frosty pod rot
(FPR), caused by Moniliophthora roreri, are the most devas-
tating diseases of cacao in the Americas [4]. Cacao produc-
tion in southeastern Bahia, the main production area in
Brazil, was severely affected by the introduction of WBD
at the end of 1980's [5]. This disease damaged Bahian
agribusiness, caused major social problems and has con-
tributed to the degradation of the Atlantic Rainforest
("Mata Atlantica"). This is because cacao producing areas,
typically, maintained old-growth native tree species as
shade for the cacao plantations, which were converted to
pasture [G].

The symptoms displayed by cacao plants during WBD
parallel the hemibiotrophic development of M. perniciosa
[7]. Briefly, the disease begins when fungal spores germi-
nate and infect meristemnatic tissues, developing into
monokaryotic biotrophic hyphae without clamp connec-
tions that slowly occupy the intercellular space. This stage
of WBD is characterized by the emergence of hypertrophic
and hyperplasic anomalous branches, and the formation
of parthenocarpic fruits. Infected branches, known as
“green brooms”, grow without apical dominance, with a
phototropic orientation and displaying epinastic leaves
[7]. After two to three months the infected tissue turns
necrotic (dry brooms) and the hyphae become sapro-
trophic with two nuclei per cell and clamp connections,

invading the inter and intracellular spaces of the infected
tissue [6,8]. This fungal species exhibits primary homoth-
alism as its reproductive strategy [9]; thus, the change
from the monokaryotic to the dikaryotic mycelium occurs
without the prerequisite of mating between compatible
individuals. After alternate wet and dry periods, basidi-
omes produced by the saprotrophic hyphae release basid-
iospores that are spread by wind or rain, thus completing
the M. perniciosa life cycle [7].

The  Witches' broom

Crss 1o

Genome  Project  http://
ssoura involving several Bra-

zilian laboratories was initiated to increase the knowledge
of this disease. The genome size, chromosomal polymor-
phism, genetic variability and the M. perniciosa mitochon-
drial genome have already been described [10-12].
Additionally, a biochemical study revealed the metabolic
modifications that occur in cacao plantlets during WBD
development [13]. Technical improvements have been
achieved in the manipulation of cacao [14,15] and M. per-
niciosa [16,17]. One of the main bottlenecks in M. pernici-
osa research was solved with the development of the in
vitro production of biotrophic-like cultures [18]. Necrotic
inducing proteins expressed by M. perniciosa have been
characterized [19], and the analysis of EST libraries and
DNA microarrays have identified differentially expressed
genes during its development [[20]; A.B.L. Pires et al,
unpublished data] and for the interaction of the fungus
with cacao [21,22]. Despite the substantial progression in
understanding WBD, many questions remain unsolved,
mainly those concerning the mechanisms controlling
processes such as: (i) the fungal switch from biotrophism
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to saprotrophism; (ii) the drastic phenotypic alteration of
cacao during disease development and (iii) the death of
infected tissues. In vitro cultures in our laboratory demon-
strate that this fungus has a great capacity to adapt to
media containing different sources of carbon and nitro-
gen and it is able to grow in extremely nutrient-poor
media. These results together with the fact that hemibio-
trophic fungi, such as M. perniciosa, display complex life-
styles [23] suggest that this fungus has a significant
genomic and transcriptomic plasticity that contributes to
the successful pathogenic mechanisms expressed during
its life cycle. In a recent review, Meinhardt et al., give a his-
torical account and summarize the current state of knowl-
edge about WBD [24].

Around two thirds of the known Basidiomycota species
are included in the order Agaricales [25]. In addition tn
being an interesting group for carrying out developmental
genetic studies concerning fungal development and repro-
duction, the Agaricales contain many important industrial
species (i.e., edible mushrooms, fiber bleaching fungus),
and species with unique lifestyles: saprophytes (i.e, wood-
decaying fungus Phanerochaete chrysosporium), symbionts
(i.e., ectomycorrhizal fungus Laccaria bicolor), leaf-litters
decomposers (i.e., Agaricus bisporus) and root pathogens
(i.e., Armilaria mellea). Interestingly, M. perniciosa and M.
roreri are members of a group of Agaricales species that are
able to infect aerial parts of plants, an uncommon charac-
teristic among this Basidiomycota order.

Genome sequencing and analysis is an important strategy
to obtain comprehensive information concerning the
metabolism and development of organisms. The initial
objective of the M. perniciosa Genome Project was to
obtain a genome survey sequence using a whole shotgun
strategy to provide genomic information for the WBD
research community. Recently, the bioinformatics and
genomic communities have been debating about the ben-
efits and costs of finishing a complete genome as com-
pared to applying a genome survey strategy [26-32]. It has
been proposed that a two-fold genome sequence coverage
is sufficient to support a high percentage of EST align-
ments and exon similarity matches [26,31]. Additionally,
gene models resulting from a genome survey can be pre-
dicted accurately by the comparison with complete
genomes of phylogenetically related organisms {26,31].
This strategy has been used for genomic surveys of dog
(1.5x coverage) [31] and of the wine spoilage yeast
Dekkera bruxellensis (0.4x coverage) [33]. Recently, the
genomes of the basidiomycete species Laccaria bicolor,
Cryptococcus neoformans, Ustilago maydis, Coprinopsis cine-
rea (Coprinus cinereus) and Phanerochaete chrysosporium
have been determined and many additional Basidiomy-
cota genome projects are ongoing or about to be released

http://www.biomedcentral.com/1471-2164/9/548

www.jgi.doe.gov, which could provide a rich database for
additional Basidiomycota genomic survey evaluations.

With the existence of several complete Basidiomycota
genomes, and both M. perniciosa ESTs libraries, and a 1.9
x genome coverage, we decided to conduct a genome sur-
vey of M. perniciosa to obtain further information about
this important phytopathogen. This report describes a sur-
vey of the genome sequences of M. perniciosa, with specific
emphasis on the genes potentially involved in disease
development such as a cytochrome P450 monooxygen-
ases, transposable elements, putative plant defense elici-
tors, pathogenicity effectors, cell wall degrading enzymes,
proteins related to methylotrophy and the biosynthesis of
plant hormones by the fungus. The identification of such
genes in the M. perniciosa genomic data lead us to hypoth-
esize a connection hetween molecular processes involved
in the growth phases of the fungus and the progression of
WBD.

Results and discussion

Genome assembly and estimation of genome size

A diagram flow describing the bioinformatic procedures
applied in the M. perniciosa genome survey are depicted in
Figure 1. After sequencing, a total of 124,565 reads were
obtained and assembled using the whole genome shotgun
strategy. During the initial assembly process, a large contig
including 6,920 reads was found. This contig was identi-
fied as the mitochondrial genome of the fungus (RefSeq
NC_005927), which comprised approximately 6% of M.
perniciosa sequences [12]. The remaining genome
sequences were assembled resulting in 17,991 contigs and
7,065 singlets with average lengths of 1,300 bp and 455
bp, respectively, The largest contig consisted of 25,364 bp,
and was formed by 513 reads. The sum of all reads was
close to 75 Mbp and the total assembly consisted of 26.7
Mbp (Fig. 1).

Previous Feulgen-image analysis experiments estimated
M. perniciosa genome size to be 32.98 + 7.95 Mbp [10].
Due to the large error in this estimation we decided to
assess the genome size using the genome estimation pro-
tocol established in the dog genome survey [31] (more
details in Additional File 1). This analysis resulted in a
genome size ranging from 38.7 to 39.0 Mbp, a value sim-
ilar to the genome length of another fungus belonging the
order Agaricales, C. cinerea (37.5 Mbp), and that agrees
with the previous size estimated by Feulgen-image analy-
sis [10].

The Lander Waterman theory (LW) {34] and its applica-
tions [35,36] were used to confirm the estimate of the M.
perniciosa genome size. The theoretical values for the
expected number of clusters (contigs + singlets), contigs,
gaps, average cluster length and average gap length can be
calculated using the LW theory from the effective average
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read length, the number of reads and the genome size as
parameters. If the calculated values derived from the
genome assembly were close to the theoretical values
derived from LW calculations, then it is possible to con-
firm the estimated genome size. A summary of the results
obtained from the assembly data and from the estimation
using the LW theory is shown in Table 1. The experimental
values agreed with the theoretical calculations, thus sup-
porting our genome size estimation. According to LW
analysis the average gap size was 413 pb. To have more
information about the distribution of the gap size, we per-
formed a comparison between a set of eukaryotic core
proteins (generated by CEGMA pipeline [37}) and M. per-
niciosa contigs (See Additional file 1). Using this method-
ology, we detected that the average gap size was around
500 + 300 bp, corroborating with LW average gap size esti-
mative (413 hp). Considering that most of the gaps are
around 500 bp and that C. cinerea average gene size is
1,678 bp, the majority of M. perniciosa genes or partial
gene regions are likely to be included in the contigs. Cor-
roborating this notion, we have found all genes encoding
proteins of essential metabolic pathways such as Glycoly-
sis, Gluconeogenesis, Pentose Phosphate pathway, and
several others, which are available in the website http://

www lge.ibiunicamp.br/biocyc/MP (see below).

In order to estimate the number of sequences misassem-
bled due to repeat regions, we applied the integrated pipe-
line for assembly validation, called amosvalidate {38]
(Further information in Additional file 1). This analysis
resulted in 664 contigs with overrepresented regions tota-
ling 1.1 Mbp. Multiplying the number of bases in overrep-
resented regions by over-coverage estimate resulted in 7.4
Mbp of repeat regions in the genome. Since reads from
repetitive regions were eliminated from the estimation of
the genome length using dog genome survey protocol
(Additional file 1), this misassembling does not invali-
dates the genome size estimate.

Gene content

The initial step to uncover the gene content of M. pernici-
osa was performed using the genomic sequences together
with a library of 3,145 ESTs, previously annotated and
partially published [20]. Genes were identified by com-
paring these two libraries using the program Exalin [39].
This analysis allowed us to identify expressed genes and
intron structure. The result was 2,002 ESTs aligned to the

hitp://www.biomedcentral.com/1471-2164/9/548

genome contigs. Based on this EST-genome sequence
alignment, the average intron length was estimated as 52
bp. This information was then used in the next steps of the
process.

A more detailed investigation of the gene content was car-
ried out using a combination of ab initio (gene predictor
programs) and comparative gene prediction (BLAST-EST
sequence alignment). For ab initio gene prediction, we first
applied the methodology described for the AUGUSTUS
gene predictor [40]http://augustus.gobics.de/binaries/

retraining html. This methodology essentially trains the
AUGUSTUS program using a combination of sequences

from the species of interest together with sequences of a
phylogenetically related species, specifically with similar-
ities in intron and exon length distributions. Using this
approach, the coding content sensors (codon usage, GC
content) are trained with sequences of the species of inter-
est, and signal sensors (splice sites, TATA-box, polyadeni-
lation sites, etc) are trained with the sequences of the
related species. Sequences from C. cinerea were used in the
training process; together with selected M. perniciosa ESTs
with E-value in BLASTX-NR < 1E-10. The sequences of the
ESTs that aligned with proteins in the databank were con-
catenated, giving rise to a 240 Kbp sequence. Ten copies of
this M. perniciosa EST concatamers (total of 2.4 Mbp)
together with a dataset of genes from C. cinerea hup:

augustus.gobics.de/datasets, comprised of 1.2 Mbp, were
used to "pre-train” AUGUSTUS. The M. perniciosa predic-
tions that came out of this pre-training were compared
with the protein databank NR using BLASTp. The resulting
predictions with similarities in the NR databank, and with
a coverage > 90%, were selected. After eliminating redun-
dancies, 134 complete (containing the start codon and
stop codon) and 1,136 partial (without the start codon
and/or stop codon) M. perniciosa gene models were used
to train AUGUSTUS [40] and two other gene predictors
(SNAP [41] and Genezilla [42]). Predictions with less
than 30 amino acids were eliminated. The remaining pre-
dictions were grouped into 19,932 overlapping clusters;
that is, genomic regions covered by at least one prediction.
The predictions in each overlapping cluster were ranked
according to the criteria used by the Fungal Genome Initi-
ative at the Broad Institute hup://www.broad.mitedu,
with some adaptations. The ab initio gene finding pipeline
generated 13,640 gene models, 9,560 of which contained

Table |: Comparison between assembly values and values calculated using Lander Waterman theory

Calculated from assembling

Calculated from LW theory

# Clusters (contigs+singlets) 25,056
# Contigs 17,991
# Gaps -
Average cluster size (bp) 1,065

Average gap size (bp) -

24,950
18,370
24,951
1,152
413
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significant similarity to GenBank sequences (Fig. 1 and
Fig. 2).

The extrinsic prediction methodology consisted of a com-
bination of genomic similarity searches (BLASTX) using
contigs and singlets, with the alignment of M. perniciosa
ESTs in the genomic clusters. 17,991 contigs and 7,065
singlets were submitted to similarity analysis in a data-
bank containing BLASTX-NR plus P. chrysosporium pro-
teins. The genomic regions containing homologues in this
databank were selected and exon-intron boundaries were
determined. We also selected the alignments between
ESTs and genomic clusters. Then, we evaluated if there was
a superposition of BLAST alignments and EST alignments.
After this analysis, the extrinsic prediction methodology
revealed 12,249 gene models. Most of these gene models
(9,560) were also predicted by the ab initio gene predictor
programs. Of the 2,689 remaining gene models not pre-
dicted by the gene predictor programs, 1,789 presernited
significant similarity to sequences deposited in the Gen-
Bank (E-value < 1E-10) and 900 did not have any signifi-
cant similarity in the GenBank (E-value > 1 E-10) (Fig. 1
and Fig. 2). One of the reasons why these genes were not
detected by the gene prediction programs could be the
presence of low quality sequences that may have lead to
frameshifts, thus making them impossible to detect by
these programs. The total number of gene models
obtained using both approaches, ab initio and extrinsic
predictions, is 16,329. Assuming that the average contig
length is 1.3 Kbp and the average gap length is 413 bp, it
is possible that this total number of gene models (16,329)
represents an overestimation. For instance, in our assem-

Ab initio Gene Models
13640

Extrinsic Gene Models
12249

2689
(900 + 1789)

4980 + 11349

16329

Figure 2

Number of M. perniciosa gene models predicted by
ab initio and/or extrinsic prediction methods. Left
ellipse: gene models predicted by ab initio methods. Right
ellipse: gene models predicted by extrinsic methods. The
intersection contains gene models detected by both meth-
ods. Underlined: number of gene models with BLASTX-NR
E-value similarity < le-10. In italics: number of gene models
with BLASTX-NR E-value similarity > le-10.

http://www.biomedcentral.com/1471-2164/9/548

bly a gene with > 2 Kbp (protein ~700 aa) could be repre-
sented by two gene models, with each one in different
contigs, which suggests a possible redundancy in this gene
model prediction. Thus, it is very likely that the real
number of gene models will be less and closer to the ab
initio or extrinsic predictions separately. However, to
obtain the maximum amount of information, we decided
to evaluate the results of similarity searches in GenBank
(BLASTX-NR) for all 16,329 gene models. As a result,
69.5% (11,349) of the gene models showed significant
sequence similarity (E-value < 1e-10) to GenBank pro-
teins. The remaining 30.5% (4,980), designated as "no-
hits", were sequences with lower E-value scores (E-value >
le-10). Of these gene models 4,080 were predicted with
the ab initio gene predictors and 900 with the extrinsic pre-
dictions (Fig. 1 and Fig. 2).

As expected, BLASTX analysis against available complete
fungal genomes showed that M. perniciosa gene models
present higher similarity to genes from Basidiomycota (L.
bicolor, C. cinerea and P. chrysosporium) than those from
Ascomycota (Table 2).

In order to find groups of similar proteins in our dataset,
we applied a Markov Clustering (MCL) algorithm [43] to
the M. perniciosa gene models. Although the output by this
method is not highly reliable, they correlate well with
"real” gene families and can be applied efficiently to clus-
ter large quantities of genes in a high throughput fashion
[44,45]. MCL also helped to the assemble genes without
similarity in the GenBank into gene families, which are
described in the following sections.

Those gene models that were not grouped into gene fam-
ilies by the MCL algorithm have been compared with the
genome of C. cinerea in order to discard those genes with
parts of their sequences present in more than one contig,
In order to perform this comparison (TBLASTN) we
assume that the length distribution of M. perniciosa pro-
teins is similar to those from C. cinerea. In this compari-
son we evaluated similar genes according to the length of
the protein (Fig. 3). This comparison showed that there is
a clear correlation between complete genes in C. cinerea
and M. perniciosa gene models coding for proteins smaller
than 300 aa. However, for larger proteins more than one
M. perniciosa gene model showed similarity to a single C.
cinerea protein, thus confirming the overestimation of the
number of gene models. Given the fact that the genome
sequence is incomplete, there is high probability that we
are predicting more than one gene model per gene.

In order to have a measurement of the overestimation and
use it to correct our database, the corresponding relation-
ship between the protein size and the number of gene
models was calibrated with the genome of C. cinerea using
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Table 2: Moniliophthora perniciosa predicted gene comparisons

http:/iwww.biomedcentral.com/1471-2164/9/548

Organism Comparison

Genes with* BLASTX hits

Genes with Top BLASTX Hits

Laccaria bicolor

Coprinopsis cinerea
Phanerochaete crhysosporium
Fusarium graminearum
Magnaporthe grisea

Ustilago maydis

Cryptococcus neoformans
Neurospora crassa
Saccharomyces cerevisiae

All NR database

9910 (60.6%)
10649 (65.1%)
9311 (57.0%)
5904 (36.1%)
5645 (34.5%)
5488 (33.6%)
5454 (33.4%)
5127 (31.4%)
3296 (20.2%)
11349 (69.5%)

4811 (29.27%)
3281 (19.97%)
2021 (12.30%)
57 (0.35%)
39 (0.2%)
42 (0.26%)
78 (0.47%)
16 (0.10%)
4(0.02%)

* — Each M. perniciosa gene model was compared to all the proteins from the organisms listed in the table. BLASTX score was defined as le-10

the gene models unlinked to gene families identified by
the MCL algorithm (Fig. 3). A lincar regression formula
was used to correct for the overestimation according to the
protein size. For example, proteins smaller than 300
amino acids will have only one modecl representing the
gene, while larger proteins will have one model and a frac-
tion of a second model representing its gene. This fraction
represents the overestimation of the number of gene mod-
els.

In order to estimate the gene density in M. perniciosa, and
deal with the overestimation evident by the previous anal-
ysis, we averaged the total number of gene models
obtained by the different predictions: ab initio predictions
(13,640), extrinsic predictions (12,249) and total number
of gene predictions (16,329). This resulted in 14,072 gene
predictions that were divided by the 39 Mbp estimated
genome size, which gave a gene density of approximately
2.77 + 0.37 Kbp/gene or 0.36 + 0.05 gene/Kbp for the
genome of M. perniciosa. Figure 4 depicts the gene density
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Figure 3

Correlation between the average number of M perni-
ciosa gene models and the length of C. cinereus pro-
teins.

comparison between M. perniciosa, two eubacteria (Xyllela
fastidiosa and Escherichia coli), one archea (Haloquadratum
walsbyi), an apicomplexan (Theileria parva), a primitive
chordate (Ciona intestinalis) and a series of fungal
genomes, and this showed that our gene density evalua-
tion is in agreement with gene density data of other fila-
mentous fungi [46].

The overall M. perniciosa genomic features are summa-
rized in Table 3. The genomic clusters of M. perniciosa were
submitted to NCBI (GenomeProject ID 28951, Locus-tag
prefix MPER) and the Whole Genome Shotgun project has
been deposited at DDBJ/EMBL/GenBank under the
project accession ABRE000000CO0. The version described
in this paper is the first version, ABREQ1000000

Overall Functional Annotation and Metabolic maps

The number of gene models used for the functional anno-
tation and building of the metabolic maps was 16,329,
which represents the total number of gene modecls

Gene Density
1,2 3 Nylells ustiioss
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1 Laccharom yees cotavinlive
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<
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0
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Figure 4

Correlation of various organisms' genome size and
number of genes (Gene Density). Error bar in M. pernici-
osa data point depicts the Standard Deviation (SD + 0.05) of
Gene/Kbp ratio using ab initio predicitions, extrinsic predic-
tions and the sum of both predictions (see text).
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Table 3: Moniliophthora perniciosa genome survey features

http://www.biomedcentral com/1471-2164/8/548

Genome survey features

Values

Contigs
Contigs size (average)
Singlets
Singlets size (average)
Sum of all reads
Assembly size
Estimated genome size
Coverage
Gene models
Ab initio gene models
Extrinsic gene models
Total gene models
Gene density

Average gene size
GC content overall
GC content coding
GC content non coding
Intron size (mode)
Intron size (average)
Exon size {mode)
Exon size (average)
AutoFACT annotation
Classified (Hits)
Assigned (Conserved expressed proteins)
Unassigned (Conserved hypothetical proteins)
Unclassified (No Hits)

17,991
1.3 Kbp
7,065
455 pp*
75 Mbp
26.7 Mbp
39 Mbp
1.92x

13,640

12,249

16,329

2.77 Kbp/gene (SD + 0.39)
0.36 gene/Kbp (SD % 0.05)
651.4 bp

477

49.7

46.8

52 bp

63 bp

60 bp

166 bp

11,950 (73%)
7,416 (45%)
4,534 (28%)
4,379 (27%)

* _ Singlet size after LUCY quality trimming (phred 2 16).

obtained using ab initio and extrinsic predictions.
Although this number represents an overestimation of the
real number ol genes (see above), it was used to maximize
the information acquired from these sequences. All data
obtained in the gene families and protein domain analy-
ses were corrected according to the normalization proce-
dure developed from the gene models not included in any
of the MCL families based on comparisons with the C. cin-
erea genome (see above).

The program AuloFACT [47], an automated annotation
tool, was used to evaluate the putative functions of M. per-
niciostt gene models. This program determines the most
informative functional description by combining multi-
ple BLAST reports {rom a number of user selected data-
bases, and provides a consensus result [47]. AutoFACT
classifies proteins as "classified proteins”, which can be
"assigned” (containing similarity to proteins with anno-
tated function) or "unassigned" (containing similarity to
proteins with unknown function), and "unclassified pro-
teins" (without similarity to any other protein in data-
banks). Using this software, 73% of gene models (11,950)
were annotated as previously classified proteins. From
these 7,416 (45%) were assigned proteins, and 4,534
(28%) were classified as unassigned proteins, which can

be interpreted as a class of conserved hypothelical pro-
teins (Table 3). The remaining 4,379 gene models (27%)
were considered as unclassified proteins. The number of
gene models with E-value scores > le-10 obtained by
BLASTX-NR (no-hits, see previous section) was 4,980 and
represented 30.5% of the total number of models. The
result obtained with AutoFACT increased the number of
classified proteins by 3.5% (Fig. 1; Table 3). This indicates
that the use of domain classification databases is helpful
in the identification and annotation of gene models.

Additionally, we correlated the AutoFACT annotation
with the gene families assembled by the MCL algorithm.
As depicted in Table 4 and additional file 2, MCL data
indicated that the cytochrome P450 monooxygenase fam-
ily had the largest number of M. perniciosa members, fol-
lowed by a gypsy-like retrotransposon gene family, and a
gene family that has similarity to a C. cinerea hypothetical
protein (EAUS86912.1) and to a shitake mushroom Lep-
tinula edodes EST (EB016963). This new gene family
appears to be related to specific developmental traits of
the Agaricales. Also found were new gene families with
unknown functions based on their lack of homology with
GenBank sequences (Additional file 2; Additional File 3 -
Worksheet Unknown Gene Families). These families
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Table 4: MCL analysis of M. perniciosa gene models

http://www.biomedcentral,com/1471-2164/9/548

Manual annotationd

MCL family ID #members? Norm Factor® Norm #memberse©
| 175 1.24987 140
2 143 1.82632 78
4 84 1.35205 62
3 84 1.46889 57
5 82 1.26479 65
6 76 1.57535 48
24 64 1.54312 41
8 59 1.54180 38
9 57 1.46370 39
10 55 - -
Il 52 1.34190 39
12 50 1.52169 33
13 46 1.18098 39
14 43 1.21555 35
15 41 1.45275 28
16 39 1.67524 23
17 38 1.26598 30
19 35 111159 31
18 35 1.43881 24
20 32 1.17902 27

a — Number of gene models present in each family

Cytochrome P450 monooxygenase

Gypsy like-retrotranspon

Conserved hypothetical protein

Alcohol oxidases and GMC oxidoreductase
Gypsy like-retrotranspon

Serine threonine kinase

Conserved hypothetical protein
Conserved hypothetical protein

Proteins containing WD-40 and NACHT domain
No hits protein family

Cytochrome P450

Serine threonine kinase

Conserved hypothetical protein
Cytochrome P450

Carboxylesterase/lipase

Gypsy like-retrotranspon

Hexose transporter

MFS transporter

Splicing factor

Laccase — Mulitcopper oxidase

b — Normalization Factor used to normalize the number of gene models present in each family (see methods)

¢ — Normalization number of gene models present in each family

d — Manual annotation of MCL families according to BLAST similarity analysis

could possibly be linked to M. perniciosa physiological
characteristics.

A comparison of the gene models with the CDD-PFAM
databank [48] was performed to obtain information
about protein domains present in M. perniciosa proteins.
The data obtained were normalized using the procedure
described above. Cytochrome P450 monooxygenase was
the most prevalent protein domain assigned in M. perni-
ciosa (gni|CDD]40168), followed by protein kinases
(gnl|CDD|40170), sugar transporters (gnl|CDD|40184),
short chain dehydrogenases (gnl|CDD|40206) and car-
boxylesterases/lipases (gnl|CDD|40235) (Table 5; Addi-
tional File 4) The prevalence of Cytochrome P450
monooxygenase domains in the genome agrees with the
results of MCL analysis. CDD-PFAM analysis was also
used to evaluate the protein domains in other genome
fungi (Additional File 4). The comparisons between M.
perniciosa and the other fungi analyzed are described
below.

A hypothetical metabolic map of M. perniciosa was built
using BioCyc [49]. This analysis allowed us to annotate
235 metabolic pathways. These include 1358 enzymatic
reactions 1ncorporat1ng a total of 2139 enzymes http://
www lgeib ?, A comparison of this
metabolic map with the fungal model Saccharomyces cere-

visine $288C (documented with 132 pathways, 925 enzy-
matic reactions, and G675 cnzymes - htp//
www.lge.ibiunicamp.br/biocyc/comparatives/MP-SCER)
showed that M. perniciosa has more melabolic pathways
than S. cerevisiae; a result that corresponds to the smaller
genome size of S. cerevisiae and possibly the more com-
plex lifestyle of M. perniciosa. Interestingly, M. perniciosa
has a higher number of reactions involving O, CO,,
H,0,, and NAD(P)+/NAD(P)H than S. cerevisiae, suggest-
ing a greater capacity to use and deal with oxidation-
reduction reactions (Additional File 5 — worksheet com-
pounds). We also detected reactions with farnesyl pyro-
phosphate and dimethylallyl-diphosphate, which are
involved in the biosynthesis of the sccondary metabolites
such as isoprenoids and indoles. Moreover, according to
BioCyc analysis, M. perniciosa has more amino acid cata-
bolic pathways, alternative carbon sources degradation
and biosynthesis routes and C1 compounds (i.e., metha-
nol) utilization and assimilation reactions than S. cerevi-
siae (Additional File 5 - worksheet pathways). These
pathways are under manual annotation and will be pub-
lished on BioCyc web page. The existence of these path-
ways in M. perniciosa suggest ecological and physiological
adaptations to environmental stresses; to competition
present in its native habitat in the Amazon Basin, and to
traits that enable it to colonize cacao and trigger WBD.
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Detoxification and general resistance mechanisms:
cytochrome P450 monooxygenases, efflux transporters
and anti-oxidative apparatus

Based on CDD-PFAM and MCL analyses gene members of
the cytochrome P450 monooxygenase superfamily are
prevalent in the genome of M. perniciosa (Tables 4 and 5;
Additional File 3 — Worksheet P450; Additional File 4).
Cytochrome P450 monooxygenases play a role in hydrox-
ylation and oxidation processes involved in biosynthesis
and degradation of different compounds [50]. Therefore,
a large number of gene models similar to cytochrome
P450 monooxygenases suggest a significant capacity for
synthesis of secondary metabolites, such as hormones or
toxins, and for detoxification. Among the fungi analyzed,
M. perniciosa has the highest number of cytochrome P450
monooxygenase genes (188 gene models) representing
1.15% of the gene models (Fig. 5A). Saproprotrophic
basidiomycetes P. chrysosporium and C. cinerea and the
hemibiotrophic ascomycetes Magnaporthe grisea and
Fusarium graminearum also have more than one hundred
cytochrome P450 monooxygenase genes representing
between 1.25% and 0.9% of their gene models (Figure 5A;
Additional File 4). The basidiomycete L. bicolor (an ecto-
mycorrhizal fungus) and the ascomycete Neurospora crassa
(a fire-scoured landscape colonizer) follow with fewer
genes. U. maydis (a biotrophic pathogen), C. neoformans
(an animal pathogen) and S. cerevisiae (a fermentative
fungus) have the fewest cytochrome P450 monoooxygen-
ase genes of the fungi compared in this study (Fig. 5A;
Additional File 4). This analysis clearly demonstrates the
prevalence of cytochrome P450 monooxygenases in
saprotrophic and hemibiotrophic fungi, which have 1o
hydrolize complex wood polymers and deal with a highly
oxidative environment. As discussed by Gonzalez and
Nebert {50], cytochrome P450 monooxygenase polymor-
phisms may be the product of the "molecular warfare"
that occurs during the co-evolution of preys and preda-
tors, which produce toxins and detoxifying genes, respec-
tively. This logic can be extrapolated to the plant-fungus
interaction, and in that sense, we believe that the plethora
of cytochrome P450 monooxygenases in M. perniciosa
may be critical to detoxification and environmental adap-
tation as well as for disease development.

Another set of proteins related to detoxification processes
are the efflux transporters. Similarity searches in the Trans-
port Classification Database (TCDB - http://
www tcdb.org) [51] which compare the genome of M. per-
niciosa with other fungal genomes (Additional File 3 -
Worksheet Functional annotation and Worksheet Trans-
porters) verified an extended set of efflux transporters
from classes 3.A.1 {ABC superfamily) and 3.A.3 (P-type
ATPase Superfamily). The majority of ABC transporters
identified in M. perniciosa belong to the Pleiotropic Drug
Resistance (PDR) family and the ABC Conjugate (ABCC)

http://www.biomedcentral.com/147 1-2164/9/548

Transporter family. These proteins have been associated
with fungal pathogenesis [52] and heavy metal resistance
[53]. The members of P-type ATPase superfamily in M.
perniciosa include phospholipid translocating ATPases
family and fungal ENA-ATPases transporters, which are
involved with the efflux of excessive Na*, and especially
K+, encountered by fungi during colonization of plants
[54].

During the plant defense, reactive oxygen species (ROS)
are produced to limit the pathogen invasion [55]. How-
ever, pathogenic fungi produce antioxidant enzymes that
enable them to neutralize host ROS. M. perniciosa contains
a myriad of O,  and H,0, decomposing enzymes such as
superoxide dismutases, catalases, peroxiredoxins, glutath-
ione-system, thioredoxin-system enzymes and manga-
nese dependent peroxidases (Additional File 3 -
Worksheet Functional Annotation). Therefore, this fungal
genome harbors a complete ROS detoxification system.
Reports indicate that H,O, favors necrotrophic pathogens
infection [56,57]. Furthermore, M. perniciosa produces
calcium oxalate crystals (COC) [58], and a cacao suscepti-
ble genotype accumulates COC during M. perniciosa infec-
tion, followed by a programmed cell death (PCD) [59].
The degradation of COC produces carbon dioxide and
H,0,, suggesting that COCs can be important to necro-
trophic mycelia development. In addition, oxalate
chelates Ca?+, an important secondary plant defense mes-
senger and a key cross-linker of pectin in the middle
lamella pectin [60], and was found to be a trigger of PCD
in plants [61]. These findings suggest that oxalate favors
M. perniciosa infection by disorganizing plant defense and
plant cell wall structure, by facilitating the action of fungal
pectinases and possibly triggering PCD in the later stages
of WBD [59].

Genome variability: Mating-type genes and transposable
elements

Seven M. perniciosa gene models were found to be similar
to pheromone receptors (Additional File 3 — Worksheet
Functional Annotation). As a primary homothallic fun- _
gus, M. perniciosa does not use its mating type system to
outcross, but probably to promote the formation of clamp
connections, hyphae dikaryotization and for the expres-
sion of pathogenicity genes as in U. maydis [62]. Previous
reports have indicated that M. perniciosa exhibits high
genetic variability at the molecular level [11,63,64]. This
level of variability may be the reason M. perniciosa over-
comes resistant genotypes of cacao, such as Scavina 6 [65].
Furthermore, it has been postulated that the genome var-
iability found in homothallic M. perniciosa may be due to
transposable elements (TEs) and ectopic recombination
guided by the numerous copies of these elements found
in the genome [10]. The fact that retrotransposons were
identified in EST libraries and differentially expressed dur-
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Comparison of M. perniciosa protein families with other fungi. (A) comparison between cytochrome P450 monooxy-
genases, carboxylesterases, deuterolysins, thaumatins and aegerolysins; (B) comparison of plant cell wall degrading enzymes
from fungi that interact with plants. Mp = Monifiophthora perniciosa, Lb = Laccaria bicolor, Cc = Coprinopsis cinerea, Pc = Phanero-
chaete chrysosporium, Um = Ustilago maydis, Mg = Magnaporthe grisea, Cn = Cryptococcus neoformans, Fg = Fusarium graminearum,
Nc = Neurospora crassa, Sc = Saccharomyces cerevisioe. The legend at the right refers to the nomenclature of plant cell wall
degrading enzymes according to CAZy hitpi//www.cazy.org.
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ing M. perniciosa development [20], indicates that they are
active elements, which could contribute to genetic varia-
bility. Among the M. perniciosa TE families, Gypsy-like ret-
rotransposons were the most abundant, followed by
Copia-like retrotransposons (Tables 4 and 5; Additional
File 2; Additional File 3 - Worksheet Transposons). TEs
similar to P. chrysosporium Copia-like elements were found
in M. perniciosa genome inserted within putative cyto-
chrome P450 monooxygenase genes [66]. Curiously, they
were also inserted in a P. chrysosporium cytochrome P450
monooxygenase subfamily (Additional file 2 - family
255; Additional File 3 - Worksheet P450), suggesting that
these TEs may have a common ancestral origin in Basidi-
omycota. Retroelements of the tyrosine recombinase (YR)
order [67] and DNA transposons (class 11 transposons)
from CACTA [68], hATC [69,70] and Tc/Mariner [71]
superfamilies were also found. Finally, a previously
described Boto DNA transposon |M.V. Queiroz et al,
unpublished data] from the PIF/1S5 superfamily [72] was
also identified in a MCL family (Additional File 2 - family
251; Additional File 3 - Worksheet Transposons).

Plant Hormonal Disarrangement: Fungal genes related to

plant hormones biosynthesis

There is growing evidence of phytohormones being pro-
duced by pathogens during some infective processes |73].
For instance, the production of gibbercllins {GA); hor-
mones involved in the regulation of stem clongation, seed
germination, flowering and fruit maturation; have been
identified in phytopathogenic bacteria and fungi that
cause overgrowth symptoms, such as Giberella fujikuroi
and Sphaceloma manhiticola [74,75]. A scarch for homo-
logues of the fungal specific bi-functional ent-kaurenc
synthase (CPS/KS) responsible for the two-step cyclation
of GGDP in fungi [76] identified gene models similar to
the N-terminal domain of G. fujikuroi CPS/KS but did not
detect any sequence similar to the C-terminal domain of
this protein in M. perniciosa. Another gene model similar
to CPS/KS that lacks the C-terminal domain was found in
the Aspergillus niger genome (AM270241.1). Genes similar
to GA-4 desaturase and GA oxidases (cytochrome P450),
part of a GA biosynthesis gene cluster present in G.
fujikuroi and Phacosphaeria sp. were detected (Additional
File 3 — Worksheet Functional Annotation). Reinforcing
our data mining discover, is the fact that a gibberellin-like
compound was detected in basidiospores of M. perniciosa
[77]. We can theorize that the production of GA by M. per-
niciosa may confer the hyperplasic phenotype of the green
broom that resembles stem hyper-elongation caused by
GA-producing phytopathogens.

Another interesting discovery in the M. perniciosa genome
is the presence of genes encoding enzymes of two biosyn-
thetic pathways of indole-3-acetic acid (1AA), the most
abundant natural plant auxin. We found a gene similar to

hitp://www.biomedcentral.com/1471-2164/9/548

plant nitrilases (E.C 3.5.5.1) which catalyzes the direct
conversion of indole-3-acetonitrile into ammonia and
IAA. Additionally, potential genes for the IAA-producing
tryptamine pathway (one tryptophan decarboxylase, cop-
per amine oxidases and a hypothetical indole-acetalde-
hyde oxidase) were found (Fig. 6; Additional File 3 -
Worksheet Functional Annotation). Furthermore, a man-
ual annotation of EST libraries reveal the presence of an
aromatic amino acid aminotransferase, which could make
part of Indole-3-pyruvate 1AA biosynthetic pathway (Fig.
6). IAA regulates many plant biological processes includ-
ing cell elongation and fruit ripening. Recently, the pres-
ence of IAA in M. perniciosa basidiocarps was reported
[78]. IAA is produced by other fungal phytopathogens
such as biotrophics U. maydis and Taphrina deformans and
hemibiotrophic Colletotrichum gloeosporioides sp. [79-81],
and induces filamentation and invasive growth in S. cere-
visiae |82). Curiously, both Gibberellin and IAA induce
fruit parthenocarpy and act synergistically in plant organ
expansion {83], both of which are traits of WBD.

Cacao plantlets inoculated with M. perniciosa spores emit
higher levels of ethylene during the late stages of infection
than non-inoculated plants [13]. The plant hormone eth-
ylene stimulates elongation at low concentrations, and
senescernce, fruit ripening, and epinasty at high doses {84]
Auxins stimulate the synthesis of ethylene [85], which
together with gibberellins have integrated actions in plant
cell death [86) and stem elongation during phytochrome-
mediated shade avoidance, a phenomenon that occurs in
response to the low red o far-red light ratios (R:FR) under
dense canopies [87]. We hypothesize that in a dense and
shaded environment, such as a cacao plantation, the low
R:FR ratio eflects can be increased by the action of the
aforementioned phytohormones, explaining the shade

L-tryptophan

2-kotugiidatate

cos ] Tryplopnan

LagAmal dozarhosylana
(41120)
Atambitis anino acid "~
Ipisterase \
/ 126127
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02
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Figure 6
Indole-3-acetate (IAA) biosynthesis pathways. M. per-
niciosa gene models are annotated in red.
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avoidance, hypertrophy, and elongation of green brooms.
The presence of genes related to plant hormones produc-
tion in M. perniciosa supports previous data {77,78] and
suggests that this fungus can influence the plant metabo-
lism and defense, by altering hormona! balance during
infection [73,88].

Pathogenicity: Fungal effectors and pathogenicity
associated proteins

As a pathogen that colonizes the plant apoplast during its
biotrophic stage, M. perniciosa may release elicitor or effec-
tor proteins into the extracellular medium, which in turn
could evade or suppress the plant defense response.
Throughout WBD, M. perniciosa produces proteins with
the potential to kill plant cells, thereby releasing their con-
tents, which are absorbed by the fungus during its sapro-
trophic stage. Thus, M. perniciosa uses a varied arsenal of
effector proteins in order to complete its infection cycle.
Although some phytopathogenic fungi deliver effector
proteins into the cytoplasm by means of haustoria [89,90]
this type of structure is absent in M. perniciosa. Therefore it
is possible that this fungus secretes these proteins into the
apoplast, as has been described for other fungi [91]. Effec-
tor proteins that are recognized by plant resistance (R)
proteins are known as avr proteins. No orthologues to the
known Ascomycota avr genes, not even the U. maydis
genes contained in "biotrophic clusters” [92], were found
in the genome of M. perniciosa. However, ab initio gene
prediction with peptide signal analysis revealed 70 "no
hits" small proteins containing secretion signals and at
least two cysteines (see methods, Additional File 6),
which is a common trait of many proteins that are deliv-
ered into the host apoplast by phytopathogens [93]. In
order to validate 22 selected ab initio predictions, we con-
ducted RT-PCR using RNA from M. perniciosa sapro-
trophic mycelia. We validated the expression of 13 gene
models out of 22 tested, all of which contained secretion
signals (Additional File 7 - Primers No Hits Cys protein).
Possibly, the gene models that were not confirmed by RT-
PCR are expressed in other developmental stages of the
fungus (basidiome, spore, etc.). Additional File 8 depicts
the amplification of three of these genes. Whether these
proteins play a role in the pathogenicity of M. perniciosa or
in elicitation of cacao defense remains to be elucidated.

M. perniciosa contains Necrosis and Ethylene inducing
proteins (NEPs) and cerato platanins [19,94], which can
act in conjunction with a series of proteinases, hemolysin-
like proteins and carboxylesterases/lipases found in the
genome (Additional File 3 - Worksheel Functional Anno-
tation). These proteins appear to be part of the destructive
arsenal of M. perniciosa. The most abundant proteinases
in the genome of M. perniciosa are deuterolysins, a type of
fungal metalloproteinases that are similar to bacterial
thermolysin [95]. Compared to other fungi indicates that
M. perniciosa has a deuterolysin expansion (13 gene
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models; Fig. 5A; Additional File 4), suggesting an impor-
tant role for these proteinases during this fungus develop-
ment.

We also identified a gene family similar to agaricales Pleu-
rotus ostreatus and Agrocybe aegerita hemolysin-like aegero-
lysins. These proteins have cytolitic properties {96] and
seems to play an important role at the initial phase of fun-
gal fruiting by making the fungal membranes permeable
during cell signaling [96]. M. perniciosa genome contain a
family of aegerolysins (6 aegerolysins; Fig. 5A; Additional
File 4). None of the other agaricales fungi analyzed (L.
bicolor, C. cinerea and P. chrysosporium) contain these pro-
teins. Even though we could not assess the genomic data
of the basidiomycete containing aegerolysins, we suggest
that the diversification of these proteins in WBD causative
agent indicates their importance in M. perniciosa develop-
ment or even in fungi defense and infective process,

Carboxyesterases and lipases are overrepresented in M.
perniciosa (Tables 4 and 5; Additional Files 2 and 4).
According to CDD-PFAM, M. perniciosa have 38 gene
models annotated as carboxylesterases, approximately
twice the number of such proteins in other basidiomycete
(ectomycorrhizal L. bicolor (15); saprobes C. cinerea (19)
and P. crhysosporium (14); and biotrophic U. maydis (12);
Figure 5A; Additional File 3); while the hemibiotrophic
ascomycete F. graminearum and M. grisea have 40 and 29
carboxylesterases, respectively. We postulate that the great
number of carboxylesterases and lipases in M. perniciosa,
F. graminearum and M. grisea is related to their hemibio-
trophic lifestyle. In fact, these enzymes are induced during
carbon and nitrogen starvation [97}, and cell wall degra-
dation [98], two events that occur during hemibiotro-
phism.

Other genes associated with the plant-pathogen interac-
tion found in our analysis were similar to the SCP-like
superfamily proteins, which comprise pathogenesis
related (PR) proteins of family 1 (PR-1). Additionally,
gene models similar to PR-5/thaumatin superfamily were
also detected in the M. perniciosa genome (Additional File
3 - Worksheet Functional Annotation). R proteins are
well described as associated with defense reactions in
plants against various pathogens [99]. For instance, trans-
genic plants overexpressing PR-1 proteins were more
resistant to oomycete infection {100] and some Thauma-
tin-like proteins (TLPs) have B-glucanase activity, inhibit
xylanase and have antifungal properties [101-103].
Recently, proteins similar to PR-1 and thaumatin have
been characterized in animals and fungi [104,105], indi-
cating a conserved and important role in diverse organ-
isms. Based on CDD-PFAM analysis, M. perniciosa
contains the largest number of thaumatins of any fungus
sequenced, so far (7 thaumatins, Fig. 5A; Additional File
4).
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Both PR-1 and PR-5 are induced by salicylic acid (SA) in
plants [99]. Curiously, the M. perniciosa necrotrophic
(saprotrophic) mycelia were found to produce and have
tolerance to SA in axenic cultures [70]. Plants with WBD
have a higher content of SA when compared with healthy
plants [106]. M. perniciosa tolerance to SA could be
explained by the expression of genes encoding salicylate
hydroxylases, which were also detected in the genome
(Additiona! File 3 - Worksheet Functional Annotation).
In this scenario, high levels of SA could block the synthe-
sis of jasmonic acid (JA), a defense compound against
necrotrophic pathogens that acts as a necrosis inducer,
thus rendering the plant susceptible to the spread of M.
perniciosa [78,106]. In addition, it is possible that SA and
SA-induced proteins (i.e.,, PR-1, PR-5) may act to limit
competition from other microbial competitors during
WRD progression, which would be an important compo-
nent of the M. perniciosa pathogenicity strategy.

Colonization: Plant cell wall degrading enzymes (PCWDE)
Degradation of hemicellulose, cellulose, pectin and depo-
lymerization of lignin are some of the mechanisms that
necrotrophic fungi use to colonize plant tissues [107]. We
identified genes encoding enzymes involved in degrada-
tion of hemicellulose and cellulose, including B-1,4 cellu-
lases, exocellobiohydrolases, endo-beta-1,4-xylanases and
endoglucanases; genes encoding lignolytic enzymes
including manganese dependent peroxidase and multi-
copper polyphenoloxidases (laccases); and genes encod-
ing enzymes involved in pectin degradation, such as
pectate lyases, polygalacturonases {pectinases) and pectin
methylesterases (pectinesterase) (Additional File 3 -
Worlksheet Functional Annotation). M. perniciosa have an
arsenal of plant cell wall degrading enzymes that is similar
to that found in the hemibiotrophic pathogens F. gramine-
arum and M. grisea (Fig. 5B; Additional File 9). Biotrophic
U. maydis and symbiont L. bicolor have a minimal set of
PCWDEs what is in accordance with their lifestyle (Fig.
5B; Additional File 9).

Pectate lyases (PL1 and PL3 according to CAZy nomencla-
ture - hup://www.cazy.org) cleave pectin, an essential
component of plant cell walls. Among the fungi analyzed,
E. graminearum and M. perniciosa contain the largest
number of PLs (Fig. 5B; Additional File 9). Unlike M. gri-
sea, the other hemibiotrophic analyzed, F. graminearum
and M. perniciosa does not have specialized structures
(appressoria) for non-enzymatic penetration of plants,
and colonizing the apoplast by breaching the middle
lamella barrier (Fig. 7). In addition, both are able to infect
dicotyledons that contain cell walls with larger amounts
of pectin than monocots [108]. This analysis suggests that
PLs have an important role for pathogens that colonize
the apoplast of dicotyledons.
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Insights into M. perniciosa intermediary metabolism and
WBD development

Pathogen energy status and the acquisition of host meta-
bolic compounds by the pathogen are factors that deter-
mine the outcome of disease onset. Therefore, enzymes of
M. perniciosa involved in intermediary metabolism (i.e.,
reactions concerned with storing and generating meta-
bolic energy) may have an important role during WBD
(Additional File 3 - Worksheet Functional Annotation}.
During the first stages of WBD, M. perniciosa may encoun-
ter a nutrient-poor and extreme oxidative environment
containing host defense molecules, such as nitric oxide
(NO), an inhibitor of the cytochrome respiratory pathway
[109]. Under these conditions, the activity of a NO toler-
ant alternative oxidase (AOX) may constitute a critical
bypass mechanism for the cytochrome pathway [110-
112]. A single copy of AOX was detected in M. perniciosa,
and preliminary experiments indicate that this gene has a
higher expression in fungi grown in nutrient-poor media
(data not shown).

Following this scenario, in the low-energy status repre-
sented by the biotrophic phase, AOX may provide NAD+
for the turnover of the mitochondrial tricarboxylic acid
cycle (TCA) and the peroxisomal glyoxylate cycle (GLOX).
Many reports have documented the importance of GLOX
for phytopathogens during host infection [113-115]. All
genes coding for proteins of this enzymatic pathway are
present in the genomeof M. perniciosa, including the key
enzymes isocitrate lyase and malate synthase (Additional
File 3 ~ Worksheet Functional Annotation).

Curiously, M. perniciosa is able to use methanol as the
only carbon source (data not shown), indicating that this
fungus may have a methylotrophic metabolism. Methylo-
trophism have been extensively studied in methylo-
trophic yeasts such as Pichia angusta and recently
methanol oxidases (MOX) have been described in fila-
mentous fungi such as C. fulvum [116] and wood-degrad-
ing basidiomycete Gloephyllum trabeum [117]. A gene
encoding a MOX was identified in M. perniciosa genome
{Additional File 3 - Worksheet Functional Annotation).
Interestingly, this gene was previously detected as being
overexpressed in biotrophic-mycelia [20]. The methanol
catabolism enzymes formaldehyde dehydrogenase and
formate dehydrogenase (Additional File 3 - Worksheet
Functional Annotation) were also found in the genome,
which provides evidence that M. perniciosa indeed hydro-
lyzes methanol. Methanol is, possibly, derived from the
first step of pectin hydrolyzation performed by the cell
wall degrading enzyme pectin methylesterase [118], or
from demethylation of lignin that occurs after manganese
peroxidase and/or laccase action [117]. We can not dis-
count the possibility that the biotrophic fungi can use the
methanol produced by pectin metabolism during normal
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Figure 7

An illustrated hypothetical model for WBD. Model correlating classical symptoms of green and dry broom in the field
(A, C and E), M. perniciosa development inside cacao (B: biotrophic stage, D: transition from biotrophic to saprotrophic stage,
F: saprotrophic stage) and molecular and cellular events displayed by the fungus in each developmental stages, based on genes
annotated in genome survey (right side of the panel). Notice in B (right side) the presence of biotrophic mycelia in the apoplast
surrounded by intact living cells. Also notice in C the presence of biotrophic mycelia (arrowhead) and saprotrophic mycelia

(double arrowhead) inside a necrotic region. Micrographs scales: B left side: 15 pM; B right side: 25 uM; D: 50 pM; F: 50 uM.

cell wall synthesis in early stages of plant expansion [119].
The possibility that M. perniciosa is methylotrophic resem-
bles the methylobacteria nutritional strategy, which pro-
vides an ecological advantage over non-methylotrophic
microorganisms present in the phyllosphere [120].

Previous data indicated that the utilization of glycerol,
instead of fermentable sugars (i.e., glucose), is an impor-
tant environmental clue for the maintenance of the bio-
trophic stage [18,121]. Accordingly, our group detected
higher amounts of glycerol during the biotrophic fungal
phase of the green brooms development than in dry
brooms [13]. Additionally, in vitro assays showed that the

shift from glucose to glycerol media increased anti-oxida-
tive defenses of M. perniciosa mycelia [122]. This result
correlates well with green broom environment (high con-
tent of glycerol and ROS) raising the possibility that glyc-
erol is a critical metabolite during the initial stages of the
disease cycle. Genes involved in glycerol metabolism and
uptake are present in M. perniciosa, including a biotrophic
induced aquaglyceroporin transporter [20] (Additional
File 3 - Worksheet Functional Annotation), suggesting
that this fungus is able to acquire extracellular glycerol.

After 35 days of WBD, glucose levels increase again, con-
comitant with a reduction in starch levels [13]. We found
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a gene model similar to a secreted glucoamylase in the M.
perniciosa genome (Additional File 3 — Worksheet Func-
tional Annotation). Gibberellin is an inducer of a-amy-
lase production [123]. We can envisage a disease scenario
in which the fungus produces an extracellular amylase
and hormones (i.e., gibberellin) that triggers plant amylo-
Iytic activity, which then decrease starch content. The
resulting glucose can be utilized by the plant since at this
stage the green brooms/infected tissues are rapidly grow-
ing or even be acquired by the pathogen at the transition
phase between biotrophic and necrotrophic stages.

Nitrogen starvation also appears to be a factor that influ-
ences the biotrophic lifestyle [124] and is associated with
the expression of pathogenicity genes and PCWDE,
mainly in hemibiotrophic and biotrophic fungi that deal
with nutrient deprivation during early infection [125].
Our data from microarray and EST analysis suggests that
nitrogen catabolite repression (NCR) occurs in M. pernici-
osa by the induction of GABA permease, tRNA synthetates
and AROM protein [20]. As reported previously [20]M.
perniciosa contains a gene homologous to CLNR1 from the
hemibiotrophic fungus C. lindemuthianum (Additional
File 3 - Worksheet Functional Annotation), a global nitro-
gen regulator that belongs to the AREA/NIT2 family.
CLNRI1 activates enzymes and transporters that enable
uptake and catabolism of secondary nitrogen sources
[126]. The depletion of CLNR1 impaired the fungal switch
to necrotrophy [124], emphasizing the importance of
nitrogen catabolism in hemibiotrophic development. Our
genomic data mining identified a gene similar to NPR2,
which encodes a regulatory protein that may act upstream
of the AREA/NIT? protein (Additional File 3 - Worksheet
Functional Annotation). NPR2 is required for the expres-
sion of the M. grisea pathogenicity gene MPG1 [127]. In
addition, genes that encode enzymes involved in alterna-
tive nitrogen sources uptake (i.e., GABA transporter, urea
permease and nitrate transporter) and metabolism (i.e.,
urease, nitrate reductase, nitrite reductase, arginase and
uricase) were identified (Additional File 3 — Worksheet
Functional Annotation). The presence of such genes in M.
perniciosa genome indicates that this fungus could allocate
and utilize alternative nitrogen sources in the absence of
preferential nitrogen sources (glutamine and ammonia)
reinforcing our hypothesis that M. perniciosa suffers NCR
during early stages of WBD.

Conclusion

Our analysis of the M. perniciosa genome survey yielded
interesting insights and clues into the molecular mecha-
nisms underlying WBD. As far as we know, this is the first
phytopathogen included in the order Agaricales
sequenced. Therefore, our results support the investiga-
tion of pathogenicity mechanisms among Agaricales and
Basidiomycete. In addition, we provide an approach for
normalization of gene family data in a genome survey that
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can aid the genomics community interested in functional
analysis in incomplete genome data.

Based on annotated fungal genes from this report and
from previous other studies, we designed a hypothetical
model for WBD that correlates plant phenotype changes
that happen during the disease with the developmental
progression of M. perniciosa (Fig. 7).

After penetration and adhesion to the plant, the bio-
trophic fungus slowly grows inside the apoplast causing a
series of phenotype changes in cacao, such as hypertrophy
and hyperplasia, phototropism and epinasty, by secreting
phytohormones that unbalance cacao metabolism (Fig 7A
and 7B). In addition, M. perniciosa has to deal with nitro-
gen deprivation in the apoplast, which signals the produc-
tion of proteins related to the acquisition of alternative
nutrient sources, proteolysis and amino acid synthesis.
Furthermore, the fungus takes advantage of the increasing
content of glycerol in the green broom, an important cue
for biotrophic stage maintenance, by expressing aquaglyc-
eroporins. As previously discussed [13], the starch accu-
mulated in early stages of green brooms seems to be
metabolized to glucose, which suggests an amylolytic
activity exerted by fungi and/or by plant amylases. This
increase of glucose is not accompanied by an increase of
fructose, but by a sucrose augmentation. Since photosyn-
thesis is not increased during WBD, we suggest that
sucrose is translocated from other tissues to the green
brooms. Therefore, we hypothesize that these mecha-
nisms cause a source-to-sink transition in stem, turning
green brooms into a drain of nutrients.

After numerous physiological and biochemical changes in
the plant, which may be caused by the fungal infection,
there occurs a transition from the biotrophic to the sapro-
trophic lifestyle (Fig. 7C and 7D). This change could result
from the increase of nutrients in the fungal environment
and may be controlled by an AREA/NIT2-like regulator.
During this transition phase, the plant displays the begin-
ning of necrosis at the distal portion of the leaves that
could be due to the action of NEPs and cerato-platanins
that are expressed in the biotrophic hyphae. In addition,
M. perniciosa produces PCWDEs, such as pectinases,
whose action aids the fungus in breaching the middle
lamella barrier. Pectin degradation releases methanol,
which in turn could be used by M. perniciosa as a carbon
source, through the action of a MOX and other methanol
metabolizing enzymes. Moreover, the calcium released
from pectin disruption could be scavenged by the oxalate
synthesized by the fungus, a compound that triggers cell
death. The release of cell content during necrosis, and the
probable aforementioned source-to-sink transition, may
influence, or even be indispensable to the M. perniciosa
switch from biotrophism to saprotrophism. Thus, the
postulated carbon and nitrogen catabolite repression dis-
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played by the biotrophic mycelia would be switched off,
thus causing the mycelial change to its invasive dikaryo-
tic/saprotrophic stage.

During disease progression, and mainly during coloniza-
tion of saprotrophic hyphae, M. perniciosa must deal with
an intense oxidative environment. Based on our analysis
this stress can be overcome by the action of several anti-
oxidative and detoxifying enzymes. Furthermore, we
believe that M. perniciosa exerts a negative control on plant
defense against necrotrophic/saprotrophic fungi by pro-
ducing salicylic acid, which would limit competition by
other fungi by the action of antifungal proteins. Finally,
after alternating wet and dry periods, the formation of the
basidiomes produced by saprotrophic hyphae occurs.

Jatin American cacan crops suffer tremendous damages
caused by WBD, which mainly affects small acreage farm-
ers. Such impact in the relatively primitive cacao cultiva-
tion system not only affects the socio-economic status of
farmers but also the preservation of the rainforest. The
demand for strategies that limit cacao diseases requires an
intense effort in understanding the pathogenicity and
plant resistance mechanisms. Further sequencing projects
of cacao and its pathogens will serve as a background for
the integration of transcriptomics, proteomics and metab-
olomics of these species in a systems biology approach.
Such initiatives will provide tools for biological control,
crop management and cacao biotechnology to combat
cacao diseases. We believe that our report is the first step
towards such an integrative initiative and provides
insights into the molecular mechanisms of WBD which
can aid the cacao's WBD-concerned community to
develop control strategies for this plant-fungus interac-
tion.

Methods

Biological material, libraries construction and sequencing
Total DNA was extracted from saprotrophic hyphae of M.
perniciosa strain FA553 (CP02) maintained in Malt Yeast
Extract Agar (Difco) at 27°C. DNA was extracted from
grounded mycelia by incubation in CTAB buffer (CTAB
3%, NaCl 1.4 M, EDTA 20 mM pH 8.0, Tris-HC] 10 mM
pH 8.0, PVP 1.0%, B-mercaptoethanol 0.2%) at 65°C dur-
ing 30 min; followed by one phenol:chloroform:isoamyl
alcohol (25/24/1) wash, precipitation with sodium ace-
tate pH 5.2 (0.1 Vol) and cold 100% ethanol (2 Vol).
DNA was eluted in deionized water and sheared by neb-
ulization and sonication into fragments of approximately
2 Kbp, which were size selected on agarose gels and puri-
fied with S.N.A.P. Gel Purification Kit (Invitrogen - Life
technologies, USA). DNA fragments were blunt-end
ligated into the pCR4Blunt plasmid (Invitrogen - Life
technologies, USA). Approximately 50 genomic libraries
were constructed, each one corresponding to individually
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growing cultures. Sequencing was done in an ABI Prism
3700 sequencer (Applied Biosystems, USA).

Clustering

The resulting chromatograms were submitted to the M.
perniciosa database and subjected to automatic base call-
ing using the software PHRED [128]. The contaminating
vector sequences and low quality shotgun reads, without
at least 100 bp with phred note 2 16 were trimmed by
using the program LUCY [129]. Shotgun reads showing
significant sequence similarity (BLASTn, E-value 2 1E-30)
with M. perniciosa mitochondrial sequences (see above)
were removed from subsequent assemblies. The clustering
and assembly were performed using the software PHRAP
hitp://www.phrap.org. Afterwards, low quality regions of
singlets previously evaluated by LUCY (the last window of
10 bp that has an average probability of error given by
phred < 10) were trimmed. The remaining clusters were
subjected to similarity searches against the NCBI non-
redundant protein and nucleotide database using the
BLAS1x and tBLASTX, respectively, with an E-value cutoff
of 1L-5.

Genome Length Statistical Validations

Statistical analyses of the genome length were performed
using two approaches. The first one was based on the Dog
genome survey using counting of start positions offsets for
overlapping reads [31] (for further details see Additional
File 1). The second was based on Lander Waterman The-
ory, [34] and their applications [35,36], which estimate
the theoretical values of expected number of clusters (con-
tigs + singlets), contigs, gaps, average cluster size and aver-
age gap size, using the effective average read length (L),
the total number ol reads in the assembly (N) and the esti-
mated genome size (G). L is the average number of base
pairs of a read that contributes to the contig through pars-
ing of ace file hitp://www.phrap.org. In our analysis L was
equal to 550 bp. In order to estimate the gap size distribu-
tion in the M. perniciosa genome survey, we performed a
comparison between a set of eukaryotic core protein (gen-
erated by CEGMA pipeline [37]) and M. perniciosa contigs
using TBLASTN with threshold of 1e-10 for the E-value
(Further details in Additional File 1). The estimation of
misassembled sequences due to repetitive regions in the
genome was performed using the integrated pipeline
amosvalidate [38] (Further details in Additional File 1).

Gene Finding

EST against genome alignments

The alignment of ESTs with genomic sequences was per-
formed using the package GeneSeqer [130] with the pre-
built Aspergillus intron model. 300 highly confident
introns were selected and used as an input for Exalin pro-
gram [39] that is able to build a splice site model for an
organism. The positions of the splice sites as assigned by
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Exalin were used to rank overlapping gene predictions
(see below).

Ab initio gene models prediction

The ab initio gene models prediction was performed with
the trainable, open source gene predictors AUGUSTUS
[40], SNAP [41] and GENEZILLA [42]. Ten copies of an
artificial sequence of 240 Kbp (total of 2.4 Mbp) formed
by the concatenation of the M. perniciosa ESTs coding
regions, together with a C. cinerea gene dataset containing
1.2 Mbp were submitted to "pre-training” in AUGUSTUS
gene predictor. M. perniciosa resulting predictions were
compared with the protein databank NR using BLASTp.
The predictions with similarities in NR, and with coverage
> 90%, were selected. After redundancy elimination, M.
perniciosa gene models were used to train the three gene
finders aforementioned, Predictions with less than 30
amino acids were eliminated, and the remaining predic-
tions were grouped in overlapping clusters.

Ab initio gene models ranking

The predictions in each overlapping cluster were ranked
according to the criteria used by the Fungal Genome Initi-
ative at Broad institute http://www.broad.mil.edu. In each
cluster, the "best" ab initio gene model according to the
stipulated criteria was selected for functional annotation.
The criteria for the ranking of the gene models were the
following:

1. Manual annotation had priority over all other evi-
dences;

2. Predictions with EST evidences had priority over the
predictions without EST evidences;

3. If two predictions had EST evidences, the one with
more splice sites in exact agreement with ESTs had prior-

ity;

4. Prediction with similarities with known proteins had
priority. A prediction was considered to be similar to
some known protein if it had an E-value of at most 1e-10
(BLASTP against NR+Phanerochaete chrysosporium protein
set);

5. If two predictions had similarity with known proteins,
the one with better coverage score had priority. The cover-
age score was defined as 2 x CP x CH/(CP+CH), where CP
is the coverage of the prediction and CH is the coverage of
the similar protein;

6. In clusters without similarity with known proteins and
without EST evidence, the priority was for AUGUSTUS,
SNAP and GENEZILLA, in this order. This criterion was
chosen according to the performance of the three pro-
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grams in a dataset of 60 genes structures visually
inspected

A final filter discarded gene predictions reported by only
one program, without similarity to known proteins and
without EST evidence.

Extrinsic gene models prediction

The extrinsic gene model predictions were performed by
two methodologies. First, 17,991 contigs and 7,065 sin-
glets were submitted to similarity analysis in a databank
containing BLASTX-NR plus Phanerochaete chrysosporium
proteins. The genomic regions containing homologues in
this databank were selected and assigned as putative gene
models. GenomeThreader [131] program was used to
make protein-DNA spliced alignments between the
BLAST first hit against and the genomic sequence, serving
as a guide to delimit the start and stop codons and exon-
intron boundaries of the regions of the contigs containing
similarity with GenBank.

Concurrently, M. perniciosa ESTs aligned with genomic
clusters (see above) were inspected to verify if the region
in which they aligned contained a BLAST extrinsic predic-
tion gene model. These extrinsic gene models (EST and
BLAST) were compared with each other to evaluate the
amount of gene models predicted by these methods. After
these comparisons, the extrinsic gene models were
divided into 4 datasets:

(i) ESTMODELS: retrieved from the spliced alignments of
the ESTs against the genomic clusters not covered to a
BLAST extrinsic gene models prediction. Low score spliced
alignments and ESTs that seen clearly to be UTR of a
neighboring prediction were not included.

(i) BLASTMODELS: derived from BLAST extrinsic gene
models predictions analysis covering genomic regions
without EST evidence.

(iii) COMBINEDMODELS: gene models derived from
genomic sequence regions with BLAST hit and EST evi-
dence.

(iv) CURATEDMODELS: extrinsic predictions manually
annotated for manual correction of merged or split pre-
dictions. The genomic survey and gene models nomen-
clature are depicted in additional file 10.

tRNA prediction

For tRNA prediction, the tRNAscan-SE program [132] was
taken into account with the default parameters, which
searched for conserved sequences and the characteristic
secondary structure of tRNAs,
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MCl-families clustering

MCL graph clustering algorithm was applied to generate
M. perniciosa gene families using WU-TBLASTx "all against
all" as the tool used for aligning the gene models [43].

Normalization of gene family data

The normalization of gene family data was performed by
comparison between C. cinerea proteins and M. perniciosa
gene models, using TBLASTN with 1E-10 of E-value
threshold. The number of gene models similar to a C. cin-
erea protein was plotted according to protein length. The
equation that estimates the number of gene models repre-
senting the same protein was generated using linear
regression fitting. This equation was used to estimate a
normalization factor to each MCL family and CDD-PFAM
domain according to the average of protein length of their
members.

Automatic Annotation and Metabolic Maps

The automatic annotation program AutoFACT [47] was
used for functional annotation of gene models. The set of
coding sequences from gene models were submitted to
similarity searches against the UNIREF100, UNIREF90,
NR, and KEGG databases using BLASTx (E-value < 1E-5)
and against CDD-PFAM using RPS-BLAST (E-value < 1E-
5) [48). These results were submitted to AutoFACT, which
searches for a consensus in the results and output descrip-
tions and statistics about protein domains and families.

For an inference of M. perniciosa metabolic maps, we used
Pathway Tools (version 11.0), a software of BioCyc data-
bases [49], which generates a metabolic map from a pre-
viously annotated genome. The pathways that are
probably present in the genome are imported from a ref-
erence database, following the Pathway Tools parameters
[133]. The annotated genome input was obtained from
EST manual annotation and from M. perniciosa gene mod-
els AutoFACT annotation, using as main information the
product name and, if available, E.C. numbers. Metabolic
pathways of interest were manually annotated for the
elimination of false positives.

The analysis of transporters was made based on a BLASTX
search of M. perniciosa gene models and other fungal
genes against TCDB (Transport Classification Database -
hup://www.tcdb.org), using a threshold of E-value 1E-05.
All classes from third level that contained at least one spe-
cies with 2% or more of representations were separately
represented in the results.

Selection and expression confirmation of no hits ab initio
gene models

The selection of ab initio gene models was performed
using a SQL query wizard. As input, we ask for gene mod-
els without similarity in GenBank NR, which encoded

http://www.biomedcentral.com/147 1-2164/9/548

proteins that contained at least 2 cysteines and a signal
peptide, previously identified by Signal-P 3.0 program
[134]. 74 gene models were then selected and their nucle-
otide sequences were used as template for the design of
primers nested in: (i) the sequence encoding the putative
signal peptide (SPE); (ii) the sequence encoding the puta-
tive first amino acid of mature protein (MAT) and; (iii)
the sequence containing the putative stop codon (END).
The latter was designed in reverse complement ("reverse")
to allow gene amplification using the other two primers
("forward"). RT-PCR analysis was performed to validate
the expression of ab initio predicted gene models. RNA
from saprotrophic mycelia was extracted using hot-phe-
nol method with modifications [135]. Equal amounts of
total RNA from CP02 saprotrophic mycelia cultures (24 h,
48 h, 4 days and 7 days) were mixed. After DNase (Invit-
rogen, USA) treatment, 2 pg of total RNA was reverse tran-
scribed using Superscript RTII (Invitrogen, USA) in a total
volume of 20 uL, following the manufacturer's instruc-
tions. PCR reactions were conducted according to primers
(MWG, Imprint Genetics Corp) temperature of melting
(TMs).
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MCL analysis of M. perniciosa gene models. All predicted proteins were
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Functional annotation of M. perniciosa gene models discussed in this
paper. 1D: gene model; First Hit (BLASTX-NR): Most similar sequence
in GenBanl; E-value: E-value of most similar sequence; AutoFACT anno-
tation: automatic annotation by AutoFACT; AutoFACT E-value: E-value
of AutoFACT annotation; EST: presence (Y) or absence of an EST aligned
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Ranling of CDD-PFAM families annotated in M. perniciosa. Gene
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entry; PFAM Domain: PFAM entry; #Hits Domains: number of gene
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ism; Norm Factor: factor used to normalize the number of gene models
containing each CDD-PFAM domain; # Hits Domains Norm: nonmnal-
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nusing normalization (Rank_Norm) or not using normalization
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BioCyc comparison between S. cerevisiae and M. perniciosa meta-
bolic pathways. Worksheet Compounds: Comparison of number of reac-
tions in each organism containing the compounds described in the table;
Worksheet pathways: Comparison of number of pathways in each organ-
ism present in each pathway class. The two largest top-level classes, Bio-
synthesis and Degradation/Utilization/Assimilation, arc broken down
further to show the distribution of pathways among their next-level sub-
classes.
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2164-9-548-55.xls]
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Additional file 6

Annotation of gene models with no similarity in BLASTX-NR encod-
ing hypothetical small secreted proteins containing at least 2 cysteines.
ID: gene model; # residues: number of amino acids of predicted protein
encoded by the gene model; # cysteines: number of cysteines in predicted
protein; Binomial RT; statistical analysis of cysteines presence in gene
models (see methodological details in the file).
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Primers used in the amplification of no hits gene models encoding
hypothetical small secreted proteins containing at least 2 cysteines. ID:
gene model; Set of primers: Group of primers used for the amplication of
a gene model. Primer sequence: sequence of primers (SPE - nested in
sequence encoding the putative signal peptide; MAT — nested in sequence
encoding the putative first amino acid of mature protein; END - nested
in sequence containing the putative stop codon). Amplification: positive
(Y) or negative (N); EST: presence (Y) or absence (N) of an EST aligned
in this gene model; Length: length of amplicon in genomic and cDNA
using two combinations of primers (SPE-END; MAT-END).
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Additional file 8

Examples of amplifications of no hits gene models. PCR amplicons were
run on 1% agarose gels. SPE: amplicons resulted from amplification with
SPE and END primers; MAT: amplicons resulted from amplification with
MAT and END primers; Ctl: water as template (control); Gen: genomic
DNA as template; Glu: cDNA from saprotrophic mycelia grown in glucose
as template; Cac: cDNA from saprotrophic mycelia grown in cacao extract
as template; M: DNA molecular marker
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Additional file 9

Comparison of plant cell wall degrading enzymes in fungi that inter-
act with plants. PEAM entries were correlated with the CAZy nomencla-
ture hitp: fhownw cazy.org of plant cell wall degrading enzymes.
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Genomic survey sequences and gene models nomenclature.
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WHAT IS CLAIMED I8S:

1. A variant adeno-associated virus (AAV) capsid protein comprising a peptide
insertion in the GH-loop of the capsid protein relative to a corresponding parental AAV capsid
protein, wherein the peptide insertion comprises the amino acid sequence ISDQTKH (SEQ ID
NO:14).

2. The variant AAV capsid protein of claim 1, wherein the peptide insertion
comprises the amino acid sequence Y1Y2ISDQTKHY3, wherein each of Y1-Y3 is independently
selected from Ala, Leu, Gly, Ser, Thr, and Pro.

3. The variant AAV capsid protein of claim 2, wherein the peptide insertion

comprises or consists of the amino acid sequence LAISDQTKHA (SEQ ID NO:28).

4. The variant AAV capsid protein of any one of claims 1-3, wherein the insertion
site is located between amino acids corresponding to amino acids 587 and 588 of VP1 of AAV?2

(SEQ ID NO:2) or the corresponding position in the capsid protein of another AAV serotype.

5. The variant AAV capsid protein of any one of claims 1-4, wherein the capsid
protein comprises one or more amino acid substitutions relative to VP1 of AAV2 (SEQ ID
NO:2) or one or more corresponding substitutions in the capsid protein of another AAV

serotype.

6. The variant AAV capsid protein of any one of claims 1-5, wherein the capsid
protein comprises one or more of the following amino acid substitutions relative to VP1 of
AAV2 (SEQ ID NO:2) or the corresponding substitution(s) in the capsid protein of another AAV
serotype: M1L, L15P, P34A, N57D, N66K, R81Q, Q101R, S109T, R144K, R144M, Q164K,
T176P, L1881, S196Y, G226E, G236V, 1240T, P250S, N312K, P363L, D368H, N449D, T456K,
S463Y, D472N, R484C, A524T, P535S, N5518S, AS93E, 1698V, V7081, V719M, S721L, and
L735Q.

7. The variant AAV capsid protein of claim 6, wherein the capsid protein comprises
a P34A amino acid substitution relative to VP1 of AAV2 (SEQ ID NO:2) or the corresponding
substitution in the capsid protein of another AAV serotype.
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8. The variant AAV capsid protein of claim 7, wherein the capsid protein comprises
an amino acid sequence at least 90% identical, at least 95% identical, at least 99% identical or

100% identical to the entire length of the amino acid sequence set forth as SEQ ID NO:42,

9. The variant AAV capsid protein of claim 8, wherein the capsid protein consists

essentially of the amino acid sequence set forth as SEQ ID NO:42.

10.  The variant AAV capsid according to any one of claims 1-9, wherein the capsid
protein confers to an infectious recombinant AAV (rAAV) virion an increased infectivity of a
retinal cell compared to the infectivity of the retinal cell by an AAV virion comprising the

corresponding parental AAV capsid protein.

11.  Anisolaled nucleic acid comprising a nucleotide sequence that encodes a variant

AAYV capsid protein according to any one of claims 1-10.

12.  Aninfectious rAAV virion comprising a variant AAV capsid protein according to

any one of claims 1-10.

13.  The rAAV virion according to claim 12, further comprising a heterologous

nucleic acid encoding a gene product.

14, The rAAV virion according to claim 13, wherein the gene product is a protein or

short interfering RNA.

15.  The rAAV virion according to claim 14, wherein the variant AAV capsid protein
comprises an amino acid sequence having at least 90%, at least 95%, or at least 99% amino acid
sequence identity to the amino acid sequence set forth in SEQ ID NO:42 and wherein the
heterologous nucleic acid comprises a nucleotide sequence encoding a Rab escort protein-1

protein.

16.  The rAAV virion according to claim 15, wherein the variant AAV capsid consists
of the amino acid sequence set forth as SEQ ID NO:42 and wherein the nucleotide sequence

encoding the Rab escort protein-1 protein is operably linked to a CAG promoter.

17.  The rAAV virion according to claim 14, wherein the variant AAV capsid protein
comprises an amino acid sequence having at least 90%, at least 95%, or at least 99% amino acid

sequence identity to the amino acid sequence set forth in SEQ 1D NO:42 and wherein the
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heterologous nucleic acid comprises a nucleotide sequence encoding a retinitis pigmentosa

GTPase regulator protein.

18.  The rAAV virion according to claim 17, wherein the variant AAV capsid protein

comprises or consists of the amino acid sequence set forth as SEQ ID NO:42.

19. The rAAYV virion according to claim 18, wherein the nucleotide sequence
encoding the retinitis pigmentosa GTPase regulator protein is operably linked to a rhodopsin

kinase promoter.

20. The rAAV virion according to claim 14, wherein the variant AAV capsid protein
comprises an amino acid sequence having at least 90%, at least 95%, or at least 99% amino acid
identity to the amino acid sequence set forth in SEQ ID NO:42 and wherein the heterologous
nucleic acid comprises a nucleotide sequence encoding a polypeptide that inhibits the activity of

vascular cndothclial growth factor (VEGF).

21.  The rAAYV virion according to claim 20, wherein the variant AAV capsid protein

comprises or consists of the amino acid sequence set forth as SEQ ID NO:42.

22.  The rAAV virion according to claim 21, wherein the polypeptide is a fusion

protein or antibody.

23. A pharmaceutical composition comprising an rAAYV virion according to any one

of claims 14 to 22 and a pharmaceutically acceptable excipient.

24. A method for delivering a heterologous nucleic acid to a retinal cell comprising
contacting the retinal cell with an rAAYV virion according to any one of claims 14 to 22 or a

pharmaceutical composition according to claim 23.

25. The method according to claim 24, wherein the retinal cell is selected from the
group consisting of retinal ganglion cells, amacrine cells, horizontal cells, bipolar cells,

photoreceptor cells, Miiller glial cells, microglial cells and retinal pigment epithelium.

26. The use of an rAAYV virion according to any one of claims 14 to 22 or a

pharmaceutical composition according to claim 23 for the manufacture of a medicament.
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27. The use of an rAAV virion according to claim 15 or 16 or a pharmaceutical
composition comprising an rAAV virion according to claim 15 or 16, for the manufacture of a

medicament for the treatment of choroideremia.

28. A method to treat choroideremia in a subject in need thereof comprising
administering to the subject an effective amount of an rAAYV virion according to claim 15 or 16

or a pharmaceutical composition comprising an rAAV virion according to claim 15 or 16.

29. The use of an rAAYV virion according to any one of claims 17 to 19 or a
pharmaceutical composition comprising an rAAYV virion according to any one of claims 17 to 19

for the manufacture of a medicament for the treatment of X-linked retinitis pigmentosa.

30 A method to treat X-linked retinitis pigmentosa in a subject in need thereof
comprising administering to the subject an effective amount of an rAAV virion according to any
onc of claims 17 to 19 or a pharmaccutical composition comprising an rAAV virion according to

any one of claims 17 to 19.

31. The use of an rAAYV virion according to any one of claims 20 to 22 or a
pharmaceutical composition comprising an rAAYV virion according to any one of claims 20 to 22,
for the manufacture of a medicament for the treatment of wet age-related macular degeneration,

diabetic retinopathy, diabetic macular edema, or choroidal neovascularization.

32. A method to treat wet age-related macular degeneration, diabetic retinopathy,
diabetic macular edema, or choroidal neovascularization in a subject in need thereof, comprising
administering to the subject an effective amount of an rAAYV virion according to any one of
claims 20 to 22 or a pharmaceutical composition comprising an rAAV virion according to any

one of claims 20 to 22.

33. The use of an rAAV virion or pharmaceutical composition according to any one
of claims 26, 27, 29, and 31, wherein the rAAV virion or pharmaceutical composition is for

administration by intravitreal injection.

34, The method according to any one of claims 28, 30 and 32, wherein the rAAV

virion or pharmaceutical composition is administered to the subject by intravitreal injection.

35.  The use of an rAAV virion or pharmaceutical composition according to any one

of claims 26, 27, 29 and 31 wherein the medicament is for treating a human subject.
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human.

36.

The method according to any one of claims 28, 30 and 32, wherein the subjectis a
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REIVINDICACIONES

1. Una proteina de la capside del virus adenoasociado (AAV) variante que
comprende una insercion peptidica en el bucle GH de la proteina de la capside con
respecto a una proteina de la capside del AAV parental correspondiente, en donde la
insercién peptidica comprende la secuencia de aminoacidos ISDQTKH (SEQ ID NO:14).

2. La proteina de la capside del AAV variante de acuerdo con la reivindicacién
1, en donde la insercion peptidica comprende la secuencia de aminoacidos
Y1Y2ISDQTKHY3 en donde cada Yi-Ys se selecciona de manera independiente de Ala,
Leu, Gly, Ser, Thr, y Pro.

3. La proteina de la capside del AAV variante de acuerdo con la reivindicacion
2, en donde la insercién peptidica comprende o consiste en la secuencia de aminoacidos
LAISDQTKHA (SEQ ID NO:28).

4, La proteina de la céapside del AAV variante de cualquiera de las
reivindicaciones 1-3, en donde el sitio de insercién se localiza entre los amino&cidos
correspondientes a los aminoacidos 587 y 588 en VP1 del AAV2 (SEQ ID NO:2) o la
posicion correspondiente en la proteina de la capside de otro serotipo de AVV.

5. La proteina de la capside del AAV variante de acuerdo con cualquiera de
las reivindicaciones 1-4, en donde la proteina de la capside comprende una o mas
sustituciones de aminoéacidos con respecto a la VP1 del AAV2 (SEQ ID NO:2) o una o
mas sustituciones correspondientes en la proteina de la capside de otro serotipo de AAV.

6. La proteina de la c4pside del AAV variante de acuerdo con cualquiera de las
reivindicaciones 1-5, en donde la proteina de la capside comprende una o mas de las
siguientes sustituciones de aminodacidos con respecto a la VP1 del AAV2 (SEQ ID NO:2) o
la(s) sustitucion(es) correspondiente(s) a la proteina de la capside de otro serotipo de
AAV: M1L, L15P, P34A, N57D, N66K, R81Q, Q101R, S109T, R144K, R144M, Q164K,
T176P, L188I, S196Y, G226E, G236V, 1240T, P250S, N312K, P363L, D368H, N449D,
T456K, S463Y, D472N, R484C, A524T, P535S, N551S, A593E, 1698V, V708I, V719M,
S721L,y L735Q..

7. La proteina de la capside del AAV variante de acuerdo con la reivindicacion
6, en donde la proteina de la capside comprende una sustitucion de aminoacido P34A con
respecto a la VP1 del AAV2 (SEQ ID NO:2) o la sustitucidon correspondiente en la proteina
de la cipside de otro serotipo de AAV.

8. La proteina de la capside del AAV variante de acuerdo con la reivindicacién

7, en donde la proteina de la capside comprende una secuencia de aminoacidos al menos



90 % idéntica, al menos 95 % idéntica, al menos 99 % idéntica o 100% idéntica a la
longitud completa de la secuencia de aminoacidos descripta en SEQ ID NO:42.

9. La proteina de la capside del AAV variante de acuerdo con la reivindicacién
8, en donde la proteina de la capside consiste esencialmente de una secuencia de
amino&cidos descripta en SEQ ID NO:42.

10. La capside del AAV variante de acuerdo con cualquiera de las reivindicaciones
1-9, en donde la proteina de la capside confiere a un virion AAV recombinante infeccioso
(rAAV) una infectividad aumentada de una célula retiniana comparada con la infectividad
de la célula retiniana por un virion AAV que comprende la proteina de la capside del AAV
parental correspondiente.

11. Un acido nucleido aislado que comprende una secuencia de nucleétidos que
codifica una proteina de la capside del AAV variante de acuerdo con cualquiera de las
reivindicaciones 1-10.

12. Un virién infeccioso (rAAV) que comprende una proteina de la capside del
AAV variante de acuerdo con cualquiera de las reivindicaciones 1-10.

13. El virién rAAV de acuerdo con la reivindicacion 12, que ademas comprende
un &cido nucleico heterélogo que codifica un producto génico.

14. El virion rAAV de acuerdo con la reivindicaciéon 13, en donde el producto
génico es una proteina o un ARN de interferencia corto.

15. El virién rAAV de acuerdo con la reivindicacion 14, en donde la proteina de la
capside del AAV variante comprende una secuencia de aminoacidos que posee al menos
90%, al menos 95%, o al menos 99% identidad de aminoacidos con la secuencia de
aminoacidos descripta en la SEQ ID NO:42 y en donde el acido nucleico heterdlogo
comprende una secuencia de nucleédtidos que codifica una proteina escolta Rab-1.

16. El virion rAAV de acuerdo con la reivindicaciéon 15, en donde la capside del
AAV variante consiste en la secuencia de amino4cidos descripta en SEQ ID NO: 42 y en
donde la secuencia de nuclettidos que codifica la proteina escolta Rab-1 esta unida
operativamente a un promotor CAG.

17. El virién rAAV de acuerdo con la reivindicacion 14, en donde la proteina de la
capside de AAV variante comprende una secuencia de aminoacidos que posee al menos
90%, al menos 95%, o al menos 99% de identidad de aminoacidos con la secuencia de
amino&cidos descripta en la SEQ ID NO:42 y en donde el acido nucleico heterélogo
comprende una secuencia de nucleétidos que codifica una proteina reguladora de la

GTPasa de retinitis pigmentosa.



18. El virién rAAV de acuerdo con la reivindicacion 17, en donde la proteina de
capside del AAV variante comprende o consiste en la secuencia de aminoacidos que se
describe en SEQ ID NO: 42.

19. El viribn rAAV de acuerdo con la reivindicacion 18, en donde la secuencia de
nucleotidos que codifica la proteina reguladora de la GTPasa de retinitis pigmentosa esta
operativamente unida con un promotor de rodopsina quinasa.

20. El virion rAAV de acuerdo con la reivindicacion 14, en donde la proteina de la
capside del AAV variante comprende una secuencia de aminoacidos que posee al menos
un 90%, al menos un 95%, o al menos un 99% de identidad de aminoéacidos con la
secuencia de aminoacidos que se describe en la SEQ ID NO:42 y en donde el acido
nucleico heterélogo comprende una secuencia de nucleétidos que codifica un polipéptido
gue inhibe la actividad del factor de crecimiento endotelial vascular (VEGF).

21. El virién rAAV de acuerdo con la reivindicacién 20, en donde la proteina de
capside del AAV variante comprende o consiste en la secuencia de aminoacidos que se
describe en SEQ ID NO: 42.

22. El virion rAAV de acuerdo con la reivindicacion 21, en donde el polipéptido es
una proteina de fusion o un anticuerpo.

23. Una composicion farmacéutica que comprende un virién rAAV de acuerdo con
cualquiera de las reivindicaciones 14-22 y un excipiente farmacéuticamente aceptable.

24. Un método para administrar un acido nucleico heterélogo a una célula retiniana
que comprende contactar la célula retiniana con un viribn rAAV de acuerdo con
cualquiera de las reivindicaciones 14-22 o una composicion farmacéutica de acuerdo con
la reivindicacion 23.

25. El método de acuerdo con la reivindicaciéon 24, en donde la célula retiniana, se
selecciona del grupo que consiste en células ganglionares retinianas, células amacrinas,
células horizontales, células bipolares, células fotorreceptoras, células gliales de Mdller,
células microgliales y epitelio pigmentarial retinal.

26. El uso de un virién rAAV de acuerdo con cualquiera de las reivindicaciones 14
a 22 o una composicion farmacéutica de acuerdo con la reivindicacion 23 para la
fabricacion de un medicamento.

27. El uso de un virion rAAV de acuerdo con la reivindicaciéon 15 o 16 o una
composicion farmacéutica que comprende un virion rAAV de acuerdo con la reivindicacion
15 0 16, para la fabricacién de un medicamento para el tratamiento de coroideremia.

28. Un método para tratar coroideremia en un sujeto que lo necesita que



comprende administrar al sujeto una cantidad efectiva de un viribn rAAV de acuerdo con
la reivindicacion 15 o 16 o una composicion farmacéutica que comprende un virion rAAV
de acuerdo con la reivindicacion 15 o 16.

29. El uso de un virion rAAV de acuerdo con cualquiera de las reivindicaciones 17
a 19 o una composicion farmacéutica que comprende un virion rAAV de acuerdo con
cualquiera de las reivindicaicones 17 a 19 para la fabricacion de un medicamento para el
tratamiento de retinitis pigmentosa ligadas al X.

30. Un método para tratar la retinitis pigmentosa ligadas al X en un sujeto que lo
necesita que comprende administrar al sujeto una cantidad efectiva de un virion rAAV de
acuerdo con cualquiera de las reivindicaciones 17 a 19 o una composicién farmacéutica
gue comprende un virion rAAV de acuerdo con cualquiera de las reivindicaciones 17 a 19.

31. El uso de un virién rAAV de acuerdo con cualquiera de las reivindicaciones 20
a 22 o de una composicion farmacéutica que comprende un virion rAAV de acuerdo con
cualquiera de las reivindicaciones 20 a 22, para la fabricacién de un medicamento para el
tratamiento de degeneracion macular humeda relacionada con la edad, retinopatia
diabética, edema macular diabético o neovascularizacion coroidal.

32. Un método para tratar la degeneracion macular humeda relacionada con la
edad, retinopatia diabética, edema macular diabético o neovascularizacion coroidal en un
sujeto que lo necesita, que comprende administrar al sujeto una cantidad efectiva de un
virion rAAV de acuerdo con cualquiera de las reivindicaciones 20 a 22 o de una
composicion farmacéutica que comprende un viribn rAAV de acuerdo con cualquiera de
las reivindicaciones 20 a 22.

33. El uso de un viribn rAAV o composicion farmacéutica de acuerdo con
cualquiera de las reivindicaciones 26, 27, 29 y 31, en donde el viribn rAAV o composicién
farmacéutica es para administracion por inyeccion intravitrea.

34. El método de acuerdo con cualquiera de las reivindicaciones 28, 30 y 32, en
donde el virion rAAV o la composicién farmacéutica se administra al sujeto por inyeccién
intravitrea.

35. El uso de un virion rAAV o composicion farmacéutica de acuerdo con
cualquiera de las reivindicaciones 26, 27, 29 y 31 en donde el medicamento es para tratar
a un sujeto humano.

36. El método de acuerdo con cualquiera de las reivindicaciones 28, 30 y 32, en

donde el sujeto es un humano.



Australian Government @ @

IP Australia o —_

Patents Trade Marks Designs. Plant Breeder’s
Rights

9 April 2019 Delivering a world leading IP system

Phone: 1300 651 010
International: +61 2 6283 2999

Notice of acceptance for
patent applica‘tion ABN: 38 113 072 755

WRAYS PTY LTD
L7

863 Hay St
Perth WA 6000
Australia

Your reference 274011
Application number 2017261812
Applicant name 4D Molecular Therapeutics Inc.

Dear WRAYS PTY LTD,

This patent application was accepted on 5 April 2019. The accepted specification incorporates the
following amendments:

S104 amendments up to and including item number: 3
The total number of claims at acceptance has been reported as: 36
Notice of the acceptance will appear in the Australian Official Journal of Patents on 18 April 2019.

Please review the acceptance details attached to this letter to ensure that they are correct. If you wish to
amend any details prior to the grant please do so within 3 months of the advertisement of acceptance.

An Invitation to Pay (ITP) the acceptance fee will be issued to you. This fee will include an additional
component if the number of claims exceeds 20.

Details of this patent application can be viewed on AusPat, our Australian patent search database.

Yours sincerely,

IP Australia

D —d Page 1 of 3
This data, for application number 2017261812, is current as of 2019-04-10 23:29 AEST



Acceptance summary

Standard patent details

Patent number:
Title:

Your reference:

Number of claims at

acceptance:

2017261812

Adeno-associated virus variant capsids and methods of use thereof

274011
36

Applicant and inventor details

Applicant name(s) and address(es) (as it will appear on certificate/s) :

4D Molecular Therapeutics Inc. of 5980 Horton Street, Suite 460 Emeryville CA 94608 United States of

America

Inventor name(s):

Agent details

Agent Name

Address for correspondence:

Address for legal service:

Prior art details

Prior art documents:
WO 2018/022905 A2
WO 2017/218842 A1

Priority details

Number

62/384,590
62/454,612
62/336,441
62/378,106

Kirn, David H.
Kotterman, Melissa
Schaffer, David

WRAYS PTY LTD

L7

863 Hay St
Perth WA 6000
Australia

L7

863 Hay St
Perth WA 6000
Australia

Date

7 September 2016
3 February 2017
13 May 2016

22 August 2016

Country
us
us
us
us

Page 2 of 3



Your reference 274011
Application number 2017261812

International classification

CO7K 14/075 (2006.01)
A61K 48/00 (2006.01)
C12N 15/62 (2006.01)
C12N 15/63 (2006.01)
C12N 15/861 (2006.01)
C12Q 1/70 (2006.01)

Relevant dates

Acceptance date: 5 April 2019
Acceptance to be advertised: 18 April 2019
Complete filing date: 12 May 2017

OPI date: 16 November 2017
Continuation fee due date: 12 May 2021

Date of patent: 12 May 2017
Expiry date: 12 May 2037

National phase entry date: 26 October 2018

Page 3 of 3



[En papel membrete del gobierno de Australia — Propiedad Industrial de Australia]
9 de abril de 2019

NOTIFICACION DE ACEPTACION DE SOLICITUD DE PATENTE

WRAYS PTY LTD

L7, 863 Hay St, Perth WA 6000, Australia

Su referencia: 274011

No. de solicitud: 2017261812

Solicitante: 4D Molecular Therapeutics Inc.

Estimados WRAYS PTY LTD:

La presente solicitud de patente fue aceptada el 5 de abril de 2019. La memoria descriptiva aceptada
incorpora las siguientes modificaciones:

Modificacidn segun el Articulo 104 incluido el nimero de item: 3
Cantidad de reivindicaciones al momento de la aceptacién: 36

La notificacidn de la aceptacion se publicara en el Boletin Oficial de patentes de Australia del 18 de
abril de 2019.

Les solicitamos tengan a bien revisar los datos adjuntos para asegurarnos de que son correctos. Si
desean efectuar alguna correccién antes de la concesidn, deberan realizarla dentro de los tres meses
posteriores a la publicacidn de la aceptacion.

Se les emitird una invitacion de pago del arancel de aceptacion. Este arancel incluird un item
adicional si la cantidad de reivindicaciones excede las 20 reivindicaciones.

Los datos relativos a esta solicitud de patente se encuentran disponibles en AusPat, nuestra base de
datos de patentes de Australia.

Atentamente.
IP Australia

Los datos consignados en la presente relacionados con la solicitud nimero 2017261812 estan
actualizados al 10 de abril de 2019 23:29 AEST.



RESUMEN DE LA ACEPTACION

Datos generales de patente estandar:

Numero de patente: 2017261812

Titulo: CAPSIDES VARIANTES DE VIRUS ADENOASOCIADOS Y METODOS DE USO DE ESTAS.
Su referencia: 274011

Cantidad de reivindicaciones al momento de la aceptacion: 36

Datos del solicitante y de los inventores:

Nombre y domicilio del solicitante (como va a figurar en el titulo de la patente)

4D Molecular Therapeutics Inc. of Horton Street, Suite 460, Emeryville CA 94608, Estados Unidos
de Norteamérica

Nombres de los inventores: David H. Kirn; Melissa Kotterman; David Schaffer

Datos del agente

Nombre del agente: WRAYS PTY LTD

Domicilio postal: L7, 863 Hay St., Perth WA 6000, Australia

Domicilio para notificaciones: L7, 863 Hay St., Perth WA 6000, Australia
Arte Previo:

Documentos del arte previo:

WO 2018/022905 A2

WO 2017/218842 Al

Prioridades
Numero Fecha Pais
62/384,590 7 de septiembre de 2016 EE. UU.
62/454,612 3 de febrero de 2017 EE. UU.
62/336,441 13 de mayo de 2016 EE. UU.
62/378,106 22 de agosto de 2016 EE. UU.

Clasificacién internacional

CO7K 14/075 (2006.01)
A61K 48/00 (2006.01)
C12N 15/62 (2006.01)
C12N 15/63 (2006.01)
C12N 15/861 (2006.01)
€12Q.1/70 (2006.01)



Fechas importantes

Fecha de aceptacion: 5 de abril de 2019

Publicacién de la aceptacion: 18 de abril de 2019

Fecha de presentacion: 12 de mayo de 2017

Fecha de apertura al publico: 16 de noviembre de 2017
Vencimiento de la primera anualidad: 12 de mayo de 2021
Fecha de la patente: 12 de mayo de 2017

Fecha de vencimiento: 12 de mayo de 2037

Fecha de entrada en fase nacional: 26 de octubre de 2018



b

© The American Sociely of Gene & Coll Therapy

original article

An Evolved Adeno-associated Viral Variant
Enhances Gene Delivery and Gene Targeting
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Gene delivery to, and gene targeting in, stem cells would
be a highly enabling technology for basic science and
biomedical application. Adeno-associated viral (AAV)
vectors have demonstrated the capacity for efficient
delivery to numerous cells, but their application to stem
cells has been limited by low transduction efficiency.
Due to their considerable advantages, however, engi-
neering AAV delivery systems to enhance gene delivery
to stem cells may have an impact in stem cell biology
and therapy. Therefore, using several diverse AAV capsid
libraries—including randomly mutagenized, DNA shuf-
fled, and random peptide insertion variants—we applied
directed evolution to create a “designer” AAV vector with
enhanced delivery efficiency for neural stem cells (NSCs).
A novel AAV variant, carrying an insertion of a selected
peptide sequence on the surface of the threefold spike
within the heparin-binding site, emerged from this evo-
lution. Importantly, this evolved AAV variant mediated
efficient gene delivery to rat, mouse, and human NSCs,
as well as efficient gene targeting within adult NSCs, and
it is thus promising for applications ranging from basic
stem cell biology to clinical translation.

Received 14 August 2010; accepted 26 November 2010; published online
11 January 2011, doi:10.1038/mt.2010.287

INTRODUCTION

Stem cells—defined by the hallmark properties of self-renewal,
i.e., the capacity to expand, maintain themselves in an undiffer-
entiated state, as well as differentiation into one or more special-
ized lineages—have considerable biomedical potential. However,
better approaches must be developed to control their behavior.
Gene delivery can serve as a valuable tool for numerous appli-
cations, including modulating stem cell fates by up-/down-
regulating specific genes, developing stem cell-based models of
human disease, and tracking of stem cells or their progeny upon
implantation in vivo.'?

Current methods to mediate gene delivery to stem cells include
plasmid- and viral vector-mediated delivery. Plasmid-based gene
transfer offers typically transient gene expression and a large carry-
ing capacity;* however, current plasmid delivery systems for stem
cells can suffer from low transfection efficiency.! Alternatively,
viral vectors based on retroviruses and lentiviruses offer high
infectivity and stable gene expression and have been extensively
employed in stem cell studies for genetic marking, protein or
RNA overexpression, and targeted knock-down of endogenous
gene expression.*® However, in some cases transient expression
is desirable, such as for the temporary overexpression of regula-
tory signals to manipulate stem cells.” Furthermore, insertional
mutagenesis is a concern for potential downstream clinical appli-
cation of retroviruses.'® Adenoviral vectors also have potential
for efficient delivery and Lransient gene expression in stem cells,”
though the most commonly used adenoviral vectors carry numer-
ous virally-encoded factors that may perturb cell function.' An
efficient vector that mediates transient gene expression in stem
cells may therefore have utility in the field.

In addition to gene delivery, the capacity for gene targeting via
homologous recombination at specific loci in a mammalian stem
cell genome has many potential applications, including basic inves-
tigation of processes of organismal development and mechanisms
of human disease, the targeted introduction of genetic material
into a genome without insertional mutagenesis, and therapeutic
gene correction.'* However, plasmid-mediated gene targeting is
typically very inefficient. Recent approaches that use zinc finger
nucleases to enhance gene targeting efficiencies are highly prom-
ising, though they require engineering a new zinc finger nuclease
for each new locus one would like to manipulate.'*'®

Adeno-associated virus (AAV) is a parvovirus with a 4.7kb
single-stranded DNA genome containing two genes (rep and
cap), and vectors based on AAV have proven safe and effective
for clinical application.'*"!* Exposure to AAV results in persistent,
latent infection in a broad range of both dividing and nondividing
cells.’*® Additionally, Russell and colleagues have demonstrated
that AAV vector genomes can mediate homologous recombination
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with target sequences in a cellular genome at efliciencies 10*-10"-
fold higher than plasmid constructs.?’ This capability has been
successfully applied to cells that AAV can effectively transduce,
including fibroblasts and recently mesenchymal stem cells, which
has led to the development of new animal models of human dis-
ease.””” Although AAV-mediated gene expression and targeting
would be effective tools for stem cell studies, AAV vectors are
unfortunately extremely inefficient for gene delivery numerous
stem cell types.?#?* Therefore, the development of new AAV vari-
ants capable of eflicient stem cell infection may have impact in
stem cell biology and regenerative medicine.

Embryonic neural stem cells (NSCs) are centrally involved
in the development of the nervous system,” and adult NSCs
play a fundamental role in learning and memory and may yield
new therapies for neurodegenerative disorders.” However, AAV
is extremely inefficient on NSCs.?® Our recent work highlights
the potential of directed evolution to create new viruses with
enhanced gene delivery properties.'®?-3! In this approach, we gen-
erate large (~107) and highly diverse libraries of viral variants, and
the application of an evolutionary pressure—such as the ability to
infect a stem cell—selects for the “fittest” variants. Importantly,
this general approach can yield successful variants in the absence
of mechanistic knowledge of which step(s) in the viral entry path-
way—such as cell surface binding, intracellular trafficking, and/or
nuclear entry—pose(s) the most substantial barrier to infection.
In this study, we have applied directed evolution to create a novel
AAV vector with the capacity for high efficiency gene delivery
to adult rat NSCs, and this variant was also efficient in murine
and human NSCs. Furthermore, this high delivery efficiency was
applied to enhance gene correction frequencies in NSCs, poten-
tially providing a tool with potentially strong utility for both basic
biology and biomedical application.

RESULTS

AAV library generation

We found that several wild-type AAV serotypes (2, 4, 5, 6, and 8)
exhibited low Lransduction efficiencies [0.7-9.7% with multiplic-
ity of infection (MOI) 10°] of NSCs (Figure 1a), as previously
described.?*? These results motivated pursuing directed evolu-
tion for the development of novel AAV variants that can more
effectively infect NSCs. Three large (>10° independent clones
each), diverse libraries were used: (i) random viral chimeras cre-
ated via pairwise DNA shuflling of the AAV2 cap gene with that
of AAV4, 5, 6, or 8, (ii) AAV2 capsid variants with a random 7
amino acid sequence inserted into a key loop region,*? and (iii)
random point mutants of the cap gene of AAV2 generated via
error prone PCR'® (Figure 1b). Libraries were packaged as previ-
ously described to generate a large pool of AAV mutant capsids
containing the genome encoding those mutants.'® NSCs, isolated
from the hippocampus of adult Fisher 344 rats,” were infected by
each AAV library, adenovirus serotype 5 was added to induce the
replication and rescue of the “successful” AAV variants, the sur-
viving AAV cap genes were recovered by PCR and cloned into the
AAYV genome plasmid, and the next generation library was pack-
aged. After four such iterative selection steps, the resulting viral
pool was subjected to additional mutagenesis by error prone PCR
on the selected cap genes, followed by further iterative selections
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(Figure 1b). During the three rounds of evolution and 10 selec-
tion steps, the variant pool became progressively more infectious
than wild-type AAV?2 (data not shown).

AAV variants selected through directed evolution
DNA sequencing analysis revealed that the final pools con-
tained seven AAV variants: two shuffled, three peptide-inserted,
and two error prone clones (Figure 2, Table S1). Interestingly,
the shuffled clones (r3.1, r3.10) were composed of AAV2 and
AAVS5 sequences, with additional point mutations located on
the viral surface. Although AAV2 and 5 were less efficient than
AAV4 and AAV6 (Figure 1a), the low efficiencies of AAV4 and
AAV6 [<10% green fluorescent protein positive (GFP1) NSCs
at a MOI 10°] may be insufficient to enable wild-type cap4 and
cap6 to be represented in the selected pool. Furthermore, com-
binations of fragments of cap4 and cap6 with cap2 likely yield
gene delivery properties that are distinct from the parental cap
4 and cap6. In addition, two peptide insertions were present in
three clones (r3.3, r3.21, £3.45), which also carried several point
mutations.
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Figure 1 Rationale and strategy for engineering novel AAV variants.
(a) Rat neural stem cell (NSC) infection with wild-type adeno-associated
viral (AAV) 2, 4, 5, 6, and 8. Cells were infected by addition of green fluo-
rescent protein (GFP) vectors at a multiplicity of infection (MOI) of 105,
Cells were incubated with virus for 24 hours, followed by analysis of GFP
expression by flow cytometry after an additional 24 hours. Even at this
high MOI, the highest gene delivery efficiency was <10%. (b) Directed
evolution of novel AAV vectors for enhanced NSC infection: (1) plasmid
libraries were generated by DNA shuffling, peptide insertion, and error
prone PCR [error prone (EP)], (2) viral libraries were packaged, (3) NSCs
were infected with libraries, followed by adenovirus addition, (4) the
resulting amplified AAV variants were harvested, and (5) viral genomes
were isolated and cloned. The cycle of steps (2)-(5) was iterated (7) with
(6) additional EP PCR after the fourth and seventh cycles. Newly evolved
clones were used to produce recombinant virus (8) and analyzed for the
ability to infect NSCs (9), and the final clone was selected (10).

www.moleculartherapy.org vol. 19 no. 4 apr. 2011



O The Amencan Sociely ol Gene & Cell Therapy

An Evolved AAV Variant With Enhanced Neural Stem Cell Tropism

AAV clone Capsid structure
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Figure 2 Schematic maps of novel adeno-associated viral (AAV) variants. AAV r3.1 denotes the first AAV clone isolated after three rounds of
evolution. The gray and blue coloring depicts AAV2 capsid and AAV5 capsid regions, respectively. In the peptide-inserted vectors, “LA" and “A” were

inserted as linkers.

Novel AAV variant with enhanced properties

for NSC infection

These capsid mutants were used to package recombinant vec-
tor encoding GFP driven by a cytomegalovirus (CMV) pro-
moter, which revealed that six of the variants exhibited similar
or slightly improved efficiencies compared to AAV2 or AAV5
(Supplementary Figure S1). Additional rounds of selection
would likely have eliminated these variants to yield a domi-
nant clone.” In stark contrast, however, the variant AAV r3.45
mediated high delivery efficiencies (Figure 3a—f). At MOI of
10%, 10%, and 10°, AAV r3.45 infected 14.4-50 fold more cells
relative to AAV2 and AAVS5 (Figure 3d-f). Importantly, 7 days
after infection with AAV r3.45, nearly 100% of GFPT cells
maintained expression of the neural progenitor marker nes-
tin (Figure 4a), indjcating that infected cells remained in an
immature state.

AAV r3.45 carried an insertion of LATQVGQKTA (where LA
and A are linker residues) at amino acid 587 with an additional
V719M mutation (Figure 4b). The inserted peptide likely lies on
the surface of the threefold spike within the heparin-binding site
(Figure 4c,d), and the point mutation is also surface-exposed.
AAV 13.3, which harbored the same peptide insertion but with
three different point mutations (i.e., V118I, $537C, and G599S),
exhihited considerably lower packaging titers and infectivities
than AAVr3.45, indicating that slight capsid modifications can sig-
nificantly impact viral properties (Figure 1 and Supplementary
Figure S1). Importantly, AAV r3.45 was additionally highly
infectious for both murine and human NSCs (Figure 5a-c).
It was also infectious in several other nonpermissive cell types
(Supplementary Figure $2), though not in human or murine
embryonic stem cells (Supplementary Figure $3a,b), indicating
that its benefits are somewhat cell selective. However, despite its
lack of cell specificity, its enhanced gene delivery to cultured NSCs
from three different species met the goals of this study and indi-
cates that AAV r3.45 may be used in a variety of stem cell applica-
tions, such as transient expression of factors or gene targeting to
generate knock-ins/-outs for basic investigation or the develop-
ment of disease models.

Molecular Therapy vol. 19 no. 4 apt. 2011

To investigate the roles of the peptide insertion and the
V719M mutation for the enhancement of NSC infection, the
V719M mutation was reversed via site-directed mutagenesis,
and the resulting variant, which contains the peptide insertion
without the V719 mutation, was packaged and employed to infect
NSCs. This correction of the V719M mutation did not influ-
ence the infectivity, indicating the peptide sequence displayed
on the AAV r3.45 capsid is critical to enhance gene delivery to
NSCs (Supplementary Figure $4). However, although a BLAST
search (http://www.ncbi.nlm.nih.gov/BLAST/) revealed that
the inserted sequence bears sequence similarity to 2 number of
intracellular enzymes (e.g., Halobacterium salinarum naphthoate
synthase), it was not similar to any secreted mammalian or viral
capsid proteins.

To determine whether this variant may still use heparan
sulfate as its primary receptor, despite its peptide insertion
within the AAV2 heparin-binding domain,”® we compared
the heparin afflinily of AAV 13.45 lo thal of wild-typec AAV2.
Purified AAV2 or AAV r3.45 was loaded onto a heparin col-
umn and eluted with a series of increasing NaCl concentra-
tion (150-750mmol/l, and 1mol/l), and a portion of each
fraction was added to 293T cells to quantify infectious virus
(Supplementary Figure S5). Similar to previous reports,'*?
fractions from 450 to 550 mmol/l NaCl contained the majority
of wild-type AAV2. However, AAV r3.45 eluted in a sharp peak
between 350 mmol/l and 450 mmol/l, indicating that heparan
sulfate may still be primary receptor, but its affinity to heparan
sulfate may be slightly altered.

Enhanced gene correction frequency

with newly designed AAV variant

We next assessed the capacity of AAV r3.45 to mediate gene
correction in NSCs. GFP cDNA harboring a stop codon (mut-
GFP1) was introduced into adult rat NSCs using a lentiviral
vector. In parallel, a promoter-less GFP with a distinct stop
codon (mutGFP2) was packaged into a recombinant AAV vec-
tor (Figure 6), and the resulting gene targeting construct carry-
ing mutGFP2 had 586 nucleotides of homology upstream and
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Figure 3 Neural stem cell (NSC) transduction by adeno-associated virus (AAV) r3.45. (a) Phase-contrast microscopy and (b) fluorescence micros-
copy of cells infected by AAV r3.45 [genomic multiplicity of infection (MOI): 10%] shows a high level of transduction. Bar = 100 pm. (c) Histogram of
green fluorescent protein (GFP)-expressing cells: MOI 102 (red), MOI 10* (green), MOI 10° (blue). Efficiencies of recombinant AAVZ, AAVS5, and AAV

r3.45 were quantified by flow cytometry at (d) MOI 103, (e) 104, and (f) 105,

b

TQVGQKT  V7i9M

587

Figure 4 Neural stem cells (NSCs) infected with adeno-associated virus (AAV) r3.45 remain undifferentiated. (a) Seven days after infection with
AAV r3.45, immunostaining revealed that the majority of green fluorescent protein expressing cells were positive for nestin, a neural progenitor cell
marker. Bar = 20pm. (b) Schematic representation of the peptide sequence, point mutation, and heparin-binding residues of AAV clone r3.45. (c)
Structural model of a VP3 subunit of AAV r3.45, as well as (d) the full capsid. The color scheme for panels b—d is: V719M (blue), peptide sequence at
amino acid 587 (red), and heparin-binding residues (R585/R598) (purple).
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Figure 5 Enhanced neural stem cell tropism of AAV r3.45. Comparison of transduction efficiencies of adeno-associated virus (AAV) r3.45 versus
AAV2 for (a) murine neural stem cells (NSCs), (b) human fetal NSCs, and (c) human neural progenitor cells. Cells were infected at a multiplicity of
infection (MOI) of 103, 10¢, and 105, and green fluorescent protein (GFP) expression was analyzed via flow cytometry 48 hours after infection.

1,548 nucleotides downstream of the amber mutation in mut-
GFP1. Upon infection of NSC-mutGFP1 cells with the target-
ing vector, recombination with the integrated lentiviral vector
corrected the amber mutation in mutGFP1, resulting in fluores-
cent NSCs (Figure 7a). Importantly, AAV r3.45 demonstrated
a significantly improved capacity (six- to tenfold) to repair the
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single-base pair mutation in NSC-mutGFP1 cell line compared
to AAV2 and AAVS5 (Figure 7b, Table S$2). Controls, includ-
ing the infection of NSC-mutGFP1 cell lines by AAV CMV Luc
(Figure 7c) and naive NSCs infected by the targeting vectors
(data not shown), did not yield GFP expression, verifying the
specificity of the process.
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Verification of gene correction

To confirm the GFP gene correction, GFP™ cells were isolated by
fluorescence-activated cell sorting 14 days after AAV infection,
and cellular genomic DNA was subjected to PCR to amplify the
GFP sequence specifically from the lentiviral vector. Sequence
analysis of 24 cloned PCR fragments revealed 19 corrected

Bamhby TAC TAA xXho!
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Lentiviral vector-mutGFP1
(targst slte)

Bam Hi
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Figure 6 Schematic representation of a lentiviral vector carrying
UB-mutGFP1-IRES-PuroR, the adeno-associated viral (AAV)-mutGFP2
targeting vector, AAV cytomegalovirus (CMV) promoter Luc, and the
corrected sequence at the target site. Genetic elements include: the
ubiquitin promoter (UB), internal ribosome entry site (IRES), puromycin
acelyltransferase (FZuroR), mutGFP1 [a single-base substitution (C — A)
603 nucleotides (nt) from the 5’ end of green fluorescent pratein (GFP)],
and mutGFP2 [a single point mutation (G — T) 16 nt into GFP]. eGFP,
enhanced green fluorescent protein; LTR, long terminal repeat.

Corrected sequence

AAV CMV Luc
{control)
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sequences (79.2%), with the five uncorrected sequences presum-
ably resulting from NSCs infected with multiple lentiviral vectors
(Figure 7d,e). In parallel, sorted cells were expanded for an addi-
tional 26 days (total 40 days after AAV infection), and ~94.5% of
cells maintained GFP and nestin expression (Figure 8).

DISCUSSION
AAV is a highly versatile vector with a broad-host range; how-
ever, its delivery efficiency to certain cell types, including neu-
ral or embryonic stem cells, is low.*** One potential reason is a
lack of necessary cell surface receptors for a given serotype (e.g.,
heparan sulfate, integrins), resulting in low attachment affinity
and cellular internalization. Alternatively, intracellular trafficking
pathways can also pose barriers, as for example nuclear trafficking
of AAV is a key rate-limiting step for AAV transduction of some
cell types such as murine fibroblasts.** Additionally, noncapsid
related limitations including double-stranded DNA synthesis can
compromise AAV-mediated gene expression.?* Our finding that
a short peptide insertion into the exterlor surface of AAV2 can
substantially increase delivery efficiency implicates capsid-related
steps such as receptor binding or intracellular trafficking as poten-
tial barriers.

The slight shift in the heparin affinity of this variant AAV
r3.45 (Supplementary Figure S5) may correspond lo a significant
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Figure 7 Adeno-associated virus (AAV) r3.45-mediated gene correction by homologous recombination with a nonfunctional green fluores-
cent protein (GFP) expressed in neural stem cells (NSC) and verification of gene correction. (a) Immunostaining of GFP', gene-corrected NSC-
mutGFP1 cells 72-hours postinfection with the AAV-mutGFP2 targeting vectors: GFP (green), DAP! (blue). Example images with a lower (top row) and
higher (bottom row) proportion of cells with a corrected GFP are shown. Bar = 100 um. (b) Gene targeting frequencies quantified by flow cytometry
3-days postinfection. *, **Statistical differences of P < 0.05 and P < 0.001, respectively. (c) Flow cytometry analysis of NSC-mutGFP1 cells infected by
AAV cytomegalovirus (CMV) promoter Luc as a negative control. (d) Fluorescence-activated cell sorting analysis of gene targeting in NSC-mutGFP1
cells 3-days postinfection with AAV r3.45-mutGFP2, which resulted in GFP™ cells shown within the red circled regions. (e) Sequence chromatographs
of “uncorrected” (top panel) and “corrected” (bottom panel) GFP DNA fragments amplified from sorted, GFP* NSC-mutGFP1. Genomic DNA from
FL1-positive population was isolated, subjected to PCR, and cloned using StrataClone PCR cloning kit (Stratagene). Nineteen of 24 clones from cells
in the GFP* population showed correction from an A to a C.
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Figure 8 Maintenance of the undifferentiated state of gene-corrected, green fluorescent protein (GFP)-expressing neural stem cells 35-days
postinfection. (Nestin: red, GFP: green). The nuclei of cells were co-stained with TOPRO3 (blue). Bar = 50um. (a—c: x200, d-f: x50, a,d: GFP, b,e:

nestin/TOPRO, ¢,f: GFP/nestin/TOPRO3).

modulation of heparan sulfate binding, potentially due to the
inserted peptides’ conformational alteration of a key exposed loop
of the heparin binding domain. However, the fact that the major-
ity of AAV r3.45 still eluted at relatively high NaCl concentrations
indicates that this variant may still utilize heparan sulfate as its
primary receptor. In addition, the LATQVGQKTA peptide may
thus contribute to binding to an alternate secondary receptor or
to an intracellular transduction step. Future studies may elucidate
this mechanism of action.

The central goal of the directed evolution in this study was Lo
create novel vectors that can better infect NSCs; therefore, posi-
tive selection was applied for enhanced adult rat NSC transduc-
tion, and negative selection was not applied to remove tropism
for other cell types. The approach successfully yielded a novel
AAV variant with significantly enhanced infectivity of not only
adult rat but also mouse and two human NSCs. As anticipated this
enhanced infectivity was not accompanied by specificity for NSCs,
as AAV 13.45 was more eflicient than AAV?2 for several cell types,
including primary human astrocytes (Supplementary Figure §2).
Accordingly, in vivo AAV r3.45 would be anticipated to transduce
NSCs as well as other surrounding cell types (i.e., astrocytes, olio-
godendrocytes). However, alternative selection strategies could
be implemented to achieve specificity of delivery.

The development of an efficient vehicle for transient gene
expression in neural stem cells has applications ranging from the
overexpression of factors to induce the differentiation or “pro-
gramming” of neural stem cells, as well as potentially expression
of defined transcription factors to reprogram cells.**” Moreover,
enhanced transduction and gene targeting capabilities in NSCs
may facilitate stem cell biology and regenerative medicine
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investigations, potentially including the introduction of defined
mutations for basic studies, generation of reporter cell lines, and
therapeulic gene correction. By yielding a variant with high effi-
ciency gene delivery and gene targeting in NSCs, directed evolu-
tion is further established as a powerful approach to engineer
novel capabilities into AAV vectors.'®?**! Further reverse engi-
neering analysis of the gene delivery mechanisms of this variant
may elucidate mechanisms that limit gene delivery in stem cells,
as well as the other cell types efficiently infected by this variant.
Finally, this general approach may in the future be applied to
other cell and stem cell types, thereby extending the utility of
AAV to additional biotechnology and biomedical applications.

MATERIALS AND METHODS

NSC culture. Adult rat NSCs, isolated from the hippocampal region of
6-week-old female Fisher 344 rats as described,”® were cultured on tissue
culture polystyrenedishes previously coated with poly-ornithine (10 ug/ml)
(Sigma-Aldrich, St Louis, MO) and mouse laminin (5 pg/ml) (Invitrogen,
Carlsbad, CA), in Dulbecco’s modified Eagles medium (DMEM)/F-12
(1:1) (Invitrogen) containing N-2 supplement (Invitrogen) and 20 ng/ml
of recombinant human fibroblast growth factor 2 (Peprotech, Rocky Hill,
NJ). Under these conditions, nearly 100% of cells express nestin and Sox2
(data not shown). Every 2-3 days (>60% confluency), cells were split into
a fresh dish by mechanical dissociation using polished pasteur pipettes.
Adult murine NSCs (a kind gift of Prof Andrew Wurmser, University of
California at Berkeley) were cultured in DMEM with 20 ng/ml of recom-
binant fibroblast growth factor 2 (Peprotech) and 8pg/ml of heparin.
Human fetal NSCs (13 weeks of gestational age) were derived from the
telencephalon (HFT13) as previously described® and were cultured in
DMEMY/F-12 containing N-2 supplement, 20 ng/ml of fibroblast growth
factor 2, 8 plg/ml of heparin (Sigma-Aldrich), and 10 ng/ml of leukemia-
inhibitory factor (Chemicon, Temecula, CA). Human neural progenitor

www.moleculartherapy.org vol. 19 no. 4 apr. 2011



@ The American Saciety ol Gene & Cell Therapy

cells were derived from a variant of the human embryonic stem cell line
BGO1 (BresaGen, Athens, GA), BG01V2, using the stromal derived induc-
ing activity involving a co-culture system of human embryonic stem cells
and mouse stromal cell line PA6 (Riken BioResource Center Cell Bank,
Tsukuba, Japan) (Vazin et al. manuscript in preparation) and were cul-
tured in DMEM/F-12 supplemented with N-2, 20 ng/ml basic fibroblast
growth factor, 20 ng/ml epidermal growth factor (Invitrogen), and 50U/
ml Penicillin/Streptomycin.

Plasmid library construction. Random mutagenesis libraries were
generated by subjecting cap genes from AAV2 to error prone PCR as
previously described.”® Peptide display libraries were generated simi-
lar to previous reports.®*4 Briefly, a unique Avr II was introduced into
pSub2Cap2 between amino acid 587 and 588 by PCR mutagenesis. A
random 21 base pair oligonucleotide [5'-GGAGGGCTAGCA (NNK),
GCTAGCAAAAGCGGGGGGAGAGTGAGG-3’] was annealed to an
antisense primer 5'-CCTCACTCTCCCCCCGCT-3, followed by synthe-
sis of the second strand. The resulting dsDNA inserts were digested with
Nhe I and ligated into the unique Avr II site of pSub2Cap2. Pairwise DNA
shuffling libraries of AAV2 with AAV4, AAVS5, AAVSE, or AAVS (AAV2-
AAV4, AAV2-AAV5, AAV2-AAVG, and AAV2-AAVS) were generated
by PCR amplification of cap genes from AAV2, AAV4, AAVS5, AAVE,
and AAV8 and followed by insertion into pSub2. Each viral gene was
then amplified via PCR, and DNA shuffling was performed as previously
described.*"#* Briefly, DNasc 1 digestion of equimolar amounts of PCR-
amplified cap genes yielded fragments ranging from 50 to 500 base pair in
size. Fragments were gel purified and reassembled withoul primers in the
following conditions: 96°C, 3 minutes; 40 cycles of 94°C, 55°C, and 72°C;
and 72°C, 10 minutes. Assembled fragments were further amplified by
PCR and cloned into pSub2 for replication competent AAV production.

Selection of viral libraries. The plasmid library was used to package rep-
lication competent AAV as previously described,'®™ and the resulting
viral libraries were then harvested as described.* Virus was purificd using
OptiPrep (60%, wt/vol iodixanol) (Sigma-Aldrich) density gradient ultra-
centrifugation according to the manufacturer’s instructions, and genomic
titers of AAV viral libraries were determined by quantitative real time
PCR on a Bio-Rad iCycler (Bio-Rad, Hercules, CA) using a Tagman probe
(Biosearch Technologies, Novato, CA)."

NSCs, seeded at a density of 6 x 10° per well in 6-well tissue culture
plates coated with poly-ornithine/laminin one day prior to infection, were
infected with either wild-type AAV2 or the AAV libraries at genomic MOls
of 10, 100, and 1,000. After a 24-hour exposurc, cells were co-infected with
adenovirus serotype 5 in fresh medium (i.e., DMEM/F12 + N2, fibroblast
growth factor 2). Once cells exhibited cytopathic effect, after approximately
two additional days of culture, they were lysed by three freeze/thaw steps,
followed by the treatment with benzonase (1 unit/ml) (Sigma-Aldrich)
at 37°C for 30 minutes. Adenovirus was inactivated by incubating the
viral lysates at 50°C for 30 minutes. To quantify viral libraries rescued
from the each selection, viral genomic DNA was extracted from DNase-
resistant particles. At each step, the total viral genomic DNA rescued was
compared for the viral libraries versus wild-type AAV2.

Evolution of viral libraries. Onc round of evolution is defined as cap muta-
genesis followed by several selection steps, i.e., NSC infection and adenovirus
rescue. After 3—4 sclection steps, the rescued AAV cap genes were randomly
mutated by error prone PCR as previously described.!® The resulting PCR
products were digested with Hind I11and Not 1, and the fragments were ligated
into pSub2 to create a new replication competent AAV plasmid library with
at least 10° independent clones. Viral library packaging was then conducted
by the calcium phosphate transient transfection method,"® and viral titration
and purification were performed as with the initial library construction.
After the evolution was completed, AAV cap genes were extracted
from the final pool of successful AAV variants, and genomic scquences
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were analyzed at the UC Berkeley DNA Sequencing Facility. The extracted
viral genomes were amplified by PCR and inscrted into the pXX2 Not
I recombinant AAV (rAAV) packaging plasmid.?*, Three-dimensional
models of the VP3 subunit were generated using Swiss Model (http://
swissmodel.expasy.org) with the coordinates of AAV2 (Protein Databank
accession no. 1LP3) supplied as template, and images were rendered in
Pymol (http://pymol.sourceforge.net/) and Rasmol.

Heparin column chromatography. AAV r3.45 and AAV2 binding to hepa-
rin were analyzed as previously described.'®® Briefly, ~10" purified genomic
particles of virus were loaded onto a 1ml HiTrap heparin column (GE
Healthcare Life Sciences, Pittsburgh, PA), which was previously equilibrated
with Tris buffer (50 mmol/}, pH 7.5) containing 150 mmol/l NaCl. Elutions
were performed with 0.75 ml of Tris buffer containing increasing increments
of 50 mmol/l NaCl up to 750 mmol/l, followed by a 1 mol/l NaCl wash. Small
fractions (75 ) of each elution were added to 2.5 x 10° 293T cells cultured in
12-well dishes and employed to quantify the level of infectious virus present.
Forty-eight hour postinfection, GFP expression was measured with Becton
Dickinson fluorescence-activated cell sorting Caliber (Yonsei University
College of Medicine Medical Research Center, Seoul, Korea).

NSC transduction. To test the infectivity of rAAV cap clones, vectors car-
rying cDNA encoding GFP were packaged using the transient transfection
mcthod. Briefly, an equal mass (17 pg) of three plasmids—a AAV helper
plasmid (carrying a cap variant), CMV GFP vector plasmid containing
ITR (pAAV CMV GFP SN), and pHelper plasmid—were transfected via
calcium phosphate into AAV293 cells,'™ and viral vectors were harvested
and purified as described above. Genomic titers of each rAAV vector were
determined by quantitative PCR.

One day prior to AAV infection, NSCs were plated onto 24-well
dishes at a density of 30,000 cells/well. On day 1, cells were infected by
the rAAV clones at genomic MOIs (10% 10¢, and 10°) and incubated for
additional 48 hours before analysis. The resulting transduction efficicncies
of the individual rAAV variants on rat and murine NSCs were quantificd
with a Beckman-Coulter EPICS XL flow cytometer (UC Berkeley Cancer
Center, Berkeley, CA) and compared to those of AAV2 and AAVS5, which
were chosen as controls since the two shuffled clones that emerged from
the evolution carried fragments from AAV cap2 and AAV cap5 (Figure 1).
Human NSC and neural progenitor ccll transduction cfficiencies were
quantified with a Becton Dickinson fluorescence-activated cell sorting
Caliber (Yonsei University College of Medicine Medical Research Center)
and Beckman-Coulter FC 500 flow cytometer (Berkeley Stem Cell Center,
Berkeley, CA), respectively.

Immunofluorescence staining. To analyze AAV r3.45 infection of undif-
ferentiated NSCs, and the effects of AAV infection on NSC differentiation,
immunostaining for nestin (undifferentiated NSCs), B-III-tubulin (neu-
rons), and glial fibrillary acidic protein (astrocytes) was conducted.” NSCs
were seeded onto 8-well chamber slides and infected as indicated above.
At 48 hours postinfection, cells were fixed in 4% paraformaldehyde for 15
minutes and blocked with 5% goat serum in 0.3% Triton X-100/phosphate-
buffered solution for 30 minutes at room temperature. Cells were incu-
bated overnight at 4°C with primary antibodies. For nestin/B-III-tubulin
co-staining, rabbit anti-rat nestin (1:500 dilution; Abcam) and mouse
anti-B-I1I-tubulin (1:500 dilution; Sigma-Aldrich), and, for nestin/glial
fibrillary acidic protein costaining, mouse anti-rat nestin (1:1,000 dilution;
BD Biosciences) and guinea-pig anti-glial fibrillary acidic protein(1:1,000
dilution; Advanced ImmunoChemical, Long Beach, CA) were used.
Subsequently, cells were rinsed thoroughly and stained with secondary flu-
orescent-conjugated antibodies, including goat anti-rabbit Alexa 546 (1:250
dilution; Molecular Probes, Carlsbad, CA), goat anti-mouse Cy5 (1:250
dilution; Jackson ImmunoResearch, West Grove, PA), goat anti-mouse Cy3
(1:250 dilution; Jackson ImmunoResearch), or goat anti-guinea-pig Cy5
(1:250 dilution; Jackson ImmunoResearch). Stained cells were imaged by
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fluorescence confocal microscopy (Leica Microsystems, Bannockburn, IL)
or fluorescence microscopy (Nikon ECLIPSE TE2000-E, Nikon, Melville,
NY, or Olympus IX50, Olympus America). When amplifying GFP signals,
rabbit anti-GFP (1:2,000 dilution; Invitrogen, Center Valley, PA) and goat
anti-rabbit Alexa 488 (1:250 dilution; Invitrogen) were used as primary and
secondary antibodies, respectively.

Generation of mutant GFP NSC line. An internal ribosome entry site and
puromycin resistance gene cassette was cloned into the Eco RI and Xho I
sites of pFUGW (a kind gift from David Baltimore, California Institute of
Technology, Pasadena, CA), which contains an enhanced GFP gene under
the control of human ubiquitin-C promoter.*® To insert an amber stop
codon (TAA) into the GFP sequence, the substitution of “C” to “A” was
introduced 603 nucleotides from the 5" end of GFP via QuikChange site-
directed mutagenesis. The inserted point mutation was verificd by DNA
sequencing analysis.

A stable NSC cell population expressing the amber mutant GFP (NSC-
mutGFP1) was generated by infection with lentiviral vector carrying the
defective GFP. Briefly, 10ug of pFUG carrying UB-mutGFP1-internal
ribosome entry site and puromycin resistance gene cassette, 5pg of pMDL
g/p PRE, 3.5 ug of pcDNA3 IVS vesicular stomatitis virus G, und 1.5 ug of
pRSV Rev, were transfected into HEK 293T cell lines (>70% confluency)
by the calcium/phosphate transient transfection method.* The lentiviral
vector was harvested and concentrated by ultracentrifugation (L8-55M
Ultracentrifuge; Beckman-Coulter, Brea, CA), followed by resuspension
in 100pl of phosphate-buffered solution with 20% sucrose. Infectious
titer, determined as previously described,” was 1.58 x 107 +£4.66 x 10¢TU/
ml. NSCs were seeded onto 6-well tissue culture plates at a density of 3 x
10° cells/well and infected by 0, 1, 3, 5, 10, or 20l of the lentiviral vector.
After puromycin selection,® the well in which 70-80% of cells survived
was cxpanded for further analysis. The integration of lentiviral genomes
was verified by cellular genomic DNA extraction, PCR amplification, and
sequencing analysis of the PCR products. Importantly, GEP fluorescence
was not detected in the mutGFP1 NSC cells, as confirmed by both flow
cytometry and immunostaining against GFP.

Gene targeting assay. A point mutation (G to T) was inserled 16 nucle-
otides from the 5" end of GFP to yield a defective GFP open reading frame
(mutGFP2). Subsequently, pFUG was digested with Banm HI and Xho I,
and the mutGFP2-internal ribosome entry site and puromycin resistance
gene cassette was subcloned into an AAV vector plasmid (i.e., pAAV CMV
GFP SN), where CMV GFP was excised by Bam HI and Xho 1, such that
the resulting targeting vector lacked a promoter. This genetic construct was
packaged into the AAV2, AAV5, and AAV r3.45 capsids, and AAV r3.45
carrying luciferase driven by CMV promoter was used as a negative con-
trol. All viral vectors were harvested and purified as described carlier.
NSCs were seeded onto 24-well tissue culture plates at a density of
50,000 cells/well 1 day prior to AAV infection. Each AAV targeting vector
was added to the NSCs at a genomic MOI of 5 x 10 and the medium was
replaced 24 hours later. Infected NSCs were analyzed by flow cytometry
(Cytomics FC500; Beckman-Coulter) 3 days after infection, and the
percentage of GFP™ cells was scored as the gene targeting frequency.

Cell sorting and sequencing. Cells continuously cultured for 14 days
after AAV r3.45 infection were sorted with a Cytopeia Influx Sorter (UC
Berkeley Cancer Center, Valencia, CA) to isolate FL1 (i.e., GFP) positive
cells. A fraction of the sorted cells was used for DNA sequencing analysis,
and the remainder was expanded for an additional 26 days, at which time
94.5% still expressed GFP (data not shown). For DNA sequencing analy-
sis, cellular genomic DNA was extracted with the QIAamp DNA Micro Kit
(Qiagen) and amplified by using 5'-GCGGCAAGAACCCAAGGTCT-3’
and 5-CGGCTTCGGCCAGTAACGTT-3" primers. To specifically
amplify a fragment from the lentiviral vector and exclude amplification
from the AAV viral genome, the forward primer was designed to amplify
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from the half part of UB promoter in the targeted site, which existed only
in the lentiviral vectors. The resulting PCR products werc cloned using
the StrataClone PCR cloning kit (Stratagene, La Jolla, CA), and individual
clones were sequenced to confirm the genc correction.

SUPPLEMENTARY MATERIAL

Figure S1. Percentages of GFP positive neural stem cells transduced
by recombinant vectors pseudotyped with capsids from AAV2, AAVS,
and selected AAV variants.

Figure $2. Comparison of transduction efficiencies of selected AAV
variants with wtAAV2 on a panel of cell types.

Flgure $3. Comparison of transduction efficiencies of AAV r3.45
versus AAV2,

Figure S4. Comparison of transduction efficiencies of original AAV
r3.45 (peptide insertion + V719M point mutation) versus modified
AAV r3.45 (peptide insertion only, V719M correction).

Figure $5. Heparin column chromatograms for wild-type AAV2 and
AAV r3.45 to investigate the heparin affinity of AAV r3.45.

Table $1. Genomic and infectious titers of wild-type AAV serotypes
and AAV variants. Infectious titers were obtained from HEK 293T cell
infection.

Table $2. Genomic titers of gene targeting vectors.
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Segun la Clasificacidn Internacional de Patentes o, ambas, la clasificacidén nacional y la CIP

B. CAMPO DE BUSQUEDA
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Ver historial de busqueda
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Ver historial de busqueda

Base de datos electrénica consultada durante la busqueda internacional (nombre de la base de datos y,
si fuera posible, términos utilizados en la busqueda)
Ver historial de busqueda
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CALIFORNIA) 20 August, 2015; paragraphs [0071j, [0085]-
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A (MONDEGO, JM et al.) A Genome Survey of Moniliophthora 113
perniciosa gives New Insights into Witches' Broom Disease of )
Cacao. BMC Genomics. 18 November, 2008; Vol. 18, No. 9; pages
1-25; page 6, column 2, paragraph 3; Genbank supplement pages
1-2;D01:10.1186/1471-2164-9-548
A (ASURI, P et at.) Directed Evolution of Adeno-associated Virus for 113

Enhanced Gene Delivery and Gene Targeting in Human
Pluripotent Stem Cells. Molecular Therapy. 22 November, 2011;
Vol. 20, No. 2; pages 329-338; page 332, column 1, paragraph 1;
DOI: 10.1038/mt.2011.255

(XIAO, W et al.) Gene Therapy Vectors Based on Adeno-Associated
A Virus Type 1. Journal of Virology. May, 1999; Vol. 73, No. 5; pages 26-43
3994-4003; page 3998, column 2, paragraph 1; Genbank
supplement pages 1-2

A WO 2015/164757 A1 (OREGON HEALTH AND SCIENCE | 26-43
UNIVERSITY) 29 October, 2015; pages 25-26




10.1038/mt.2010.287

(JANG, JH et at.) An Evolved Adeno-Associated Viral Variant

A Enhances Gene Delivery and Gene Targeting in Neural Stem Cells.
Molecular Therapeutics. 11 January, 2011; Vol. 19, No. 4; pages
667-675; page 669, column 1, paragraph 2; DOI:

26-43
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*Categorias especiales de los documentos citados

"A" documento que define el estado general de la técnica no
considerado como particularmente relevante.

"E" solicitud de patente o patente anterior pero publicada en la
fecha de presentacién internacional o en fecha posterior.

"L" documento que puede plantear dudas sobre una
reivindicacion de prioridad o que se cita para determinar la fecha
de publicacién de otra cita o por otra razon especial (segun se
indique).

"O" documento que se refiere a una divulgacién oral, a una
utilizacién, a una exposicién o a cualquier otro medio.

"P" documento publicado antes de la fecha de presentacion
internacional, pero con posterioridad a la fecha de prioridad
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"X" documento particularmente relevante; la invencion
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actividad inventiva por referencia al documento aisladamente
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"Y" documento particularmente relevante; la invencion
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evidente para un experto en la materia.
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