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SUPPLIER SIDE

C
urrent in vivo gene ther-
apy (GT) approaches are 
beginning to demonstrate 
significant clinical and 
safety limitations that 

may ultimately reduce their therapeutic 
utility.  In particular, the potential for 
systemic toxicity due to the gene trans-
fer vector, the inability to administer 
multiple doses due to the antigenicity 
of the gene transfer vector, the pros-
pect of insertional mutagenesis/onco-
genesis during gene transfer, and the 
possibility of germ line transfer of the 
transgene are issues raising concern.1–5 
One promising alternative to gene ther-
apy that mitigates these clinical and 
safety issues is gene-based cell therapy 
(GBCT), in which autologous cells are 
removed from a patient and modi-
fied ex vivo for a desired characteristic 
prior to reimplantation.  By transfer-
ring the transgene ex vivo, many of the 
issues surrounding the in vivo use of the 
transfer vectors are reduced and issues 
surrounding germ line transfer can be 
practically eliminated.  

As a result, GBCTs are rapidly em-
erging as a viable clinical strategy for 
the treatment of diseases that have 
become the typical targets of in vivo 

gene therapy (Table 1); i.e., cancer, 
infectious diseases, and metabolic and 
autoimmune disorders for which gene 
replacement, enhanced immunological 
responses, or administration of growth 
factors and metabolic regulators are 
believed to elicit a therapeutic or ame-
liorative effect.  To this end, GBCT now 
represents approximately 29 percent of 
the ongoing gene therapy clinical trials, 
and all indications are that this per-
centage will continue to increase over 
the coming years.    

Gene therapy and GBCT currently 
rely on similar gene delivery vehicles and 
reagents to introduce the transgene(s) 
(Table 2).  As a result, gene transfer, 
regardless of whether it occurs in 
vivo or ex vivo, suffers from the limi-
tations of low DNA carrying capac-
ity, insertional mutagenesis/oncogen-
esis, short-term transgene expression, 
and/or delivery efficiency (Table 2).  
Specifically, integration of retroviral 

vectors into the host chromosome has 
led to variegated gene expression, inser-
tional mutagenesis, and oncogenesis.4,5  
Recent concerns have been raised with 
adeno-associated virus (AAV) vectors 
regarding the presence of DNA vector 
sequences detected in semen samples 
from patients in a phase 1 clinical trial, 
and the association of AAV integra-
tion with chromosomal deletions and 
other rearrangements that frequently 
are located on human chromosome 
19.2,3  With respect to non-integrating 
vectors such as adenoviral vectors, the 
primary concern is transient transgene 
expression, which in the case of in 
vivo gene therapy, necessitates repeated 
administrations.1,6  All viral methods 
have a limited DNA carrying capac-
ity, which prevents transfer of multiple 
transgenes or long stretches of genomic 
DNA.  Finally, non-viral methods 
are simply not robust enough from 
the perspective of DNA delivery and 
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long-term transgene expression.  Thus, 
there has been considerable effort to 
develop technologies for gene therapy 
and GBCT that are phenotypically and 
immunologically “inert,” are main-
tained autonomously with the host cell 
genome, and can carry large “payloads” 
of DNA sequences for regulated stable 
transgene expression (e.g., locus con-

trol regions, enhancers, matrix attach-

ment regions, tissue specific promot-
ers, genomic sequences).  In light of 
the historical in vivo gene therapy set-
backs with viral vectors, it is critical 
to further incorporate relevant safety 
features (e.g., suicide genes, inducible 
promoters) into gene-modified deliv-
ery vehicles.4,5,7  One technology that 
offers a potential solution to the above 

safety and efficacy concerns is the arti-

ficial chromosome.

Mammalian Artificial Chromosomes  

Mammalian artificial chromosomes 
(MACs) are the most promising among 
the categories of artificial chromosome 
technologies that are being evaluated as 
safer, more stable gene delivery vehicles 
for GBCT, and numerous recent reviews 
have been published.8–19  Several 
approaches to generating human mam-
malian artificial chromosomes have been 
reported, as summarized in Table 3.  In 
one approach — centromere seeding — 
artificial chromosomes are assembled 
de novo in cells from co-transfected 
DNAs that encode putative human 
centromeres, telomeres, and bacterial 
drug-resistant marker genes.20–26  A 
second approach involves generating 
minichromosomes by fragmenting nat-
ural human chromosomes via telomere-
directed breakage or by identifying 
naturally occurring fragmented human 
chromosomes.27–38  Both approaches 
generate artificial chromosomes with 
functional centromeres and telomeres 
that are stably maintained alongside 
the host cell’s chromosomes.  A third 
approach creates artificial episomal 
chromosomes that require the use of the 
Epstein-Barr virus gene product, EBNA-
1, to enable replication and persistence 
in lieu of functional centromeres and 
telomeres.39–43  These vectors do not 
technically segregate as normal chro-
mosomes, but actually “tether” to meta-
phase chromosomes during mitosis by 
the binding to EBNA-1 protein that 
in turn binds to the histone protein 
components of mammalian chromo-
somes.44 

Although attractive as vectors for 
GBCT, all three of the above approaches 
possess practical and technical limita-
tions.  Most notable is the inability to 
isolate and purify centromere-seeded 
and fragmented-chromosome MACs.  
One technical option to deliver these 
MACs to patient cells is microcell medi-
ated gene transfer (MMGT), but MMGT 
is not clinically feasible due to its 
tedious production of a heterogeneous 
population of microcells (endogenous 
chromosomes and minichromosomes) 
and the concomitant very low transfer 

Table 3.  Artificial Chromosome Technology for Gene-Based Cell Therapy

Table 2.  Major Vectors Developed for Gene Therapy and Gene-Based Cell Therapy
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efficiencies (~10-7 – 10-6) of the desired 
minichromosomes via microcell and 
host cell fusion.  This lack of a clinically 
feasible MAC transfer procedure neces-
sitates that these MACs be generated de 
novo in the desired target cell for both 
centromere seeding and chromosome 
fragmentation, which is an extremely 
inefficient process.  Moreover, there 
is little to no predictable relationship 
between input DNA and de novo chro-
mosomes’ composition upon genera-
tion, making downstream characteriza-
tion and quality control difficult.  In 
addition, if a single subclone cannot 
be obtained and expanded to clinically 
relevant levels, the reimplanted GBCT 
product will contain a heterogeneous 
population of cells with respect to 
MAC composition and structure.  With 
respect to centromere seeding, there is 
also the possibility that rearrangements 
and genomic integrations will occur 
when the transfected DNA fails to form 
new chromosomes.  For the episomal 
vectors, there are safety concerns re-
garding the potential co-expression of 
a viral gene product (e.g., antigenicity), 
or gene dosage effects arising from 
variable copy numbers of the episomal 
chromosome.  Therefore, for practical 
and clinically relevant application of 
artificial chromosome technologies to 
GBCTs, a dramatic improvement in 
generation and portability is needed.  
To this end, ACEs and the ACE System 
were envisioned.

ACEs and the ACE System 

ACEs. Hadlaczky and colleagues 
have developed a unique methodology 
to construct artificial chromosomes by 
the induction of large-scale amplifica-
tions of “satellite” sequences composing 
the pericentromeric heterochromatin 
(Table 3).45,46  De novo centromeres and 
dicentric chromosomes were formed 
upon the integration of exogenous 
DNA sequences into regions of specific 
acrocentric mouse and human chro-
mosomes that contain pericentromeric 
heterochromatin and the tandemly 
repeated ribosomal genes (rDNA).  
Ensuing breakage during mitosis gener-
ated new chromosomes ranging in size 
from 10 to 360 million base pairs.47–49  

These satellite-DNA based MACs are 
referred to as SATACs (Satellite DNA-
based Artificial Chromosomes) or 
ACEs (formerly Artificial Chromosome 
Expression systems).  This amplifica-
tion mechanism has been successfully 
applied to rodent (mouse and hamster), 
human, and plant cells.

ACEs are attractive gene delivery 
vehicles for GBCT, given that they may 
be genetically engineered, character-
ized, purified, and easily transferred 
between cell types.50  Briefly, transgenes 
have been targeted onto existing ACEs 
by homologous DNA recombination 
(unpublished data) or by incorporation 
of the transgene into de novo gener-
ated ACEs.51  The transgene-loaded 
ACEs can be isolated by dual f low 
cytometry to high purities and yields, 
and have been transferred in vitro into 
a variety of mammalian cell lines and 
primary cells by cationic lipids and 
dendrimers.52–55  Transgenic mice have 
also been generated by microinjecting 
purified ACEs into the pronuclei of 
fertilized oocytes.56  The ACEs were 
stably maintained in these mice and 
passed through four generations of the 
germline.57  All of the transgenic mice 

were healthy, robust, displayed no obvi-
ous abnormal phenotype, and mani-
fested no neoplasms.  These founders 
and their progeny offered the first indi-
cation that ACEs were stable, non-inte-
grating, and non-deleterious in vivo, 
which are strong safety features for 
future clinical applications. Additional 
safety may be engineered into ACEs 
by the introduction of tissue specific 
promoters.  As a proof-of-concept, a 
second line of ACE-transgenic mice 
was generated in which a therapeutic 
protein gene under the control of a 
mammary tissue specific promoter was 
expressed only in the mammary gland 
during lactation (unpublished data).  

The ACE System. The ACE System 
was developed to efficiently, rapidly, and 
reproducibly engineer existing ACEs 
rather than having to continuously gen-
erate ACEs de novo.  This novel system 
incorporates features of the mechanism 
used by bacteriophage lambda (l) to 
integrate itself into the host chromo-
some of E. coli.  

The l-phage genome carries a specif-
ic integration site, attP, which is partially 
homologous to a smaller site on the 
bacterial chromosome, attB.  The phage 

Figure 1.  Schematic representation of Platform ACE.   Platform ACE (depicted as a metaphase 
chromosome) encodes more than 50 copies of a recombination acceptor site cassette.  Each 
acceptor site cassette encodes an SV40 promoter, attP recombination acceptor site, and the 
open reading frame of the puromycin resistance gene.
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also encodes a site-specific integrase, Int, 
that catalyzes recombination between 
the attP and attB sites, thereby inserting 
the l-DNA into the host chromosome.  
For the integration process to occur 
in nature, a number of protein factors 
encoded by the host bacterium are also 
required.

Components of the l-Int process 
have been modified and adapted to 
create a proprietary integration system 

for ACEs.  It is designed so that the 
attP site resides on the ACE, the attB 
site is adjacent to the DNA sequence 
to be integrated on the ACE, and Int 
protein is co-delivered on a separate 
DNA plasmid.  In addition, the gene 
encoding the Int protein has been site-
specifically engineered to produce a 
novel recombinase (ACE Integrase) that 
catalyzes integration in the absence of 
any E. coli host factors.  Integration is 

essentially unidirectional in mammali-
an cells, as the l-phage excision protein 
Xis is not present.  

A murine derived ACE containing 
multiple attP sites (>50), referred to as 
the Platform ACE, was generated (Fig. 
1) (unpublished).  The Platform ACE 
shares all the characteristics of ACEs 
described previously, including their 
inherent stability, and ease of purifica-
tion and transferability to a variety of 
cell lines and cell types.  As such, the 
ACE System can be readily established 
in virtually any mammalian cell through 
transfer of the Platform ACE.  Another 
significant advantage of having a single 
universal Platform ACE is that it can be 
extensively characterized with respect to 
composition and organization, thereby 
providing a consistent molecular frame-
work for downstream applications.  Not 
only does this feature offer the ability to 
control the quality of resultant ACEs, 
but it also provides an inherent repro-
ducibility and reliability to the system, 
as the same molecular context can be 
systematically targeted for transgene 
integration and expression.   

Each recombination acceptor site cas-
sette on the Platform ACE consists of an 
attP site flanked by an SV40 promoter 
at the 5'-position and an open reading 
frame sequence encoding the puromycin 
resistance (puromycinR) gene at the 
3'-position (which confers puromycin 
resistance to cells carrying the Platform 
ACE)(Fig. 1).  The ACE Targeting Vector 
(ATV) was designed to systematically 
transfer onto or “load” the Platform 
ACE with either a single or multiple 
transgenes.  Each of the ATVs encodes 
an attB site upstream of a promoterless 
secondary drug-selectable marker gene 
(e.g., zeocinR, blasticidinR, neomycinR, 
or hygromycinR), which becomes acti-
vated when the ATV integrates correctly 
via recombination between the attB and 
attP sites (Fig. 2).  The combination of 
the multiple attP sites and the “unidirec-
tional” ACE Integrase enables multiple 
loadings (during a single transfection) 
or sequential loadings (via multiple 
transfections) with the ATVs.  We have 
not observed any ATV excision from the 
Platform ACE, which is not surprising, 
as the ACE Integrase requires the bacte-
rial Xis protein to catalyze excision.  

Figure 2.  Site-Specific Loading of Platform ACE.  The Platform ACE cell line is co-transfected 
with the ACE Targeting Vector (ATV) and ACE Integrase plasmid.  (a) The ATV encodes an attB 
donor site and the promoterless hygromycin resistance gene.  (b) The ACE Integrase protein 
binds at the aligned attP and attB sites, and (c) catalyzes recombination between the ATV and 
the acceptor cassette.  Precise DNA recombination activates the hygromycin resistance gene, 
and (d) enables the identification of desired recombinants after hygromycin selection.

(a)

(c)

(b)

(d)
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Engineering.  Genetically modifying 
a Platform ACE using the ACE System is 
accomplished simply by co-transfecting 
an ATV (which is loaded with the trans-
gene) and a plasmid encoding the ACE 
Integrase into a Platform ACE host cell 
line.  Transfection, isolation of clones, 
and subsequent verification of transgene 
loading can be completed within eight 
to 12 weeks.  Typically, more than 80 
percent of the drug-resistant clones 
contain accurately loaded ACEs (a 240-
fold enrichment compared to homolo-
gous recombination).  High levels of 
gene expression have been measured for 
ACEs loaded with monoclonal antibod-
ies (>30 pg/cell•day), for erythropoietin 
(epo) (>800 IU/106 cells•day), and for 
fluorescent proteins (red and green, 
unpublished data).  In addition, we have 
sequentially loaded a Platform ACE 
with an ATV encoding the humanized 
Renilla GFP (hrGFP-ATV), followed by 
an epo-ATV, generating a hrGFP-epo-
ACE for ex vivo studies (unpublished 
data).  Moreover, ACEs have tremen-
dous carrying capacities and have been 
able to carry payloads exceeding 1.25 
Mbp (unpublished data).

Isolation.  A powerful feature of the 
Platform ACE is that it can be isolated 
efficiently from the host chromosomes 
by dual high-speed flow cytometry.  As 
mentioned above, this allows a single 
ACE to be consistently transferred 
between cell types.  In order to isolate 
the ACEs, cells are blocked in meta-
phase and mechanically ruptured to 
release condensed chromosomes prior 
to flow sorting.  Hoechst 33258 and 
chromomycin-A3 bind preferentially 
to AT- and GC-basepairs, respectively.  
Platform ACEs are composed of more 
than 350,000 copies of the AT-rich 234-
bp mouse major satellite sequences, and 
hence bind more Hoechst 33258 and 
less chromomycin-A3 than the endoge-
nous host cell chromosomes.  The dual-
stained ACEs are readily distinguished 
and separated from the host chromo-
somes at sort rates exceeding one mil-
lion ACEs/hour/sorter and at purities 
exceeding 99 percent.  Establishing 
these parameters engendered a pilot 
production facility focused on the 
large-scale isolation of ACEs for appli-
cations in biopharmaceutical produc-

tion, transgenesis, and gene-based cell 
therapy.52   

Delivery & Transfer.  The Platform 
ACE and ACEs can be readily deliv-
ered and transferred to a variety of 
cells and cell types through transfection, 
microinjection, and microcell medi-
ated chromosome transfer (MMCT).  
ACEs have been microinjected into the 
pronuclei of fertilized oocytes, gen-
erating transgenic mice and bovine 
blastocysts at an efficiency, for mice, 
consistent with conventional murine 
transgenesis.56–58  ACEs have also 
been introduced into various mam-
malian cells (e.g., rodent, human, 
bovine) by MMCT, although only at 
transfer efficiencies from 10-7 to 10-5.59  
Implementing a rapid and reproducible 
iododeoxyuridine labeling and detec-
tion method for ACEs has facilitated 
efficient ACE transfer to both primary 
cells and cell lines via cationic lipids and 
dendrimers.54  ACE transfection effi-
ciencies in the range of 10-3 to 10-2 are 
routinely attained using commercially 
available cationic reagents and employ-
ing simple formulation protocols.53–55 

The unique capability to transfer 
loaded Platform ACEs can be exploited 
in numerous ways; in particular, to audi-
tion host cells for advantageous charac-
teristics or properties (e.g., increased 
gene expression, protein secretion, or 
if desired, post-translational modifica-
tion).  As an example, a Platform ACE 
(carried in a CHO cell line) was loaded 
with both heavy and light chain immu-
noglobulin genes of a monoclonal anti-
body (MAb), generating a MAb-ACE.  
The resultant MAb-ACE production cell 
line was shown to secrete the MAb at a 
specific productivity of 12 pg/cell•day.  
The MAb-ACEs were subsequently iso-
lated and transferred into the parental 
CHO cell line (without the Platform 
ACE).  The MAb-ACE remained func-
tional and the expression levels of the 
transfected “daughter” cell lines were 
not statistically different from the origi-
nal production cell line (11.4, 13.8, 12.5 
pg/cell•day, respectively).  In addition, 
the isolated MAb-ACE was transferred 
to a different CHO strain, with the 
resultant clones secreting the MAb at 
55 pg/cell•day.  Similarly, different cell 
types (e.g., HSCs, MSCs, myoblasts) 

may be auditioned to identify target 
delivery cells with desirable qualities for 
gene-based cell therapy indications.

Gene-Based Cell Therapy 

Figure 3.  ACE Delivery to Human Adult Stem 
Cells.  An ACE encoding the red fluorescent 
protein (RFP) gene was generated (RFP-ACE).  
Human mesenchymal stem cells (hMSCs) 
derived from bone marrow were transfected 
with purified RFP-ACEs by standard techniques 
(see text).  (a) A transfected hMSC expressing 
RFP.  (b) RFP expression from transfected hMSCs 
two weeks after chemically induced differentia-
tion into adipocytes.  The globular appearance 
is due to the accumulation of RFP in the oil 
drops within the adipocyte.  (c) Fluorescent 
in situ hybridization of a transfected hMSC.  A 
metaphase spread was hybridized with an ACE-
specific DNA probe and detected with a rhoda-
mine reagent (red signal).  The ACE is intact and 
maintained as an autonomous chromosome. 
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We are currently applying the 
ACE System technology to human 
mesenchymal stem cells (hMSCs), which 
are appealing cell moieties due to their 
ease of purification from bone marrow, 
and their ability to expand without loss 
of differentiation potential.60  In addi-
tion, they are candidates for “universal 
donor” cells as they have been shown to 
suppress T-cell lymphocyte proliferation 
and do not present alloantigens.61–63  
For our initial studies, ACEs encoding 
red fluorescent protein (RFP) genes were 
generated and introduced into hMSCs 
using commercially available transfection 

reagents.55  Not only did the transfected 
cells express RFP, but they also main-
tained RFP expression when differenti-
ated along adipogenic and osteogenic lin-
eages (Fig. 3).  Although preliminary, the 
data suggests that ACEs and their expres-
sion products can be maintained for pro-
longed periods in culture (>2 weeks), 
and that the presence of an ACE does not 
diminish the multi-potential differentia-
tion capacity of these stem cells.55 

Simultaneously, we have demonstrat-
ed that a loaded Platform ACE encoding 
a blood hormone protein could elicit 
a therapeutic response in a small ani-

mal model.  The gene encoding human 
epo, a hematopoietic growth hormone 
involved in the stimulation of red blood 
cell production, was loaded onto the 
Platform ACEs carried in both LMTK- 
and CHO cells.64  When these cells were 
implanted in immunodeficient mice, 
they secreted therapeutic quantities of 
epo that produced statistically signifi-
cant elevations in hematocrits (P <0.05; 
Table 4).

Currently, we are building on the suc-
cesses of these preliminary experiments 
and conducting longer term in vivo 
proof-of-principle studies using epo-
loaded ACEs and hMSCs.  Two ATVs 
were engineered to encode the hrGFP 
and the human epo genes, respective-
ly, and sequentially loaded onto the 
Platform ACE, generating a hrGFP-
epo-ACE.   These ACEs were isolated to 
99% purity by flow cytometry and then 
transferred into hMSCs using cationic 
reagents.  The transfected hMSC pop-
ulation was enriched to 20% GFP+ 
cells by flow cytometry, which in turn 
secreted epo in the range of 50–100 
IU/106cells•day.  The population of 
extrapolated 100% GFP+ cells would 
attain levels of epo expression (250–500 
IU/106cells•day) which are comparable 
to those attained with multiple cycles of 
epo-retroviral transductions in MSCs 
(100–700 IU/106cells•day).65  Currently, 
we are implanting these epo-express-
ing hMSCs into NOD/SCID mice and 
will monitor hematocrits over extended 
periods of time.  

Although cells with self-renewing or 
expansion capabilities (>30 population 
doublings) work well with the current 
ACE transfer efficiencies and potential 
drug selectable human marker genes (e.g., 
MDR-1, methylguanine methyltransferase, 
cytidine deaminase), there is a need to 
develop synergistic technologies that 
do not require substantial enrichment 
steps.  Therefore, we have begun inter-
nal development efforts to attain stable 
ACE transfection efficiencies comparable 
to viral transduction levels (>90%).  Once 
established, we envision that ACEs can be 
transferred to cells with a limited expan-
sion capacity, thereby opening up addition-
al clinical and therapeutic opportunities. 

Applications. Monogenic and ac-
quired diseases are the primary candi-

Table 4.  In vivo Therapeutic Responses with ACE-Modified Cell Lines

Table 5.  Potential Applications for ACE System Technology
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dates for ACE-modified gene-based cell 
therapy (Table 5).  Lysosomal storage 
disorders are a group of more than 40 
diseases that are caused by the pro-
nounced deficiency of one or more 
lysosomal enzymes.66–68  This enzy-
matic deficiency leads to an accumula-
tion of undegraded substrate in the 
lysosome, which in turn can lead to 
various cellular and tissue damage, sub-
sequent organ failure, and even pre-
mature death.  In addition, monogenic 
hematological diseases (hemophilias A 
and B, hemoglobinopathies, and ane-
mia) along with immunodeficiency dis-
eases (X-linked severe combined immu-
nodeficiency, adenosine deaminase de-
ficiency, and chronic granulomatous 
diseases) are suitable clinical targets.  
Acquired diseases amenable to GBCT 
include autoimmune (e.g., rheuma-
toid arthritis), neurodegenerative (e.g., 
Parkinson’s, Alzheimer’s), and vascular 
(e.g., myocardial ischemia) diseases.  

For monogenic and acquired diseas-
es, we currently envision a strategy for 
GBCT, in which autologous stem cells 
will be isolated, transfected with ATV-
loaded Platform ACEs, expanded, char-
acterized for release, and re-implanted 
in the patient.  Currently, we have sev-
eral collaborations with academic labo-
ratories engaged in investigating the 
potential of ACE-modified gene-based 
cell therapy to treat selected monogenic 
diseases.  

Immunotherapy also offers an op-
portunity for the application of the 
ACE System technology, particularly the 
capability of transferring payloads of 
multiple genes to appropriate cell targets 
(Table 5).  Cellular vaccines consisting 
of autologous fibroblasts, autologous 
tumor cells, allogeneic tumor cells, or 
mixtures of cells may be genetically 
modified with ACEs encoding multiple 
cytokines, co-stimulatory molecules, 
and tumor-associated antigens (TAAs) 
to increase efficacy.  Dendritic cells 
may be genetically modified to become 
more effective antigen presenting cells 
(APCs) by the simultaneous expres-
sion of cytokines, co-stimulatory mol-
ecules, and as appropriate, TAAs or 
viral associated antigens.  It is even pos-
sible to modify allogeneic or xenogeneic 
cells (e.g., fibroblasts) to generate arti-

ficial APCs.69  For adoptive cellular 
immunotherapy, epitope-specific CTLs 
may be more efficiently activated and 
expanded ex vivo from the interactions 
with APCs modified with ACEs encod-
ing co-stimulatory molecules and TAAs 
or viral proteins (e.g., CMV, HIV, HBV).

ACE System technology may also be 
used to enhance cell therapies and che-
motherapy (Table 5).  Autologous MSCs 
may be targeted with genes that enhance 
HSC expansion in vivo after chemother-
apy or radiotherapy.  Additionally, HSCs 
may be modified with human genes that 
encode drug resistance to chemother-
apeutic agents: methylguanine meth-
yltransferase, multiple drug resistance, 
dihydrofolate reductase, and cytidine 
deaminase.  Using human encoded genes 
will eliminate the potential for a patient’s 
immune system to expunge ACE-modi-
fied cells.70 

Summary

The ACE System is a versatile and 
unique technology that enables the 
rapid “loading” of transgenes onto a 
transportable artificial chromosome 
— the Platform ACE.  These Platform 
ACEs contain natural centromeres and 
telomeres that provide autonomous 
maintenance through excellent mitotic/
meiotic stability along with tight control 
in the copy number of the ACE.  The 
Platform ACEs’ large payload capacities 
(>1.25 Mbp) and multiple integration 
acceptor sites impart novel capabilities to 
drive transgene expression to high levels 
(by loading multiple ATVs) while simul-
taneously allowing for the incorporation 
of additional transgenes.  Moreover, the 
“unidirectional” integration feature of 
the ACE Integrase permits sequential 
and multiple loadings onto the Platform 
ACE without the loss of previously inte-
grated DNA sequences.  Additionally, 
these efficiently loaded Platform ACEs 
may be isolated to highly purified yields, 
and subsequently transferred to a pleth-
ora of primary cells and cell lines utiliz-
ing commercially available reagents.  

The ACE System offers compelling 
advantages over current gene deliv-
ery technologies for GBCT, including 
increased safety, engineering versatil-
ity, and unique portability.  We are 

exploiting these advantages in prelimi-
nary proof-of-principle experiments for 
GBCT using the ACE System.  Our 
current focus is on transfecting loaded-
ACEs into adult stem cells, particularly 
mesenchymal stem cells, that will in 
turn be implanted into animal models 
of lysosomal storage disorders.  These 
studies will generate seminal data for 
the development of ACE System tech-
nology, and will hopefully usher in 
novel approaches for gene-based cell 
therapy indications using artificial chro-
mosomes.  We believe that the combina-
tion of the ACE System technology with 
the multi-potent, self-renewing proper-
ties of autologous human adult stem 
cells will provide a powerful therapeu-
tic and clinical strategy for numerous 
intractable diseases.
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