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ARTICLE

Recombination—deletion between homologous cassettes in
retrovirus 1s suppressed via a strategy of degenerate codon

substitution

Eung Jun Im'?, Anthony J Bais'?, Wen Yang'? Qiangzhong Ma'?, Xiuyang Guo'?, Steven M Sepe? and Richard P Junghans'?

Transduction and expression procedures in gene therapy protocols may optimally transfer more than a single gene to correct a
defect and/or transmit new functions to recipient cells or organisms. This may be accomplished by transduction with two (or more)
vectors, or, more efficiently, in a single vector. Occasionally, it may be useful to coexpress homologous genes or chimeric proteins
with regions of shared homology. Retroviridae include the dominant vector systems for gene transfer (e.g., gamma-retro and
lentiviruses) and are capable of such multigene expression. However, these same viruses are known for efficient recombination—
deletion when domains are duplicated within the viral genome. This problem can be averted by resorting to two-vector strategies
(two-chain two-vector), but at a penalty to cost, convenience, and efficiency. Employing a chimeric antigen receptor system as an
example, we confirm that coexpression of two genes with homologous domains in a single gamma-retroviral vector (two-chain
single-vector) leads to recombination—deletion between repeated sequences, excising the equivalent of one of the chimeric
antigen receptors. Here, we show that a degenerate codon substitution strategy in the two-chain single-vector format efficiently
suppressed intravector deletional loss with rescue of balanced gene coexpression by minimizing sequence homology between

repeated domains and preserving the final protein sequence.
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INTRODUCTION
Retroviridae, including gamma-retroviral vector (RV) and lentiviral
vector (LV), occupy a dominant position in gene transfer strategies
for laboratory and clinical applications. In some instances, obtain-
ing the desired characteristics in the target cells may require coor-
dinate transfer of two or more genes to achieve desired functional
outcomes and to which these vectors are readily adapted. In a sub-
set of these instances, there may be a rationale for gene compo-
nents to be repeated between the expression cassettes. Yet, retro-
viridae are noted for their high frequency recombination between
homologous domains during the process of reverse transcription to
provirus formation that has been much studied.””®

During the production of recombinant proteins, such intramolec-
ular homologous recombination within an expression vector results
in a loss of one of the transgenes. We previously confirmed this as
an obstacle to coordinate expression of homologous genes within
the same vector. One means around this obstacle is to prepare two
separate vectors, each expressing one of the homologous genes.
However, this is accompanied by need to separately prepare and
validate each vector, a significant expense for any clinical applica-
tion, and to accept the binomial combinatorial inefficiencies of dual
gene expression when efficiencies of single gene expression can be

low. For example, a vector transduction efficiency of 10% will pre-
dict two-vector gene expression in just 1%, with still worse numbers
for lower transfer rates. By contrast, the same 10% transduction effi-
ciency for a single vector containing both genes would be 10% for
dual expression without deletion, for a 10-fold gain in coexpression.
A need was apparent for means to reduce or eliminate the occur-
rence of homologous recombination events. This was achieved by
a strategy of degenerate nucleotide substitution in codons of the
repeated segments, demonstrated here with a gamma-RV system.

RESULTS
Intramolecular deletion

Our initial experience with gene deletion arose during an attempt
to engineer coordinate expression of chimeric antigen receptors
(CARs) to provide two signals, with antigen activation (T cell recep-
tor (TCR) zeta Signal 1) and with costimulation (CD28 Signal 2)
in T cells. For this, we created an expression vector with two cas-
settes: one with lgZetapc and the second with IgCD28myc (termed
two-chain single-vector (tcsv)). IgZetapc is a chimeric molecule
that consists of immunoglobulin (Ig) and CD3 zeta chain while
IgCD28myc is a chimeric molecule that consists of immunoglobu-
lin and CD28 (Figure 1a). The two Ig segments have the same
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Figure1 The retroviral deletion phenomenon in two-chain single-vector

format. (@) Schematic diagram of how two-chain single-vector (tcsv)
anti-CEA lg-chimeric antigen receptor (CAR) results in homologous
recombination and deletion. (b) Expression of CARs by flow cytometry
(FACS). Viral supernatant from transiently transfected E86 cells was used
to transduce PA317 packaging cells, then stained individually with WI2,
anti-pc or anti-myc antibody for flow cytometric analyses. Representative
histogram plots are shown. IRES, internal ribosomal entry site.

anti-carcinoembryonic antigen (CEA) immunoglobulin sequences
(MN14) in a single-chain Fv format (V -linker-V,). The myc and pc
tags were incorporated to follow the separate expression of the two
transgenes.

This IgZetapc-internal ribosomal entry site (IRES)-lgCD28myc
construct was transferred into the MFG RV. The vector was pack-
aged by usual methods, with plasmid transfection into ecotropic
E+86 helper cells, retrovirus harvest, and then infection of ampho-
tropic PA317 helper cells that served as vector producer cells (VPCs)
for subsequent human cell transductions. This procedure allows for
a single cycle of infection of the PA317 cells; there is no reinfection
or infection spread. It is a general feature of VPCs that the high level
envelope production by the VPC saturates all receptors and blocks
infection of the VPC by virus of the same type as it produces.’ This
is corroborated by the observation that VPCs are stable in their
transgene expression and do not increase that expression over time
when maintained in culture.

After infection of PA317 with RV, cell sorting was performed with
WI2 antibody to enrich the transduced cells; WI2 is specific for the
Ig region and binds both IgZetapc and IgCD28myc. On reculture,
82% of the sorted cells were proven to be transduced by vector
with WI2 restaining (Figure 1b). When stained with anti-pc or anti-
myc antibody, 83% of PA317 cells expressed IgCD28myc, but only
4% of PA317 cells expressed IgZetapc. Thus, the transduced cells
were 100% positive for myc (83%/82%) but only 5% positive for Pc
(4%/82%). Reanalysis of the 5% pc+ fraction (not shown) proved
these cells to be 92% IgCD28myc+ (data not shown), meaning these
5% of cells (myc+ pc+) were the only ones undeleted in the tcsv con-
struct for expression, compatible with a 95% deletion rate overall.

These results are consistent with a homologous recombination
between the cassettes, which in effect deletes the equivalent of the
upstream cassette (Figure 1a). As a result, most (95%) of the trans-
duced packaging cells expressed only IgCD28 with only a small 5%
fraction also expressing lgZeta.

Example with TCR-CAR
When we and others subsequently validated the possibility to
express two signals (e.g., CD28 and zeta) in one chimeric molecule
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Figure2 Reduced efficiency of gene co-expression by retrovirus in two-
chain two-vector format (tctv). Viral supernatant collected from 293-gp
cells transiently co-transfected with indicated two vector constructs
({p36az} and {p36bz} in (a), or, {p36a28z} and {p36b28z} in (b)) were
used to transduce PG13 packaging cells. Cells were then stained with
either anti-T cell receptor (TCR) Vb5.1 antibody or p36/A2 tetramer for
flow cytometric analyses. (a,b) Schematic diagram of tctv constructs are
shown (top), and the representative example of the expression of CARs
by FACS are shown below. In (a), TCRVb5.1 positive cells were enriched
by cell sorting and stained again with either anti-TCR Vb5.1 antibody or
p36/A2 tetramer.

(e.g.,1928z),"'7'3 the impetus to overcome the problem of intravector
deletion dissipated. However, the matter resurfaced as an obstacle
as the field progressed to consider chimeric T cell receptors (TCR-
CARs) forimmunotherapy applications,™ which requires two chains
for major histocompatibility complex class | peptide antigen recog-
nition. We prepared TCR-CARs against JC virus (JCV) for therapy of
progressive multifocal leukoencephalopathy,’ a deadly demyelin-
ating brain disease that accompanies immunodeficiency and that
occurs iatrogenically with anti-VLA4 antibodies that block access of
T cells to brain, as applied in multiple sclerosis therapies.'®

The general form of the TCR-CARs was TCRo-z/28/28z (Va) and
TCRB-z/28/28z (Vb), in which the signaling domains were now
the repeated segments rather than the antigen recognition
domains as in Figure 1. This effort was initiated with construction
of separate vectors and cotransduction, which we have termed
two-chain two-vector (tctv) format (Figure 2). This provided a
pattern of single and double transductions, in which only the
double transduction yielded functional Va + Vb products.

This format had the expected inefficiencies of a two-vector
design, as illustrated in the following. In Figure 2, Vb could
be detected with anti-Vb Ab, but Va could not be separately
detected because there are no anti-Va Abs available. Va + Vb was
detected by tetramer staining. In the examples of Figure 2a,b,
we observe 58% staining for Vb in each case, but only 32-39%
staining for Va + Vb (Tetramer). In general, if p is the transduc-
tion rate for one vector, then p?is the cotransduction rate for two
vectors, if they are equal in efficiency (or p *p, if different in effi-
ciency). The results of Figure 2 are compatible with ~58% of cells
transduced with Va and ~58% of cells transduced with Vb, to give
58% x 58% = ~34% with Va + Vb. In contrast, the low predicted
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cotransduction rate that results from use of separate vectors can
theoretically be remedied by using a nondeleting tcsv format.

Degenerate codon substitution: concept

In concept, the problem of intrachain deletion is mediated by
recombination between homologous domains. High recombi-
nation rates are a hallmark of retroviruses that have been much-
studied,” with all models involving the reverse transcription step
(Figure 3). As an approach to bypass this problem, we hypothesized
that reducing the homology via substitution of degenerate codons
might inhibit the process while preserving the native protein amino
acid sequences. Methionine (Met, M) and tryptophan (Trp, W) are
uniquely encoded by single codons (ATG and TTG, respectively), but
all other amino acid residues are encoded by two or more codons,
mostly differing by a single base (17 amino acids), but in two cases
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STEP2 3’ homology DNA
Reverse transcriptase
STEP3 Template switch
ster4 <<~} DNA product

p36VbCb  z

Figure 3 Deletion mechanism. The recombination—-deletion is
conceived to occur by the following steps. Step 1: Reverse transcription
begins at the 3" end of the retrovirus RNA. Step 2: A homologous
domain (2) in the second, upstream (5’) cassette interacts with the
extending complementary DNA (cDNA) strand to initiate a transfer of
the growing cDNA strand to the new site. Step 3: There is a template
switch and completion of the transcription of the upstream gene that
bypasses the intervening sequence. Step 4: The completed synthetic
product is equivalent to a copy of the upstream gene (Vb) with the
downstream gene lost. The normal high frequency of retroviral vector
RNA fragmentation, along with virion RNase H activity to create cDNA
overhangs, is likely integral to this process.
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differing in two of the three bases (Leu, L; Arg, R)." This degeneracy
of the genetic code allows for synthesis of identical polypeptides by
nonidentical nucleic acid sequences.

On average, if one base per codon were changed for each amino
acid, homology would decrease by one-third, to 66.7%. We rede-
signed the zeta (z) chain to maximize the mismatch via degenerate
nucleotide substitution (dz), and obtained a result of 61.6% homol-
ogy (Figure 4). For a second generation construct, we engineered
a CD28-zeta (28z) conformer with degenerate nucleotides (d28z),
with 60.5% homology (not shown). We created tcsv TCR-CARs in
alternative formats: Vb.z/28/28z-2A-Va.dz/d28/d28z, in which 2A
peptide was employed in place of IRES for an improved dual gene
expression.'®

Deletion rates

Because Ab detection was not available for Va chain, Va could be
assessed only as Va + Vb by tetramer binding. To assess undeleted
versus deleted forms, it was necessary to design the vector with Vb
upstream: all transduced products are Vb+: intact two-chain prod-
uct is Vb+ tetramer+, deleted one-chain product is Vb+ tetramer—
(e.g., Figure 6a below). (Va upstream would yield Va-zeta for the
deleted form with no opportunity to assess its presence or, thus, to
specify the denominator for total transduction.)

As a control, we applied transfections of the tcsv retroviral
expression plasmids with wild-type or mutated signaling domains
(Figure 5). Cell transfection is a setting where no deletion is
expected. We measured Vb and tetramer on seven tcsv constructs,
four with wild-type sequence and three with degenerate codon
substitution. A comparison of three vector pairs in pair-wise fashion
showed differences of 0-1% in the tetramer/Vb ratios, confirming
efficient transcription and translation that was undisturbed by the
codon substitutions. Across all seven tcsy, the tetramer/Vb ratio was
0.98+0.08.This ratio is important for showing equivalence of the Vb
and tetramer staining that otherwise could be imbalanced at base-
line. With this ratio result (0.98) being close to 1.0, no correction was
applied in the ensuing tests.

These statistics are used to specify the sensitivity of the flow
cytometry assay to detect deletions. From these control tests, the
0.98+0.08 tetramer/Vb ratio can be shown to calculate to an appar-
ent“deletion”rate of D = 2 +8% where no deletion occurs. This is the
flow cytometry assay “noise!” An assay sensitivity or limit of detec-
tion was set at +1 SD = 10%, above which 16% of undeleted forms
may be predicted to be falsely positive (Methods).
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Figure4 Degenerate nucleotide design. Alignment of wild-type (wtCD3z, top) and degenerate codon substituted zeta (dCD3z, bottom) nucleotide
sequences and their amino acid sequences. Bold letters correspond to the transmembrane domain of zeta chain.
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Figure 5 Transfection that avoids reverse transcription results in no
deletion. 293-gp cells were transiently transfected with the indicated
two-chain two-vector (tctv) or two-chain single-vector (tcsv) constructs.
Constructs with cytomegalovirus (CMV) vector were included as a
negative control for homologous recombination. Cells were then
stained with either anti-TCR Vb5.1 antibody or p36/A2 tetramer for flow
cytometric analyses. The black and white bars indicate percentage of TCR
Vb5.1 or p36/A2 tetramer positive population, respectively. Error bars
represent standard deviation from duplicate assays.
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When RV supernatant was collected from these cells, then used to
infect gene transfer targets, deletions became apparent (Figure 6).
Wildtype and degenerate constructs (Figure 6a) were compared
for deletion. Marked deficiencies were evident in tetramer versus
Vb in controls, representing deletion of the Va chain (Figure 6b),
that were reversed in the degenerate codon-substituted constructs
(Figure 6¢). Deletion rates were quantified as the loss of Va neces-
sary to cause the under-representation of tetramer in the staining
procedure, estimated at 37-72% for one transduction cycle (Table
1; Figure 6d). When measured after degenerate codon substitution,
the calculated deletion rate was markedly suppressed (4-9%). The
calculated values of 4-9% are all under the 10% threshold specified
for sensitivity and therefore not distinguishable from true deletion
rates of 0. That is, this strategy may have totally suppressed deletion,
or it may leave a small residual rate.

The study was initially conducted by singly staining the cells with
either tetramer or Vb antibody with the same fluorophore to ensure
no mutual interference during staining that could affect the accu-
rate measurement of the deletion rate. In Figure 7, we applied dual
(two-color) staining of cells transduced with either p36bz-2A-p36az
or p36bz-2A-p36adz. Cells transduced with wild-type zeta showed a
distinct deleted population (Vb + Tetramer—) with a mean deletion
rate of 54% (single-positive/(single-positive + double-positive)),
while cells transduced with degenerate zeta showed no corre-
sponding population of cells in the single-positive quadrant. By all
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Figure 6 Degenerate codon substitution suppresses deletion in tcsv retroviral vector. (@) Schematic diagram of tcsv chimeric antigen receptor
(CAR) constructs resulting in deletion by homologous recombination (p36bz/28/28z-2A-p36az/28/28z, top) or avoiding deletion via degenerate
codon substitution (p36bz/28/28z-2A-p36adz/d28/d28z, bottom). The degenerate constructs dz/d28/d28z had a reduction in homology by
61.6%/60.5%/59.7%, respectively. Supernatant from 293-gp cells transiently transfected with the tcsv constructs in (a) were used to transduce PG13
cells to assess the expression level of CAR by FACS. Cells were stained with either anti-TCR Vb5.1 antibody or p36/A2 tetramer. The representative data
shown in (b) and (c) are PG13 cells transduced with wild-type or degenerate codon-substituted constructs. (d) Summary of deletion suppression: Results
from (b) and (c) was calculated as described in Methods. The dotted line at D = 10% represents the lower limit for detecting deletion activity by FACS,

with values below this not distinguishable from zero. See text for derivation.
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appearances, deletion was fully suppressed. Comparable results
were obtained with a recently constructed vector coexpressing
MN14CD28z and degenerate MN14CD2 (Figure 8). This construct
with degenerate nucleotide coding overcame the deletion problem
seen in Figure 1 with an analogous construct (compare myc and V5
in Figure 8b with pc and myc in Figure 1b).

Finally, as a test of the deletion rate with a direct measure of TCRa
chain, tctv and tcsv anti-JCV chimeric TCR proviral integrant levels
in transduced PG13 cells were analyzed using real-time polymerase
chain reaction (PCR) with primers specific to quantitate the ratio
of p36VaCa to p36VbCb chains (Figure 9). An approximate equal
ratio of Va to Vb was detected in cells in mixed infections with the
separate tctv anti-JCV vectors (ratio, 0.89£0.03). The ratio of Va to
Vb however was lower in cells transduced with tcsv anti-JCV cTCRs
with homologous CD3z domains, indicating deletion of the internal
p36VaCa chain (0.57 £0.02 with IRES, 0.47 £0.04 with P2A). In con-
trast, an equal ratio of Va to Vb was detected in PG13 cells trans-
duced with tcsv anti-JCV cTCRs engineered with degenerate CD3z
nucleotides (1.22+0.04 with IRES, 1.09+0.05 with P2A). Deletion
rates of Va with four wild-type tcsv constructs ranged from 50 to
80% in one cycle that appeared fully suppressed with degenerate
codons. On comparison of the two methods for deletion detection,
there was a general correspondence between the flow and quanti-
tative PCR data for the constructs tested (Table 2).

DISCUSSION
The intramolecular recombination between homologous
sequences in retroviral genomes has been amply demonstrated

Table1 Sumary of deletion rates
Wild type Degen codon
Vb Tet deletion(%) Vb  Tet deletion (%)

p36bz-2A-p36az 62 39 37 77 74 4)

p36b28-2A-p36a28 81 23 72 90 85 (6)

p36b28z-2A-p36a28z 69 25 64 80 73 9)
Expression levels from Figure 6. Deletion rates calculated as in Methods. ()
indicate deletion rates <10% that are below the detection threshold and not
statistically distinguishable from 0% deletion.
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in prior studies. The vulnerable period for genome instability is
during reverse transcription, where the RNA genome is converted
to DNA provirus.”” Our results indicate that phenomenon is repli-
cated in modern RV systems with deletion of segments between
the duplicated elements, ranging from 35 to 95% in one infection
cycle versus no deletion by transfection. This means that transfec-
tion can create a VPC with balanced expression of genes that will
be deleted only when virus produced by this VPC infects the cell
targeted for gene transfer. The quantitative differences in dele-
tion rates may be influenced by the composition and length of
the repeated sequences, their separation distance in the vector,
or even by the host cell and temperature conditions. Where there
is sequential infection and reverse transcription, as in so-called
ping-pong methods for VPC generation™ or virus spread in cul-
tures, a complete loss of the gene duplication may be envisioned.

Accordingly, this phenomenon was predicted to constrain proto-
cols for coexpression of homologous genes for transfer of desired
cell functions. CARs are created as genetic fusions of antigen recog-
nition domains with intracellular signaling chains.®® In the CAR for-
mats, one could need to express two nonhomologous chains such
as TCRs with common signaling domains,'*'> or common antigen
recognition domains with differing signaling domains (Figure 1). In
other situations, the impact of gene duplication to increase cellular
protein levels may have its own benefits. This problem of intravector
deletion can be circumvented by cumbersome means, with prepa-
ration of two (or more) vectors with higher costs, and at sacrifice to
efficiency versus a single vector.

To overcome this obstacle, we devised a strategy of interdo-
main homology minimization via degenerate codon substitution
within duplicated domains in a CAR model. This method reduces
domain homologies from 100 to ~60%. Under this circumstance,
the residual deletion rate was markedly suppressed, as assessed by
flow cytometry and confirmed by quantitative PCR, to levels that
were indistinguishable from a no-deletion control. As a result, this
enabled strategy of degenerate nucleotide substitution could vastly
enhance emerging methods for viral and cancer targeting with CAR-
modified T cells (“designer T cells”) and should work equally in ret-
roviral and lentiviral vector systems. To this point, a lentiviral model
to codeliver two highly homologous Zn-finger nuclease monomers
for site-specific gene modification recently applied this strategy for
improved gene coexpression,?' confirming the generality of this
approach for two genuses of Retroviridae.
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Figure7 Degenerate codon substitution prevents intravector deletion. (a) Expression of CARs by FACS: viral supernatant from transiently transfected
293-gp cells with indicated constructs was used to transduce PG13 packaging cells, then costained with anti-T cell receptor (TCR) Vb5.1-APC antibody
and p36/A2 tetramer-PE for flow cytometric analyses. Representative data are shown. (b) TCR o chain deletion rate. The deletion rate was calculated as
transduced cells with deletion (TCR Vb5.1*Tetramer- population)/total transduced cells (TCR Vb5.1* population) x 100 (%). Error bars represent standard

deviation of the mean from four results.
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Figure8 Rescuing of dual antibody recognition domains coexpressed
in a bicistronic retroviral vector by degenerate codon substitution. (a)
Schematic diagram of tcsv chimeric antigen receptor (CAR) construct
MN14CD28z_2A_dMN14CD2. Hashed area depicts degenerate codon
substitution (dMN14). Note, the different location of tag epitopes
(V5, myc) compared to the construct in Figure 1 (pc, myc). In Figure
1, pcis lost in deleted form, whereas here, myc is lost in the deleted
form. (b) and (c) Expression of CARs by FACS: Viral supernatant from
transiently transfected 293-gp cells were used to transduce PG13 cells,
then costained with anti-V5-Alexa Fluor 647 and anti-myc-fluorescein
isothiocyanate antibodies for flow cytometric analyses. Representative
data are shown in (b) as single-parameter histogram comparable to
Figure Tb and in (c) as dual-parameter density plot analogous to Figure
7a. The vertical line in (b) indicates untransduced controls. Panel (c)
shows absence of products in deletion region.

Finally, the extent of mismatch required to maintain effective
deletion suppression and dual gene expression remains unde-
fined. The possibility exists, therefore, that still higher replications of
homology could be undertaken in a single vector. By this, the bases
constituting the 40% mismatch are apportioned across not just two
domains as in these examples but across three or more homolo-
gous regions, with each domain, e.g., 20% different from each of the
other repeated domains.

MATERIALS AND METHODS
Antibodies and cell lines

WI2 anti-idiotype antibody specific for hMN14, the antibody portion of
the anti-CEA CAR, was a gift of Hans Hansen (Immunomedics, Morris Plain,
NJ). Mouse anti-pc, anti-V5, and anti-myc epitope antibodies were pur-
chased from Invitrogen (Grand Island, NY). Phycoerythrin (PE)-conjugated
anti-human Vb5.1 antibody (clone (IMMUI57) was purchased from
Immunotech (Beckman Coulter, Pasedena, CA). JCV-specific p36 peptide
(VP1 .. . SITEVECFL)* (Invitrogen) was prepared as PE-conjugated p36/
HLA-A*0201 tetramer by the NIH Tetramer Core Facility (Emory University,
Atlanta, GA).

Retroviral packaging cell lines 293-gag-pol (gp) and PG 13 were obtained
from American Type Culture Collection (ATCC, Manassas, VA). 293T p36
positive control cells were generated by transduction with tctv {p36VaCaz}
{p36VbCbz} constructs and sorted to >95% tetramer and Vb5.1 expression
using FACSVantage SE (Becton Dickinson, Franklin Lakes, NJ).

Retroviral vector construction

DNA fragments coding IgZetapc and IlgCD28myc were inserted into MFG
RV (gift of R Mulligan, Children’s Hospital, Boston). An IRES fragment was
inserted between lgZetapc and IgCD28myc. To construct IgZetapc, PCR
was performed to insert a pc epitope sequence at the 3’ end of anti-CEA
immunoglobulin (MN14) single-chain sequence from a RV that contains
anti-CEA IgZeta molecule (termed IgTCR).2 The newly generated PCR frag-
ment was inserted in place of the original anti-CEA immunoglobulin single-
chain sequence in the RV. To construct IgCD28myc, PCR was performed to
insert a myc epitope at the 3’ end of anti-CEA immunoglobulin single-chain
sequence from the same RV and fused with a PCR fragment that was encod-
ing for CD28. The IRES fragment was generated by PCR from plasmid pCITE-
4a that contains IRES sequence.
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Figure9 Ratio of TCR o3 chain determined by real-time PCR. 293-gp
cells were transiently transfected with indicated constructs, and the
viral supernatants were used to transduce PG13 packaging cells. Real-
time PCR was then performed using the isolated genomic DNA from
transduced cells to measure the deletion rate. The deletion rate was
calculated as D = (Vb — Va)/Vb. Error bars represent standard error of
the mean from triplicate results. tctv, two-chain two-vector; tcsv, two-
chain single-vector.

Table2 Net gain in dual expression via degenerate codon
substitution estimated by different methods

Flow PCR

Va:Vvb ratio
fold-change

tet:Vb ratio fold-change

Constructs, tcsv Degen:Wildtype Degen:Wildtype
p36bz-IRES-p36adz 2 2
p36bz-2A-p36adz 2 2
p36b28-2A-p36ad28 3 4
p36b28z-2A-p36ad28z 3 5

PCR, polymerase chain reaction; tcsv, two-chain single-vector.

To construct tctv {p36VaCaz} and {p36VbCbz}, the human CD3 zeta (z)
(NM_000734.3) transmembrane (tm) to cytoplasmic (cyt) region was PCR
amplified with 5’-Xhol-BamHI/Notl-3" restriction sites (primers f1/r1) and
cloned into the modified MFG mcs to generate an MFG-CD3z entry vector.
The p36VaCa and p36VbCb chains were PCR amplified with 5”-Xhol/BamH1-
3’ sites (primers f2/r2 and f3/r3) and cloned into the MFG-CD3z vector. cDNA
sequences encoding the p36VaCa and p36VbCb chains were described pre-
viously.” To construct tcsv {p36VbCbz-IRES-p36VaCaz}, p36VbCbz was PCR
amplified with Ncol/Clal-Notl sites (primers f4/r4) and cloned into the modi-
fied MFG mcs. IRES was PCR amplified with Clal/Xhol-Notl sites (primers f5/
r5/r6) for cloning to generate p36VbChbz-IRES, and for subsequent entry of
p36VaCaz. To construct tcsv {p36VbCbz-2A-p36VaCaz}, p36VbCbz was PCR
amplified with Ncol/Clal sites (primers f4/r7) to remove the stop codon. A
peptide motif P2A derived from Foamy virus 2A sequence, was amplified
with Clal/Xhol sites (primers f6/r8) and cloned inframe to replace IRES. To
construct {p36VbCbz-IRES-p36VaCadz} and {p36VbCbz-2A-p36VaCadz}, a
degenerate CD3z sequence was constructed with multiple oligonucleotides
(primers d1 to d8) and flanking BamHI/Notl sites (primers df1/dr1) for clon-
ing to replace the wildtype CD3z in the p36VaCaz chain. Primer sequences
are shown (Table 3).
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Table3 Oligonucleotide sequences used for constructing retroviral vectors

Two-chain two-vector (tctv) and two-chain single-vector (tcsv) primers
Primer Sequence (5'—3')
f1 Gctcgaggctagcccatggctggatcccaaactctgctac
r1 Geggccgcttagcgagggggcaaagcttge
f2 Cccgggecctctcgagttatgatgaaatcecttgagag
r2 Caatttgggatccagatccccacaggaactttctgg
f3 Gctcgagaccatgggctccaggctgcetetgttggg
r3 Cggggatccagatccccacagtctgctctaccccagge
f4 Gctagcccatgggctccaggcetgctctgttgg
r4 Gggatccagatccccacagtctgctctaccccagge
f5 Gctaaatcgatgttattttccaccatattgecgtcttttgg
r5 Gcggccgctctagacatatggaattcctcgag
fé6 Atcgatagcagcaacagccgtaagaagcgtagcac
r6 Catatggaattcctcgagttatcatcgtgtttttcaaagg
r7 Ggtggaagcggccgcaataacatcgatgcgagggggcaaag
r8 Geggecgctatataaactcgagaaggcccggggttttc

Degenerate CD3 zeta primers

Primer Sequence (5" —3)
df1 Ctggatcccaaattgtgttatttgttggacggg
di Gttatttgttggacgggattttatttatatacggagtg
d2 Cgggattttatttatatacggagtgatattaacagcgc
d3 Gtgatattaacagcgctatttttacgtgtcaaattttcacgctccgetyg
d4 Ttcttctctacgacccaagttcaattcattgtacaattgattttgcccttgttgataggccggegceatcagcggagegtgaaaatttgacacg
d5 Cttgggtcgtagagaagaatatgacgtactcgataaacggagggggcgcgatccagaaatgggcggcaaaccacggcgaaaaaatccacaag
dé Ccccttcatacctatttctgaatatgcttctgecattttgtecttttgtaactcgttatataatcectcttgtggattttttcgecgtggtttg
d7 Ttcagaaataggtatgaagggggaaaggagacgagggaaaggtcatgacggattgtatcaaggattatcgaccgcgactaaagatacgtatgatgeg
d8 Ttatcttggcggtaatgcttgcatgtgtaacgcatcatacgtatctttagtcg
dr Geggccgctctagattatcttggcggtaatgcttge

Retrovirus production and transduction

RV MFG-lgZetapc-IRES-IgCD28myc was transfected into ecotropic E86 ret-
roviral packaging cells by lipofectamine (Gibco, Carlsbad, CA)-mediated
transfection. Supernatant from transfected E86 cells was collected
and used to transduce amphotropic PA317 retroviral packaging cells.
Transduced PA317 cells were sorted by flow cytometer with WI2 antibody
or anti-pc antibody.

For the TCR-CAR, retroviral supernatant was produced using an optimized
protocol. 293-gp cells were transiently transfected with MFG RV plasmid and
vesicular stomatitis virus envelope G protein plasmid (LipoD293; SignaGen
Laboratories, Rockville, MD). Supernatant was collected and concentrated
for subsequent use to transduce PG13 packaging cells.

Flow cytometry

For the TCR-CAR studies, for single antibody staining, cells were incu-
bated at room temperature for 15-30 minutes with either PE-conjugated
anti-human Vb5.1 (Affymetrix, Santa Clara, CA) or PE-conjugated p36/
HLA-A0201 tetramer (NIH Tetramer Core Facility). Tetramer-stained cells
did not undergo washing prior to flow cytometry. For double staining,
cells were incubated at room temperature for 15 minutes with p36 tet-
ramer-PE followed by Vb5.1-APC and incubation on ice for 15 minutes.
After subsequent washing, cells were analyzed directly using the BD-LSRII
(Becton Dickinson).
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Real-time PCR

Genomic DNA was isolated from transduced PG13 cells using the
DNeasy kit (Qiagen, Valencia, CA). Oligonucleotides were designed using
PrimerSelect (DNAStar, Madison, W) specific for the p36 o constant domain
(5"-ggcctggageaacaaatct-3'/5-cagatccccacaggaacttt-3', 106bp) and p36
B constant domain (5"-aaccacttccgctgtcaagt-3'/5-tccccacagtctgctctace-3’,
125bp). Real-time PCR was performed using the Bio-Rad CFX96 detection
system (Bio-Rad, Hercules, CA). Reactions contained Maxima SYBR Green
qPCR Master Mix (Fermentas, Pittsburgh, PA), 0.3 umol/I each oligonucle-
otide and 200 ng genomic DNA. Amplifications were at 95 °C for 10 minutes,
40 cycles at 94 °C for 20 seconds, 60 °C for 30 seconds, and 72 °C for 30 sec-
onds. Fluorescence data were acquired at the 72 °C extension phase. Product
specificity was confirmed by melt curve analysis. Ratios of p36 o.to p36 in
PG13 cells transduced with tcsv p36 constructs were calculated from abso-
lute copy numbers extrapolated from plasmid standard curve dilutions.

Calculations

For assays by flow cytometry, the ratio of tetramer/Vb indicates the fraction
of vector that is undeleted and D = 1 — tetramer/Vb = (Vb — tetramer)/Vb is
the rate of deletion. For assays by quantitative PCR, the deletion rate was
calculated as D = (Vb — Va)/Vb. On the basis of control tests for nondeletion
by flow, the tetramer/Vb ratio was 0.98+0.08 (N = 7), which calculated to
a “deletion rate” of 2+8%; this represents the “noise” of the flow cytometry
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assay. From this, a limit of detection (sensitivity) for deletion was set as mean
+1 SD = 2% + 8% = 10%. By this criterion, under a normal distribution of
values, 16% of non-deleted constructs would be expected to appear as
deleting (D>10%); this is the expected false positive rate for a true negative
sample.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGMENTS

We thank Esther Beaudoin and Kartik Pawar for technical assistance, and Elizabeth
Barros for graphics and clerical assistance. This work was supported by grants to
R.PJ. from the NIAID and the DOD Breast Cancer Research Program, as well as RWMC
research funds to E.J.I.

REFERENCES

Maetzig, T, Galla, M, Baum, C and Schambach, A (2011). Gammaretroviral vectors:

biology, technology and application. Viruses 3:677-713.

Yi, Y, Noh, MJ and Lee, KH (2011). Current advances in retroviral gene therapy. Curr Gene

Ther11:218-228.

Liechtenstein, T, Perez-Janices, N and Escors, D (2013). Lentiviral vectors for cancer

immunotherapy and clinical applications. Cancers (Basel) 5:815-837.

Jensen, MCand Riddell, SR (2014). Design and implementation of adoptive therapy with

chimeric antigen receptor-modified T cells. Immunol Rev 257: 127-144.

Cheadle, EJ, Gornall, H, Baldan, V, Hanson, V, Hawkins, RE and Gilham, DE (2014). CART

cells: driving the road from the laboratory to the clinic./mmunol Rev 257:91-106.

Dotti, G, Savoldo, B and Brenner, M (2009). Fifteen years of gene therapy

based on chimeric antigen receptors: “are we nearly there yet?”. Hum Gene Ther

20:1229-1239.

Coffin, JM (1979). Structure, replication, and recombination of retrovirus genomes: some

unifying hypotheses. J Gen Virol 42: 1-26.

Junghans, RP, Boone, LR and Skalka, AM (1982). Retroviral DNA H structures:

displacement-assimilation model of recombination. Cell 30: 53-62.

Zhang, J and Sapp, CM (1999). Recombination between two identical sequences within

the same retroviral RNA molecule. J Virol 73:5912-5917.

10 Nethe, M, Berkhout, B and van der Kuyl, AC (2005). Retroviral superinfection resistance.
Retrovirology 2:52.

11 Finney, HM, Lawson, AD, Bebbington, CR and Weir, AN (1998). Chimeric receptors

providing both primary and costimulatory signaling in T cells from a single gene

product.JiImmunol 161:2791-2797.

N

w

EN

(O]

(o)}

~

[=<]

O

Molecular Therapy — Methods & Clinical Development (2014) 14022

12 Maher, J, Brentjens, RJ, Gunset, G, Riviére, | and Sadelain, M (2002). Human T-lymphocyte
cytotoxicity and proliferation directed by a single chimeric TCRzeta /CD28 receptor. Nat
Biotechnol 20:70-75.

13 Emtage, PC, Lo, AS, Gomes, EM, Liu, DL, Gonzalo-Daganzo, RM and Junghans, RP
(2008). Second-generation anti-carcinoembryonic antigen designer T cells resist
activation-induced cell death, proliferate on tumor contact, secrete cytokines, and
exhibit superior antitumor activity in vivo: a preclinical evaluation. Clin Cancer Res
14:8112-8122.

14 Willemsen, RA, Weijtens, ME, Ronteltap, C, Eshhar, Z, Gratama, JW, Chames, P et al. (2000).
Grafting primary human T lymphocytes with cancer-specific chimeric single chain and
two chain TCR. Gene Ther 7: 1369-1377.

15 Yang, W, Beaudoin, EL, Lu, L, Du Pasquier, RA, Kuroda, MJ, Willemsen, RA et al. (2007).
Chimericimmune receptors (CIRs) specific to JC virus forimmunotherapy in progressive
multifocal leukoencephalopathy (PML). Int Immunol 19: 1083-1093.

16 Ferenczy, MW, Marshall, LJ, Nelson, CD, Atwood, WJ, Nath, A, Khalili, K et al. (2012).
Molecular biology, epidemiology, and pathogenesis of progressive multifocal
leukoencephalopathy, the JC virus-induced demyelinating disease of the human brain.
Clin Microbiol Rev 25:471-506.

17 Griffiths, AJF, Miller, JH, Suzuki, DT, et al. (2000) An Introduction to Genetic Analysis. 7th
edition. New York: W. H. Freeman.

18 Goedhart, J, van Weeren, L, Adjobo-Hermans, MJ, Elzenaar, |, Hink, MA and Gadella, TW Jr
(2011). Quantitative co-expression of proteins at the single cell level-application to a
multimeric FRET sensor. PLoS ONE 6: €27321.

19 Hoatlin, ME, Kozak, SL, Spiro, C and Kabat, D (1995). Amplified and tissue-directed
expression of retroviral vectors using ping-pong techniques. J Mol Med 73:113-120.

20 Ma, Q Gonzalo-Daganzo, RM and Junghans, RP (2002). Genetically engineered T cells as

adoptive immunotherapy of cancer. Cancer Chemother Biol Response Modif 20:315-341.

Joglekar, AV, Hollis, RP, Kuftinec, G, Senadheera, S, Chan, R and Kohn, DB (2013).

Integrase-defective lentiviral vectors as a delivery platform for targeted modification of

adenosine deaminase locus. Mol Ther 21: 1705-1717.

22 Du Pasquier, RA, Clark, KW, Smith, PS, Joseph, JT, Mazullo, JM, De Girolami, U etal. (2001).
JCV-specific cellularimmune response correlates with a favorable clinical outcome in
HIV-infected individuals with progressive multifocal leukoencephalopathy. J Neurovirol
7:318-322.

23 Nolan, KF, Yun, CO, Akamatsu, Y, Murphy, JC, Leung, SO, Beecham, EJ et al.
(1999). Bypassing immunization: optimized design of “designer T cells” against
carcinoembryonic antigen (CEA)-expressing tumors, and lack of suppression by soluble
CEA. Clin Cancer Res 5:3928-3941.

2

HSO) This work is licensed under a Creative Commons Attribution-
B NG NonCommercial-ShareAlike 3.0 Unported License. The images or other
third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit ling; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to
reproduce the material. To view a copy of this license, visit http://creativecommons.org/
licenses/by-nc-sa/3.0/

B4

© 2014 The American Society of Gene & Cell Therapy



