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Adoptive Imnmunotherapy of Disseminated
Leukemia With TCR-transduced, CD8™ T Cells
Expressing a Known Endogenous TCR
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Adoptive T-cell immunotherapy has shown promise in
the treatment of human malignancies, but the challenge
of isolating T cells with high avidity for tumor antigens
in each patient has limited application of this approach.
The transfer into T cells of T-cell receptor (TCR) genes
encoding high-affinity TCRs recognizing defined tumor-
associated antigens can potentially circumvent this
obstacle. Using a well-characterized murine model of
adoptive T-cell immunotherapy for widely disseminated
leukemia, we demonstrate that TCR gene-modified
T cells can cure mice of disseminated tumor. One goal of
such adoptive therapy is to establish a persistent memory
response to prevent recurrence; however, long-term
function of transferred TCR-transduced T cells is limited
due to reduced expression of the introduced TCR in vivo
in quiescent resting T cells. However, by introducing the
TCR into a cell with a known endogenous specificity,
activation of these T cells by stimulation through the
endogenous TCR can be used to increase expression of
the introduced TCR, potentially providing a strategy to
increase the total number of tumor-reactive T cells in the
host and restore more potent antitumor activity.
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INTRODUCTION

The generation, isolation, and expansion of autologous high avid-
ity, tumor antigen-specific T cells from cancer patients for use in
autologous cell therapy is a laborious and, all too often, unsuccess-
ful endeavor. Obstacles include central and peripheral tolerance
to the targeted tumor cell antigens, which are commonly self-
proteins,"* compromised immune systems in patients presenting
for T-cell therapy, and high tumor antigen burdens in vivo. One
strategy to circumvent these challenges would be to have a high-
affinity, tumor antigen-specific T-cell receptor (TCR) available
that could be used to transduce a patient’s T cells and impart the

desired specificity. Such tumor-reactive T cells could then poten-
tially be rapidly expanded in vitro with well-defined techniques to
the large numbers required for therapeutic infusions.’

A clinical trial employing TCR gene therapy to target the
melanoma antigen recognized by T cells (MART-1) antigen in
human patients has recently been reported.* Although this study
demonstrated proof of principle in humans, only 2 of 17 patients
displayed clinical responses, which is far less than predicted
if autologous nontransduced tumor-reactive T cells had been
infused,>® suggesting the necessity for improving this strategy. At
the time of infusion of the autologous polyclonal T cells transduced
with a MART-1-specific TCR into lympho-depleted patients with
melanoma, 42% of CD8* T cells expressed the MART-1-specific
TCR V chain, but only 17% bound MART-1 tetramer. One month
later, a molecular signature of retroviral transduction was detect-
able in 26% of patients’ peripheral T cells, expression of the MART-
1-specific TCR VP chain was detected on only 8%, and expression
of both TCR chains sufficient to bind the MART-1 peptide/major
histocompatibility complex tetramer averaged ~0.8% of peripheral
T cells.* This loss of expression of introduced TCR chains rendered
the majority of persistent transduced cells no longer tumor reactive.
Thus, advancing TCR gene therapy will require not only strategies
to promote initial high levels of TCR gene expression to achieve
immediate antitumor activity, but also methods to maintain TCR
expression to establish long-term memory in the host. Using a well-
described model for T-cell therapy of an established murine leuke-
mia, we assessed the efficacy of candidate vectors for inducing and
maintaining TCR expression prior to commencing human studies.

Our lab has extensively studied a murine model for adoptive
T-cell therapy of disseminated leukemia with CD8% T cells spe-
cific for the gag epitope derived from the Friend murine leukemia
virus-induced erythroleukemia, FBL.” Adoptive transfer of gag-
specific CD8* T cells from either FBL-immunized mice or TCR-
transgenic mice expressing a Va3V 12 gag-specific TCR (TCRClgag
mice) into C57BL/6 (B6) mice bearing disseminated FBL tumor
mediates tumor regression and long-lived protection from tumor
challenge.*® Tumor eradication requires a prolonged response, and
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the antigen-specific T cells must persist for at least 30 days after
transfer to be effective.’® Thus, this tumor therapy model provides
a demanding setting for testing in vivo efficacy and persistence of
adoptively transferred T cells.

We transduced the gag-specific Va3VB12 TCR chains into
CD8™* T cells from a TCR-transgenic mouse expressing a TCR
specific for a viral antigen and assessed whether transduced,
gag-specific TCR expression would be sufficiently maintained
following transfer to mediate tumor regression and establish long-
term memory. Our results demonstrate that transduced T cells
can cure mice of FBL leukemia, but expression of transduced TCR
chains is maintained in vivo only on a small subset of transferred
T cells at 7 months. Downregulation of TCR expression largely
reflected diminished promoter activity in quiescent cells rather
than vector silencing, as activation via the endogenous TCR
restored transduced TCR expression and tumor recognition.

RESULTS

Vector design affects introduced TCR gene expression
Expression levels of introduced TCR chains modulate anti-
gen recognition, with T cells expressing higher levels of surface
TCRa and P chains binding peptide-major histocompatibility
complex tetramers more avidly, and responding better to anti-
gen, than T cells with reduced expression of one or both of the
introduced chains.'**? In vitro studies comparing methods for
expressing two genes from a single retroviral vector in T cells
suggest that using the long terminal repeat (LTR) and an internal
phosphoglycerate kinase (pgk) promoter, or the LTR with link-
ing the genes via an internal ribosomal entry site (IRES) or 2A
peptide, are among the best strategies for promoting high levels of
both TCRa and B chain expression.”** However, previous studies
have not directly compared efficacy of these strategies in tumor
therapy, or in maintaining long-term expression of transduced
TCRs. We, therefore, tested these approaches in a tumor therapy
model, designing three different retroviral vectors that can simul-
taneous express the same TCRa and f chains (Figure 1). Va3 and
VP12 genes,’” encoding a high-affinity TCR recognizing an epitope
within the Friend murine leukemia virus gag protein expressed
by the FBL erythroleukemia, were inserted into retroviral vectors
containing the same Moloney murine leukemia virus LTRs and
backbone, but separated by a pgk promoter, an IRES, or the foot
and mouth disease virus—derived 2A peptide (F2A) sequence that
induces ribosomal skipping and has been used to create multi-
cistronic vectors expressing equivalent levels of the TCRa and {
chain genes."” Retroviruses encoding these three different versions
of the gag-specific TCR were transduced into naive CD8% T cells
from Thyl.1 congenic P14 TCR-transgenic B6 mice that express
an endogenous Va2V 8 TCR recognizing a gp33-derived epitope
from the lymphocytic choriomeningitis virus.

To assess relative levels of transduced TCR expression, T cells
were incubated with antibodies to Va3 and VP12 several days after
transduction. Transduction efficiencies (based on Va3 expression)
were 62% for the pgk-containing construct, 61% for the F2A con-
struct, and 56% for the IRES construct (Figure 2a). The mean
fluorescence intensities of Va3 expression (driven from the LTR
in all constructs) were similar in all three T-cell populations and
slightly lower than expression in TCR_ T cells expressing the
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Figure 1 Design of retroviral constructs. The gag-specific Va3 and
VP12 TCR chains were cloned into pUC6S%* and separated by either an
IRES element, murine phosphoglycerate kinase (pgk) promoter, or the
2A peptide sequence derived from the foot-and-mouth disease virus
(F2A), and each entire cassette cloned into the BamHI and Notl sites of
the retroviral vector pLZRSpBMN-Z, replacing the lacZ gene. Only the
retrovirus portion of the vector is shown. IRES, internal ribosomal entry
site; LTR, long terminal repeat; TCR, T-cell receptor.

[ r >W—| TCRo.

receptor from a germ-line transgene (data not shown). In con-
trast, the mean fluorescence intensity of V12 expression differed
among the constructs, with the weakest expression of VP12 in
pgk-transduced cells (Figure 2b). A fraction of T cells in all three
groups expressed low levels of V12 despite strong expression of
Va3, which likely reflects noncoordinate reduced expression of
the B chain compared to the a chain, and/or mismatched pairing
of the introduced Va3 chain with the endogenous VB8 chain in
these cells. In comparison to cells from TCR __mice, we have pre-
viously shown that T cells from double-transgenic P14xTCR
mice also have reduced expression of VB12 relative to Va3,
suggesting the Va3 chain from TCR_ can efficiently pair with
the VB8 chain of the P14 TCR.

The poorer expression of V12 in T cells transduced with the
pgk vector was observed in multiple experiments (Figure 2b and
data not shown) and was apparent even when Va3 cells express-
ing low or undetectable levels of V12 were eliminated from
the analysis (Figure 2b lower bar graph). Consistent with data
demonstrating that decreased levels of TCR expression result in
reduced responses to antigen,'"'? transduced T cells containing
the pgk promoter proliferated in vitro at about one fourth the rate
of cells transduced with the IRES- or F2A-containing constructs
when stimulated with irradiated FBL (data not shown). As a
result, it proved very difficult to expand pgk-transduced T cells
that maintained expression of both chains, and we were unable to
achieve the numbers necessary for in vivo therapy, as this required
a large number of repeated stimulations and resulted in terminal
differentiation of the cells. Thus, for in vivo analysis of therapeutic
efficacy, we only compared cells transduced with the IRES and
F2A vectors that yielded roughly equivalent expression of both
chains and expanded similarly.

In vitro expansion of TCR gene-modified T cells

Protocols for generating the large numbers of T cells required for
adoptive therapy in humans typically rely upon isolating small
numbers of antigen-specific T cells followed by multiple cycles of
in vitro stimulation with aCD3.> Two to three months of in vitro
culture with repeated stimulations are generally required to isolate
and expand a T-cell line or clone to sufficient numbers for therapy,
which for retrovirally transduced cells may lead to progressive loss
of gene expression over time.!” Although improved efficiency of
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Figure 2 Transduction efficiency and T-cell receptor o and p chain expression in P14 T cells. (@) P14 T cells were transduced with one of the
three retroviral constructs shown in Figure 1 and incubated with antibodies to CD8a, Va3, and VB12 2 days post-transduction. Dot plots were gated
on CD8* lymphocytes, and histograms were gated on CD8%, Va3 lymphocytes to illustrate relative levels of V312 expression in transduced T cells
compared to mock-transduced controls. (b) Histograms were analyzed as in a above to compare V12 expression in three separate experiments.
Means and standard deviations for the mean fluorescence intensity (MFI) of V12 expression for the transduced T cells gated on CD8%, Va3* lym-
phocytes from the three experiments were calculated (right, upper bar graph). The means and standard deviations for the MFI of VB12 expression in
transduced T cells were also calculated after eliminating T cells expressing low or absent levels of V12 by gating on CD8%, Va3t, V12* lymphocytes
(right, lower bar graph). F2A, foot and mouth disease virus—derived 2A peptide; IRES, internal ribosomal entry site; pgk, phosphoglycerate kinase.

TCR gene transduction and selection might ultimately shorten
this period by increasing the frequency of reactive T cells, we mod-
eled the current prototypic conditions for human T-cell therapy
by expanding Va3VP12 TCR-transduced and mock transduced
P14 T cells in vitro for nine cycles (~2.5 months) in the presence
of cells expressing costimulatory molecules to minimize changes
in T-cell function.'®"” The transduced and control TCR T cells
were repetitively stimulated with irradiated FBL tumor cells, using
antigen recognition to select T cells expressing the introduced, gag-
specific TCR rather than incorporating a drug selection enzyme in
the vectors, as this assures functional TCR expression and avoids
enzymes that can serve as neoantigens that stimulate host immune
responses resulting in rejection of transferred T cells.

After eight cycles of in vitro stimulation, transduced T cells
were incubated with antibodies to both the introduced (Va3 and
VP12) and endogenous (Va2 and VP8) TCR chains to reassess
surface expression (Figure 3a,b). The Va3IRESVP12-transduced
T-cell population maintained expression of both the introduced
and endogenous TCR chains at high levels, with >90% of the cells
expressing all four TCR chains. On Va3F2AVp12-transduced
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T cells, high levels of the introduced TCR were found on 80% of
cells and high levels of the endogenous TCR on 89%. Thus, TCR
expression appeared to be better retained in the Va3IRESV{12-
transduced T-cell population. The mean fluorescence intensity
of expression of the introduced TCR a-chain was slightly higher
in the Va3IRESV12-transduced T cells, whereas the mean fluo-
rescence intensity of expression of the introduced TCR B—chain
was somewhat higher in the Va3F2AVp12-transduced T cells
(Figure 3a).

TCR gene-modified T cells can cure mice

of disseminated tumor

To test whether Va3VPB12 TCR-transduced T cells can cure
disseminated leukemia, B6 mice were inoculated with FBL and
5 days later, when leukemia was widely disseminated, received cyclo-
phosphamide and TCR-transduced T cells, followed by interleukin
(IL)-2 for 10 days to promote T-cell viability and in vivo expansion.”
As a positive control, tumor-bearing mice received IL-2 plus T cells
from a similarly maintained TCR _ T-cell line;’ as negative control,
mice received IL-2 plus mock-transduced P14 T cells. All mice that
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Figure 3 Maintenance of transduced T-cell receptor (TCR) expres-
sion with repetitive in vitro stimulation. P14 T cells transduced with
the TCR , receptor chains were incubated with antibodies to CD8a and
either the introduced, gag-specific TCR chains (Va3 and VB12) or the
endogenous gp33-specific TCR chains (Va2 and VB8). (a) Expression of
the gag-specific TCR on day 9 following the 8th in vitro stimulation when
cells had been in culture for ~2.5 months. (b) Expression of the gp33-
specific TCR at the same time point as in a. All plots shown are gated on
CD8* lymphocytes and the numbers in the histograms indicate the mean
fluorescence intensity of a- and f—chain expression. F2A, foot and mouth
disease virus—derived 2A peptide; IRES, internal ribosomal entry site.

received cells from the in vitro-cultured TCR__ T-cell line rejected
their tumors and survived disease-free for >150 days (Figure 4).
Similarly, the five mice that received Va3IRESVP12-transduced P14
T cells rejected tumor and survived. Of the five mice that received
Va3F2AV12-transduced P14 T cells, three succumbed to tumor
on day 25, while two mice rejected tumor and survived long-term.
All mice that received mock-transduced P14 T cells (4/4) died of
tumor between days 23 and 30.
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Figure 4 Therapy of mice bearing disseminated FBL leukemia with
P14 T cells transduced with a gag-specific TCR. B6 mice were injected
with 2 x 10° live FBL tumor cells intraperitoneal on day 0 and cyclo-
phosphamide (Cy) on day 5. Six hours following Cy treatment, mice
received no T cells (dashed black line) or 6 x 10® mock-transduced
P14 T cells (solid gray line), P14 T cells transduced with a Va3F2AVf12
retrovirus (dotted gray line), P14 T cells transduced with a Va3IRESVp12
retrovirus (dashed gray line), or TCR - transgenic T cells (solid black
line). The transduced T cells had been expanded in vitro for nine stimula-
tion cycles and were compared for in vivo efficacy to similarly expanded
transgenic T cells expressing the same TCR. Mice were euthanized if
progressive tumor growth became evident (mortality anticipated in
48h). F2A, foot and mouth disease virus—derived 2A peptide; IRES,
internal ribosomal entry site; TCR, T-cell receptor.

Small numbers of transduced T cells persist
long-term, but are largely unresponsive to gag
Effective immunotherapy in humans will, in some settings, require
long-term persistence of adoptively transferred cells with main-
tenance of function. To ascertain whether TCR gene-modified
T cells maintain functional expression of the introduced TCR
long after adoptive transfer, mice cured of tumor (Figure 4) were
euthanized on day 214 after tumor challenge (295 days after cells
were activated for retroviral transduction) and the splenocytes
were stimulated in vitro with either irradiated FBL or gp33 peptide
to assess the ability of persisting transferred T cells to recognize
the antigens targeted by the introduced and endogenous TCR
chains. T cells from P14xTCR  mice expressing both sets of TCR
chains exhibit equivalent proliferative responses to irradiated FBL
and gp33 peptide when stimulated in vitro for 6 days (data not
shown). We could only evaluate splenocytes from six of the seven
cured mice as one mouse treated with Va3IRESVP12 T cells died
from unknown causes without recurrent tumor on day 197. Six
days following stimulation with irradiated FBL or gp33 peptide,
transferred cells that had been capable of responding/expanding
to each antigen were enumerated by restimulating cells for 6h
with no peptide, gag peptide, or gp33 peptide, and analyzed for
interferon-y (IFN-y) production by flow cytometry (gag peptide
induces more detectable cytokine responses than FBL in this brief
in vitro assay).

Transduced and transferred P14 T cells, identified by Thyl.1
expression, were detected in cultures from four of the six evalu-
able mice (Figure 5c-f). In three of the four mice with persisting
transduced T cells, <0.5% of CD8% T cells present 6 days after
FBL stimulation were derived from Va3Vp12 TCR-transduced
P14 precursors (%Thyl.1™ T cells without restimulation)
(Figure 5d-f, first column). In contrast, primary stimulation
with gp33 peptide resulted in 2.5- to 50-fold greater numbers of
transduced P14 T cells (5-27% of total CD8% T cells) compared
to primary FBL stimulation (Figure 5c-f, fourth column versus
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Figure 5 Analysis of long-term persistence and function of transferred cells in treated mice. On day 214 following tumor challenge, splenocytes
from surviving treated mice from Figure 4 were stimulated in vitro with irradiated FBL or gp33 peptide. Six days later, cells were restimulated with
no peptide (¢), gag peptide, or gp33 peptide for 6h and analyzed for production of IFN-y and expression of Thy1.1. All transduced and adoptively

transferred P14 T cells were derived from T cells expressing the Thy1.1

congenic marker. (a-d) Mice received Va3IRESVB12-transduced P14 T cells

and (e,f) mice received Va3F2AVp12-transduced T cells. All plots are gated on CD8% lymphocytes. IFN-y, interferon-y.

first column). Similar results were obtained with both the IRES
(Figure 5¢,d) and F2A (Figure 5e,f) containing vectors. In one
mouse transduced P14 T cells represented ~10% of CD8% cells
after stimulation with FBL (Figure 5c), but even in this mouse the
number of cells that responded to gp33 was ~2.5 times greater.
This data suggest the majority of transduced T cells persisting in
treated mice had downregulated expression of the introduced,
gag-specific TCR such that the cells were only marginally respon-
sive to gag, but retained the ability to respond to gp33 through the
endogenous TCR.

Stimulation via the endogenous TCR augments

the number of T cells that can recognize tumor

The poor response of transduced T cells to FBL stimulation could
reflect downregulation of the introduced TCR via methylation-
induced silencing of the integrated vector or decreased transcrip-
tion of vector-encoded genes when T cells are in a quiescent state.
To differentiate between these possibilities, and determine whether
it might be possible to rescue TCR expression and the antitumor
activity of transduced T cells, splenocytes from euthanized mice
were stimulated with either FBL or gp33, and restimulated with
gag peptide to assess tumor antigen recognition as reflected by
IFN-y production. Initial stimulation with gp33 resulted in 3-100
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times more T cells producing IFN-v in response to gag peptide
than if cells were first stimulated with FBL (Figure 5¢-f, second
and fifth columns). Thus, activating persistent, quiescent, trans-
duced T cells via the endogenous TCR increases expression of
the transduced TCR and may provide a strategy to increase the
number of T cells that can recognize tumor cells in vivo.

DISCUSSION

Several studies have compared activities of different promoters
for expressing genes in T cells. Previously we found that in retro-
virally transduced primary T cells the Moloney murine leukemia
virus LTR and internal pgk promoters were superior to internal
B-actin, ubiquitin, cytomegalovirus, and SV-40 promoters."* Two
reports directly comparing the pgk promoter to a bicistronic
IRES strategy suggested that resulting gene expression levels
were equivalent,'**! and a third report demonstrated only slightly
reduced expression with a pgk promoter compared to an IRES.”
A comparison of an IRES versus a 2A peptide for expressing
codon-optimized TCRs driven by a retroviral LTR in primary
T cells demonstrated equivalent TCR surface expression and
cellular responses to antigen with both constructs.”® However,
as none of these studies assessed long-term expression of TCRs
invivo, we compared these different methods to determine whether

www.moleculartherapy.org vol. 17 no. 4 apr. 2009
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one of these strategies promotes better TCR gene expression levels
and T-cell function in vivo.

In distinction to previous reports, our construct using an
internal pgk promoter yielded reduced expression of the pgk-
regulated B chain compared to the IRES- and F2A-containing
constructs. This disparity might be species related, as the previous
studies evaluating the pgk promoter were performed in human,
not mouse, T cells.’***"?* However, our results do suggest that,
even with positive selection for cells expressing functional levels of
the introduced TCR chains by using repeated antigen stimulation
as the proliferative trigger, transduction with a vector employing
an internal pgk promoter to drive independent expression of the
B chain appears inefficient for sustaining strong expression of both
TCR chains in murine T cells.

Among T cells transduced with IRES- and F2A-containing
constructs the Va3F2AVB12-transduced T cells appeared some-
what less effective in adoptive immunotherapy, with only two of
five treated mice surviving, whereas all five mice that received
Va3IRESVB12-transduced T cells eliminated tumor and survived.
The reasons for this discrepancy in vivo are unclear and might
merely reflect the distinct properties of cells expanded exten-
sively in culture from a small starting population. One potential
problem with F2A containing vectors is that the F2A peptide
contains a sequence that fits the motif of an H2-D-binding
epitope (KQTLNFDLL;*) and adoptively transferred T cells
expressing novel epitopes from transgenes can induce potent
immune responses.”’ To test whether mice might be rejecting
Va3F2AVB12-transduced P14 T cells, we injected six additional
mice with these cells and IL-2 for 10 days and tested splenocytes
from these mice for recognition of the KQTLNFDLL peptide by
analysis of IFN-y production in response to peptide stimulation.
None of the mice mounted a detectable response to this peptide
(data not shown), suggesting the potential epitope derived from
F2A, even if recognizable, is not highly immunogenic in this
context. Alternatively, the observed differences in in vivo antitu-
mor activity may simply reflect differences in the total number of
gag-specific T cells transferred, as flow cytometric analysis dem-
onstrated that the population of Va3F2AVB12-transduced T cells
contained ~14% fewer T cells expressing high levels of both intro-
duced TCR chains compared to Va3IRESVB12-transduced T cells
(Figure 3). Future studies will be necessary to further clarify these
issues. Nonetheless, the potential for 2A peptides to present novel
epitopes to the immune system, in concert with the observed
efficacy of the IRES construct, suggests IRES-based vectors should
be useful in TCR gene therapy for humans.

The retroviral vector used for these studies is an early
generation Moloney murine leukemia virus vector, and modifi-
cations to the TCR genes and/or vector backbone should further
enhance transgene expression.”® Gene modifications that can
increase expression include codon optimization and removal of
RNA instability motifs and cryptic splice sites,” and insertion in
the 3’-untranslated region of the post-transcriptional regulatory
element from the woodchuck hepatitis virus.® Vector changes
such as insertion of the B-IFN scaffold attachment region'**” and/
or chicken beta-globin insulator®® may facilitate long-term gene
expression by inhibiting integration-site methylation and main-
taining chromatin in a more open conformation. The potential
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benefits of such modifications will need to be evaluated in in vivo
models, such as employed in our study, which require prolonged
responses and permit assessment of long-term memory.

Long-term persistence of adoptively transferred, TCR
gene-modified T cells with retention of function in vivo will be
necessary in some therapeutic settings. Although lymphodepletion
of hosts prior to adoptive T-cell therapy promotes the persistence
of transferred cells,” there is no evidence that lymphodepletion
promotes long-term expression of transduced TCR chains after
the proliferative drive has terminated.* To enhance transferred
T-cell persistence in the context of TCR gene therapy, Heemskerk
and colleagues proposed transducing tumor-specific TCRs into
T cells expressing endogenous receptors specific for latent viruses
such as cytomegalovirus and Epstein-Barr virus.” They reasoned
that in vivo triggering of virus-specific T cells by endogenous viral
reactivation may intermittently trigger proliferation of transferred
T cells. Our presented data, as well as data from experiments not
shown, suggest this strategy should be further explored as it might
provide the additional benefit of maintaining tumor reactivity by
restoring expression of the transduced TCR.

Among murine tumor immunotherapy studies examining TCR
gene transfer into mature T cells,”* only one has shown func-
tional maintenance of transduced T cells in immunocompetent
mice.* In that study, transduced T cells proliferated in response
to tumor rechallenge 3 months after initial tumor challenge.
Our results extend these observations, demonstrating that small
numbers of transduced T cells can be maintained in most mice for
up to 7 months, but that with the commonly used retroviral vector
the majority of these T cells lose expression of the transduced TCR
and cannot respond to the tumor antigen at this time. Moreover,
our in vitro data suggest that periodic restimulation of such cells
via the endogenous TCR may provide a means to induce prolifera-
tion and restore transduced TCR expression and tumor reactivity.
Periodic in vivo stimulation of TCR gene-modified T cells through
an endogenous receptor of known specificity, either by relying on
natural, though unpredictable, reactivation of chronic viruses in
the setting of using virus-specific T cells as recipients of the TCR
genes, or by intentional vaccination, may not only help to main-
tain the number of transferred T cells but may also increase the
fraction of these T cells capable of responding to the outgrowth of
residual tumor cells.

MATERIALS AND METHODS

Mice. C56BL/6 (B6) and congenic Thyl.1 mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). P14 mice, expressing a Va2V{38
TCR transgene, bred on the B6 background were a kind gift from Dr.
Murali Krishna-Kaja (University of Washington) and were bred with
congenic Thyl.1 mice to generate P14t/ ’xThyl.l*/ ~ heterozygotes as
a source of P14 Thyl.1* T cells. TCR ,, mice, expressing a Va3V[p12
TCR transgene, also bred on the B6 background, were generated in our
lab? P14xTCR _ mice were generated in our lab by crossing P14 and
TCR__ mice. All mouse experiments were approved by the University of
Washington Institutional Animal Care and Use Committee.

Peptides, antibodies, and media. The peptide epitopes from Friend
murine leukemia virus gag recognized by CD8* T cells from TCR,,, mice
[CCLCLTVFL with the cysteines replaced by aminobutyric acid to improve
solubility while retaining specificity (data not shown)] and from lympho-
cytic choriomeningitis virus-gp33 recognized by CD8* T cells from P14
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mice (KAVYNFATM) were synthesized and purified by high pressure lig-
uid chromatography by Synpep (Dublin, CA). Antibodies to Va2, Va3,
VB8, VP12, CD8a, Thyl.1, IFN-y, and FcyIII/IIR were purchased from BD
Pharmingen (San Diego, CA). All cell culture was performed with RPMI
1640 (Invitrogen, Carlsbad, CA) supplemented with 25mmol/l HEPES,
2umol/l L-glutamine, 100U/ml penicillin/streptomycin, 10% fetal calf
serum, and 30 umol/l 2-mercapatoethanol (complete medium).

Vector construction and virus preparation. The pLZRSpBMN-Z retroviral
vector (pLZRS) was a kind gift from Dr. Gary Nolan (Stanford University).
The pgk promoter was cloned from pMSCVpuro (Clontech, Palo Alto, CA),
the IRES from pIRES2EGFP (Clontech), and the 22 amino acid picornavi-
rus—derived F2A sequence (from the foot and mouth disease virus) created
using primers as described.”” The F2A segment adds 21 amino acids to the
C-terminus of the TCRa chain and 1 amino acid to the N-terminus of the
TCRp chain. In addition, a G-S-G linker was placed between the TCRa
chain and F2A sequence. The TCRa and  chain cDNAs (Va3 and Vp12)
used for retroviral gene transfer were identical to those used to create
TCR , TCR transgenic mice.’ Three different constructs, each containing
both the Va3 and VP12 cDNAs in the pLZRS vector were created in which
the lacZ gene was removed and replaced with the genes for the TCR chains
inserted downstream of the 5-LTR and separated by either an internal
murine pgk promoter, an IRES element, or the F2A sequence. The three
vectors were independently transfected into Phoenix E packaging cells
using Lipofectamine and continuously selected with puromycin (1 pug/ml).
To produce retroviral supernantant, 2 x 107 selected packaging cells were
plated without puromycin in T-225 flasks at 37°C and viral supernatant
harvested 2 days later. Fresh media was added to the flasks, and after a 20-h
incubation at 32°C additional viral supernatant was harvested. To con-
centrate the virus, 10ml of PEG solution (100g polyethylene glycol MW
8,000 + 6g NaCl in 250 ml H,O with pH adjusted to 7.2 with NaOH) was
added to 40 ml of the combined virus supernatant, stored at 4°C for 1 to
2 days and centrifuged at 2,500 rpm (~1,500¢) for 45 min at 4 °C. Each virus
pellet was suspended in 500 pl complete medium, pellets from both harvest
time points were pooled, and the concentrated virus was then either used
immediately for transduction or stored at -80°C for later use.

T-cell transduction and in vitro cell culture protocol. 4 x 107 sple-
nocytes from P14xThyl.l mice were stimulated in vitro with gp33
peptide (3 umol/I final concentration) and 20 U/ml IL-2 in 12ml com-
plete medium in T-25 flasks (upright) for 25h. Cells were washed,
resuspended at 1 x 10° cells/ml, and 50 ul placed in each well of a 6-well
plate with 1.5ml concentrated retroviral supernatant, IL-2 (20 U/ml),
and polybrene (2ug/ml). The cells were then spinfected in a table-top
centrifuge at 1,500 rpm (470g) for 1h at 32°C, and incubated at 37°C
for 16h. Cells were washed, resuspended in fresh medium with IL-2
(20 U/ml) for the remainder of the 10-day cycle, and then restimulated
with antigen every 9-10 days. Mock-transduced P14 T cells were repeti-
tively restimulated with 5 x 10° irradiated (3,000 rads) B6 splenocytes as
APC and feeder cells in 12ml complete medium with 0.16 ug/ml gp33
peptide and 20 U/ml IL-2, whereas TCR wgg transgenic T cells and P14
T cells transduced to express the TCR Va3 and VP12 TCR chains
were repetitively restimulated with 5 x 10 irradiated B6 splenocytes as
feeder cells, 2 x 10° irradiated (10,000 rads) FBL stimulator cells, and
20 U/ml IL-2 in 12 ml complete medium. Data from our lab suggest that
all CD8 T cells cultured long-term in this fashion become effector/
effector-memory T cells and that cells with phenotypic and functional
central-memory qualities are not detected in such long-term cultures
(data not shown).

Tumor therapy protocol. Adoptive immunotherapy was performed as
previously described.” Briefly B6 mice received 2 x 10 live FBL tumor cells
from fresh ascites intraperitoneal. Five days later, when tumor was widely
disseminated, mice were administered 180mg/kg cyclophosphamide
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intraperitoneal and 6h later, after clearance of the drug, 6 x 10° T cells
intravenous. On days 5-15, mice received 1 x 10* U IL-2 intraperitoneal to
promote survival and proliferation of the transferred cells. Mice were mon-
itored for ascites and euthanized if the detectable tumor burden increased
to a size that predictably led to morbidity/mortality within 24-48 hours
and/or the mice exhibited unexplained severe morbidity.

In vitro stimulation and intracellular cytokine staining. 20-30 x 10° sple-
nocytes from surviving mice cured of FBL tumor were stimulated in T-25
flasks with 20 U/ml IL-2, 5 x 10° irradiated (10,000 rads) FBL or 0.04 g/
ml gp33 peptide in 12 ml complete media for 6 days. 1 x 10° live cells from
each of these cultures were stimulated a second time with gag (2.5 ug/ml),
gp33 (2.5ug/ml), or no peptide in 96-well plates with 10 U/ml IL-2 for
6h, in the presence of Golgiplug (BD Pharmingen) for the last 5h. Cells
were incubated with antibodies to CD8a, Thyl.1, and FcyIII/IIR, fixed
and permeabilized (cytofix/cytoperm, BD Pharmingen), washed (perm/
wash, BD Pharmingen), incubated with antibody to IFN-v, and visualized
by flow cytometry.
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