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Dual-specific T cells combine proliferation and
antitumor activity
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An effective immune response against cancer requires the activation and expansion of specific T cells. Tumor
antigens, however, are generally poor immunogens.To achieve expansion of tumor-reactive T cells in vivo, we
used a strategy of generating dual-specific T cells that could respond to a powerful immunogen while also pos-
sessing tumor reactivity. We generated dual-specific T cells by genetic modification of alloreactive T cells with
a chimeric receptor recognizing folate-binding protein, an ovarian cancer–associated antigen. Mouse dual-
specific T cells responded in vitro to both allogeneic antigen and tumor cells expressing folate-binding protein,
and expanded in number in vivo in response to immunization with allogeneic cells. Most importantly, the com-
bination of dual-specific T cells and immunization had an antitumor effect in vivo. We also generated human
dual-specific T cells and characterized the dual-specific nature of individual clones. Assigning the tasks of
expansion and tumor reactivity to different receptors within the same lymphocyte may help to overcome the
problem of poor immunogenicity of tumor antigens.
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Directing the immune system against cancer has long been a goal of
immunologists. The many tumor-associated antigens (TAA) with little
or no expression in normal tissues are attractive targets that might pro-
vide a highly specific antitumor response with little toxicity to normal
tissue1. In humans, a wide variety of tumor antigens with defined T-cell
reactivity are known. Some are currently being assessed as vaccines in
clinical trials2,3, but responses to these vaccines have been infrequent4.
One reason for this limited success may be the absence of sufficient
numbers of tumor-reactive T cells. Indeed, tumor antigens are thought
to be poor immunogens.

We and others have investigated the potential of adoptive
immunotherapy using large numbers of in vitro–activated T cells in an
attempt to enhance the number and activity of T cells potentially applic-
able as therapeutics for a variety of viral and malignant disease5–8. In
mouse tumor models, adoptive immunotherapy can effectively mediate
antitumor effects9,10. Humans have also benefited from treatment that
includes adoptive transfer of autologous tumor-reactive T cells7,8,
although responses are restricted to only a proportion of patients suffer-
ing from one of a limited range of malignancies. This limited success
may result from poor persistence of tumor-specific T cells, because large
numbers of these activated cultured cells do not survive long in vivo
after adoptive transfer11.

With these considerations in mind, we developed a strategy involv-
ing the generation of dual-specific T cells that are able to proliferate 
in vivo in response to a powerful immunogen and that also recognize
tumor antigen. In this approach, the endogenous T-cell receptor (TCR)
provides activation and proliferative signals to T cells in response to the
immunogen, whereas tumor specificity is provided by genetic modifi-
cation with a chimeric receptor that recognizes TAA. The immunogen
used in this study was allogeneic major histocompatibility complex
(MHC) present on the surface of allogeneic cells. We chose to use allo-
geneic antigen (alloantigen) because it is well documented and pro-
vides a powerful stimulus that induces rapid activation and expansion

of alloreactive T cells, which are found in large numbers and have
diverse functions and phenotypes in most individuals12,13. The chimeric
tumor-reactive receptor used was made up of an extracellular domain
composed of single-chain antibody specific for the human ovarian
TAA folate-binding protein (FBP), and an intracellular signaling
domain derived from the γ chain of the human Fc receptor complex,
which we have previously shown to induce cytokine secretion and lytic
capability in T cells14.

In this study, we examined the ability of adoptively transferred
dual-specific T cells to expand in vivo in response to allogeneic
immunization and to inhibit tumor growth following immunization
with allogeneic cells.

Results
Phenotype and reactivity of alloreactive T cells. In our initial experi-
ments, we characterized the T cells that were generated in a mixed
lymphocyte reaction (MLR). Flow cytometric analysis of T cells
derived from Thy1.1+ C57BL/6 mice indicated that more than 95%
were CD8+ in all experiments. In addition, they had high levels of
Thy-1.1+ expression, allowing efficient tracking of alloreactive T cells
after adoptive transfer into Thy-1.2+ congenic recipients in subsequent
experiments. We analyzed the function of these T cells using a cytokine
secretion assay (Fig. 1). T cells raised in the MLR secreted large
amounts of interferon-γ (IFN-γ) in response to the allogeneic targets
CT26 and BALB/c 3T3 but not the syngeneic targets B16, 24JK, or
C57BL/6 splenocytes, thereby demonstrating specific alloreactivity of
the T cells. Allogeneic stimulation was necessary for the generation of
alloreactive T cells, as T cells raised against a melanocyte differentia-
tion antigen, Trp-2, secreted IFN-γ only in response to peptide-pulsed
splenocytes and not in response to allogeneic targets.

Expansion of alloreactive T cells in vivo. We next determined
whether cultured alloreactive T cells could expand in vivo in response
to immunization with allogeneic cells. We injected Thy-1.1+
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alloreactive T cells intravenously into Thy-1.2+ congenic recipient
mice, immunized some groups of mice with allogeneic splenocytes,
and harvested spleen, lung, and blood 11 days after T-cell transfer.
Whereas only small numbers of Thy-1.1+ cells were detected in the
absence of immunization (Fig. 2A), a much higher percentage of
adoptively transferred T cells was detected following subcutaneous
immunization, demonstrating that in vitro–cultured, adoptively
transferred lymphocytes responded to immunization. The magni-
tude of expansion in response to immunization was consistently
greater than tenfold, with adoptively transferred cells constituting up
to 5% of total cells in tissues of immunized mice, thereby constituting
a large percentage of CD8+ cells. Surprisingly, intravenous immuniza-
tion did not result in increased numbers of Thy-1.1+ cells.

The presence of greater numbers of adoptively transferred cells fol-
lowing immunization may have been due to increased survival as well
as expansion. The relative contribution of these two effects was not
clear. Some expansion of adoptively transferred cells evidently
occurred, however, given that the absolute number of Thy-1.1+ cells
determined for the tissues harvested, which accounted for only a small
fraction of total mouse tissues, was in excess of the 1 × 107 cells trans-
ferred. Although subcutaneous immunization seemed to be more
effective than intravenous immunization at expanding adoptively
transferred T cells, on the basis of results obtained at day 11 after trans-
fer, it seemed possible that this might reflect different kinetics of expan-
sion produced by the different routes of immunization. To investigate
this, we immunized mice once on day 2 after transfer and then harvest-
ed tissues at several time points (Fig 2B). We again found that subcuta-
neous immunization was most effective at expanding T cells and that
their numbers were highest on day 11 after transfer. Intravenous
immunization had virtually no effect at any time point, except for a
slight increase in the percentage of Thy-1.1+ cells in the lung on day 6.
We therefore used subcutaneous immunization for subsequent experi-
ments. The specificity of immunization required for expansion was
demonstrated by the absence of expansion of anti-H-2d T cells in vivo
in response to immunization with H-2k splenocytes (data not shown).

We next considered whether more effective expansion could be
achieved by using allogeneic dendritic cells as the immunogen,
because dendritic cells are professional antigen-presenting cells
(APCs) that express high levels of MHC class I and II molecules. Mice
were subjected to adoptive transfer of alloreactive Thy-1.1+ T cells fol-
lowed by immunization with either allogeneic splenocytes or 

allogeneic dendritic cells, and tissues were harvested 11 days later. Thy-
1.1+ cells constituted about 5% of spleen, lung, and blood following
immunization with splenocytes and about 7–10% of these tissues 
following immunization with dendritic cells (Fig. 2C). However, sta-
tistical (Kruskal-Wallis test) analysis of this and a repeat experiment
indicated that these percentages were not significantly different. Of
interest was the high percentage of adoptively transferred cells in
popliteal lymph nodes draining the site of footpad immunization,
with up to 39% of lymph node cells being Thy-1.1+. Here also there
was a trend for immunization with dendritic cells to induce greater
numbers of Thy-1.1+ cells, but the difference was not statistically sig-
nificant. The percentage of Thy1.1+ cells in lymph node was signifi-
cantly greater than that in spleen, P2 < 0.01 (Kruskal-Wallis test).

To further optimize the expansion of Thy-1.1+ cells in vivo, we inves-
tigated the effect of immunizations on different days after transfer and
with varying numbers of allogeneic splenocytes. The greatest increase
in Thy-1.1+ cells in the spleen was seen following subcutaneous immu-
nization on day 1, 2, or 3 after adoptive transfer (Fig. 3A), and these
increases were approximately equivalent. Immunization on day 0
resulted in only slight increases in the percentage of Thy-1.1+ cells.
Although the absolute percentage of adoptively transferred cells was
lower than in the previous experiments—reflecting the use of only one
immunization instead of three—up to sixfold expansion of Thy-1.1+

cells occurred with immunization as compared to no immunization.
We next considered whether varying the immunizing dose could

affect the expansion of adoptively transferred T cells. Mice were immu-
nized with varying numbers of allogeneic splenocytes on day 2 after
transfer of Thy-1.1+ cells, and spleens were harvested on day 11.
Immunization with 5 × 107 allogeneic splenocytes produced the largest
expansion of Thy-1.1+ cells, approximately tenfold greater than in non-
immunized mice (Fig. 3B). A lesser increase in Thy-1.1+ cells (approxi-
mately threefold) occurred in mice receiving either 5 × 106 or 2 × 108

allogeneic splenocytes. The lowest immunizing dose, 5 × 105 cells, was
ineffective at increasing the percentage of adoptively transferred cells.
These results were confirmed in a second experiment. We therefore
used an immunizing dose of 5 × 107 splenocytes starting on day 2 in
subsequent experiments.

Phenotype and activity of dual-specific T cells. To test the applica-
tion of this immunization strategy to tumor-reactive lymphocytes, we
generated dual-specific T cells by genetic modification of alloreactive 
T cells with a receptor, MOv-γ, recognizing the ovarian cancer–associ-
ated antigen FBP. Initially, we wished to determine the transgene
expression and reactivity of dual-specific cells against both allogeneic
cells and FBP. We confirmed that the dual-specific cells expressed the
chimeric MOv-γ receptor by flow cytometric analysis of the dual-spe-
cific T cells following staining with anti-idiotype antibody (Fig. 4A).

The activity and specificity of T cells generated by genetic modifi-
cation of T cells from an MLR was determined by a cytokine release
assay after overnight coculture with target cells. Alloreactivity of
T cells transduced with either MOv-γ or green fluorescent protein
(GFP; control) was evident from the high levels of IFN-γ secreted in
response to the allogeneic target CT26 but not the syngeneic targets
MC38 and 24JK (Fig. 4B). FBP reactivity of MOv-γ-transduced 
T cells was demonstrated by their secretion of IFN-γ in response to
the FBP+ cell lines 24JK-FBP and IGROV but not the FBP– cell lines
24JK and 888. The requirement for MOv-γ expression was confirmed
by the observation that GFP-transduced T cells did not secrete IFN-γ
in response to FBP+ targets.

Before proceeding with in vivo tumor studies, it was important to
first determine whether dual-specific T cells could expand in vivo in
response to allogeneic immunization, as occurred with alloantigen-
reactive Thy-1.1+ T cells (Fig. 2A).We treated mice with 1 × 107 Thy-1.1+

dual-specific T cells on day 0 followed by subcutaneous immunization
with 5 × 107 allogeneic splenocytes on days 2, 5, and 8. Spleens were har-
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Figure 1. Reactivity of anti-allogeneic mouse T cells. Anti-allogeneic 
T cells respond to the allogeneic cell lines CT26 and 3T3, but not to the
syngeneic lines B16 and 24JK or to syngeneic splenocytes, as
demonstrated by IFN-γ release after overnight coculture. The requirement
for allogeneic stimulation to generate alloreactive T cells is supported by
the absence of alloreactivity of T cells raised against the melanocyte
differentiation antigen Trp-2. Results from one representative experiment
of three are shown.
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vested on day 11 and analyzed for the percentage of Thy-1.1+ cells. A
more than tenfold increase in the percentage of Thy-1.1+ cells as a result
of immunization was consistently observed (Fig. 4C).

Antitumor effect of dual-specific T cells. To determine whether
dual-specific T cells in combination with allogeneic immunization
were effective at protecting mice from tumor challenge, we injected
mice with dual-specific T cells, immunized some mice with allogeneic
splenocytes on day 2, and then challenged some mice from each 
category with tumor on day 9. The majority of mice that received
dual-specific T cells and immunization were effectively protected from
a challenge dose of 2 × 104 24JK-FBP tumor cells (Fig. 5A) for the
entire observation period of more than 40 days. Mice treated with
immunization alone, or injection of dual-specific T cells alone, were
not protected against tumor challenge as compared to untreated mice,
demonstrating that both allogeneic immunization and dual-specific
T-cell transfer are required for optimal antitumor effect.

To determine whether the combination of dual-specific T cells and
immunization was effective at treating tumor cells injected at a later
time, mice were injected with 2 × 105 tumor cells, and adoptive transfer
of T cells was done one day later. Immunization with allogeneic spleno-
cytes was then performed on days 3, 6, and 9 after the initial tumor
injection. Thus a key element of treatment (immunization) was not
applied until tumors were three days old and easily palpable. In three
separate experiments, tumor growth in mice receiving dual-specific 
T cells and immunization was significantly less in these mice than in
untreated mice and mice receiving dual-specific T cells alone (Fig. 5B).
Treatment with nonspecific T cells and immunization had no effect, as
did treatment of FBP-negative tumor cells with dual-specific cells and
immunization. The requirement for both FBP antigen on tumor cells
and MOv-γ expression on T cells, along with immunization, in order
for tumor inhibition to occur was thus clearly demonstrated.

Characterization of human dual-specific T cells. To assess the feasi-
bility of this approach for treating human cancers, we attempted to
generate human dual-specific T cells by MLR and gene modification
with the MOv-γ receptor. Functionally, the bulk MOv-γ-transduced 
T-cell population was demonstrated to be both alloreactive and FBP
reactive (Fig. 6A), whereas nontransduced T cells were not FBP reac-
tive. To determine whether individual T cells within the bulk popula-
tion were dual specific, we performed cloning by limiting dilution and
examined a total of 140 clones in three experiments for reactivity
towards allogeneic targets and FBP+ targets. Of these clones, 52% were
alloreactive and 68% of these were FBP reactive. Thus, 35% of the bulk
T-cell population was dual specific. The activity of five representative
clones demonstrating dual specificity is evident from the results of a
GM-CSF release assay (Fig. 6B). GM-CSF was chosen as the indicator
of reactivity because it is secreted by both type 1 and 2 T cells, in con-
trast to IFN-γ, which is secreted predominantly by type 1 T cells.
Notably, the bulk T-cell population was made up largely of CD4+ T cells
(83%), with smaller numbers of CD8+ cells (13%) and some
CD4+CD8+ (4%) and CD4–CD8– (1%) cells also present. Of the five
representative clones presented here, clones 1, 2, and 3 were CD4+,
clone 4 was CD4+CD8+, and clone 5 was CD8+.

Discussion
The potential effectiveness of immunization with TAA as a therapy for
cancer is clearly evident from results in mouse tumor models with
immunogenic tumors expressing nonself antigens15. However, effective
immunization against tumor-associated self antigens is difficult16. In
humans, too, despite limited success, cancer therapy using TAA has
been ineffective4. Apparently, most tumor antigens, as currently used,
are relatively weak stimulators of immunity. The limited effectiveness
of tumor vaccines and other immunotherapeutic strategies for cancer
treatment may be partly a consequence of the inability to generate large
numbers of activated, high-avidity antitumor T cells.

To address this problem, we have described the generation, by genet-
ic modification of alloreactive cells, of dual-specific T cells that can
expand in vivo in response to a strong immunogenic stimulus (alloanti-
gen) while retaining antitumor reactivity. Alternative specificities for
the immunogen component of the dual-specific system are also possi-
ble, including viral proteins or even live virus, which would be expected
to initiate a vigorous response in vivo. Indeed, a recent report17 has
described the generation of human T cells that are reactive with GD2
neuroblastoma antigen and Epstein-Barr virus (EBV) in vitro. The
authors propose that the prevalence in the human population of EBV
in latent form would provide both a ready source of EBV-specific T
cells for conversion to dual specificity, and a convenient immunogen
that could lead to enhanced survival of adoptively transferred 
dual-specific T cells. Viral antigens and alloantigens are both potent
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Figure 2. In vivo expansion of adoptively transferred alloreactive T cells.
1 × 107 H-2d-reactive Thy-1.1+ T cells were adoptively transferred into 
Thy-1.2+ recipients. Some mice received immunization with 5 × 107 H-2d

splenocytes two, five, and eight days later (A) or only two days later (B).
(A) Small numbers of Thy-1.1+ cells were present in spleen, lung and
blood of nonimmunized mice harvested on day 11 after transfer. Mice that
received subcutaneous immunization had over tenfold more Thy-1.1+

cells in tissues than nonimmunized mice. In contrast, adoptively
transferred cells did not expand in mice that received intravenous
immunization. (B) When tissues were harvested at different time points
after adoptive transfer and a single immunization two days later, maximal
expansion of transferred cells occurred on day 11, and only with
subcutaneous immunization. (C) A comparison of splenocytes with
dendritic cells as immunogens revealed these two conditions to be
approximately equivalent in their ability to induce expansion of transferred
cells in vivo. Thy-1.1+ cells comprised a large percentage of cells in lymph
nodes draining the immunization site. Results from one representative
experiment of three (A) or two (B, C) are shown, presented as the mean
percentage ± s.e.m. with three mice per group.
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stimulators of immunity, and both that study and ours support the
potential of the dual-specific T-cell strategy for the improvement of
T-cell immunotherapy. Importantly, the current study supports the
feasibility of the approach against tumors in vivo in an animal model.

We examined several parameters important in the expansion of
dual-specific cells in vivo and, unexpectedly, found that intravenous
immunization did not induce expansion of adoptively transferred cells.
The reason for this is not clear, although it is possible that subcuta-
neously delivered allogeneic cells gained access to the same compart-
ment as adoptively transferred T cells via the lymphatic system,
whereas allogeneic cells delivered intravenously were cleared more
rapidly. Intravenous delivery of allogeneic cells has been demonstrated
to reduce subsequent responses to alloantigen in other systems18.

The most effective immunization procedure among those tested was
the subcutaneous injection of 5 × 107 allogeneic splenocytes in the
mouse footpads and flank on days 2, 5, and 8 after adoptive transfer.
Both alloreactive T cells in initial experiments and dual-specific T cells
in subsequent experiments expanded in response to immunization to
constitute from 3–10% of total cells in spleen, lung, and blood.
Although we did not restrict our calculations to express the numbers of
adoptively transferred cells as a percentage of the total CD8+ cells in the
tissues, it is likely that in the spleen, for example, Thy-1.1+ cells make up
a large percentage of CD8+ cells.

Our result demonstrating that in vitro–activated and cultured T cells
can expand in vivo following immunization is notable in itself, as 
in vitro culture may afford the opportunity for manipulation of T cells
to achieve optimal antitumor potential, and yet few studies have used
cultured cells in this manner. Interestingly, very high percentages of
cells in lymph nodes draining immunization sites consisted of adop-
tively transferred Thy-1.1+ cells. This would suggest that, although cul-
tured activated T cells are often thought to have an effector phenotype
poorly suited for normal trafficking and function in vivo, there seems to

be at least a population of cells present that are able to access normal
secondary lymphoid tissue and respond to antigen by proliferating.

The tumor specificity here is provided by genetic modification with
a chimeric receptor incorporating a single-chain antitumor antibody
against ovarian cancer. In previous work from our laboratory, we have
described antitumor effects of adoptively transferred mouse T cells
transduced with chimeric receptor14. However, the tumors treated in
those studies were intraperitoneal xenografts of human ovarian cancer
cells or lung metastases of a syngeneic sarcoma expressing FBP. The
current study concerns the treatment of subcutaneous tumor, a differ-
ent disease that is inherently more difficult to treat using adoptively
transferred T cells. These considerations—along with our data showing
that transduced T cells alone had little or no effect in the prevention or
treatment of subcutaneous tumor, whereas transduced T cells and
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Figure 3. Timing and dose of immunization. (A) Mice received 
1 × 107 alloreactive Thy-1.1+ T cells followed by a single subcutaneous
immunization with 5 × 107 allogeneic splenocytes on either day 0, 1, 2, or
3 after adoptive transfer, or no immunization. The percentage of Thy-1.1+

cells, determined in spleens harvested 11 days after adoptive transfer,
was roughly equal in mice immunized on day 1, 2, or 3 and was
comparatively lower in mice immunized on day 0 or not immunized.
(B) Mice received 1 × 107 alloreactive Thy-1.1+ T cells followed two days
later by subcutaneous immunization with various numbers of allogeneic
splenocytes. Some expansion of Thy-1.1+ cells was seen after 
5 × 106 splenocytes, but optimal expansion occurred with a dose of 
5 × 107 splenocytes. In both (A) and (B), results are presented as the
mean percentage ± s.e.m. from two experiments with three mice per
group in each experiment.

Figure 4. Phenotype, activity, and expansion of dual-specific T cells.
(A) Mov-γ expression. Dual-specific T cells expressed MOv-γ, as
demonstrated by flow cytometry after staining with anti-idiotype antibody
(thin line) compared to isotype control (thick line). Results are
representative of many experiments. (B) Dual-specific activity.T cells were
cocultured with the target cells listed, and supernatants were assayed by
ELISA for the presence of IFN-γ. Anti-allogeneic activity of both MOv-γ- and
GFP-transduced T cells was demonstrated by IFN-γ secretion in response
to the allogeneic target CT26 (H-2d) but not the syngeneic targets MC38
and 24JK (H-2b). Anti-FBP reactivity of the MOv-γ-transduced T cells was
evident from their secretion of IFN-γ in response to 24JK-FBP but not 24JK
cells, and in response to the human FBP+ ovarian cancer cell line IGROV
but not the FBP– human melanoma cell line 888.T cells did not secrete 
IFN-γ in the absence of target cells. Results of one representative
experiment of five are shown. (C) Expansion of dual-specific T cells.
Spleens of mice receiving 1 × 107 dual-specific T cells followed by
immunization were analyzed for Thy-1.1+ cells 11 days after transfer. A 
more than tenfold greater percentage of Thy-1.1+ cells was consistently
observed after immunization as compared to no immunization. Results 
are mean ± s.e.m. of three experiments with three mice per group.
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immunization had considerable effect (Fig. 5)—serve to emphasize the
extent of the improvement in antitumor efficacy offered by the dual-
specific approach. The wider applicability of this approach to other
malignancies is evident from work done in our laboratory and others
to develop chimeric receptors with specificity for a range of antigens,
including those overexpressed on cancers of the colon19,20, breast21, and
kidney22 and on tumor vasculature23.

Other possible ways to generate dual-specific T cells include
genetic modification of alloreactive cells with α and β chains of
antitumor TCR24, and modification of tumor-specific T cells with
alloreactive TCR that may then be able to expand in response to
immunogen. In this latter approach, knowledge of the antigen
responsible for tumor specificity is not necessary. Alternatively,
because many T cells cross-react with alloantigen in addition to
their primary TCR specificity25, it may be possible to detect antitu-
mor T cells that also respond naturally to allogeneic antigen. This
approach might require screening a large panel of allogeneic MHC
types to determine the optimal stimulator MHC, but has the advan-
tage of not requiring genetic modification of T cells.

Because alloantigen produces particularly potent activation and
expansion of T cells with other inherent specificities, it is worth con-
sidering the possible implications of this approach for the induction
of autoimmunity in recipients of therapy. The transfer of large num-
bers of alloreactive T cells, and the further generation of alloreactive 
T cells in vivo after immunization, could conceivably lead to the 
activation of T cells cross-reactive with autoantigens. Of particular
concern might be the activation of autoreactive CD4+ T cells that
could then induce the production of autoreactive antibodies from 
B cells. Although there is no direct evidence that this might occur, the
possibility is worth bearing in mind.

The dual-specific T cells used in this study were reactive against
two nonself antigens (human FBP and alloantigen), and it is there-
fore not clear whether this approach could be duplicated for the
majority of tumor-associated antigens, which are self antigens.
However, studies by other investigators of T-cell ontogeny in double
TCR-transgenic mice have demonstrated the ability of the presence
of a non-self-reactive TCR to rescue T cells also bearing a self-
reactive TCR from central deletion26. Nevertheless, although there is
no effective endogenous immune response to FBP, as evidenced by
the aggressive growth of FBP-expressing sarcoma at a rate equivalent
to the parental FBP-negative cell line, it is still possible that other
FBP-induced elements of the immune system, not potent in them-
selves, contribute to the observed effect.

Also worth considering is that because no effective endogenous
immune response is raised against this tumor, 24JK-FBP can be consid-
ered a poorly immunogenic tumor in this model. Indeed, the adoptive-
ly transferred T cells detect antigen in an MHC-unrestricted manner,
and will not expand in response to tumor antigen in a traditional APC-
mediated fashion.

It is also difficult to assess the extent of autoimmunity that may be
induced in a self-antigen setting where low-level expression of the tar-
get TAA may occur on normal tissue. Unfortunately, single-chain anti-
bodies specific for mouse cell-surface TAA are rare, and no chimeric
receptors incorporating them are currently available, so it is impossible
to answer this question at present. A model system involving a chimeric
receptor targeting rat erbB-2 in mice transgenic for rat erbB-2 is under
development in our laboratory and may help provide answers to these
questions.

Another question concerns the possible contribution of T cells reac-
tive to FCS, which was used in the culture of both tumor cells and 
T cells. Although some FCS-specific T cells could conceivably be gener-
ated in culture, we would expect their numbers to be very low in com-
parison to those of the alloreactive T cells generated in response to the
powerful alloantigen stimulus. Indeed, dual-specific T cells against
MHC class I–positive target cells that have been exposed to FCS, but do
not express FBP, show very little activity as measured by IFN-γ release
(Figs. 1 and 4B). It is unlikely that FCS reactivity contributes substan-
tially to in vivo T-cell expansion, as FCS was not included in our origi-
nal immunization regimen. The lack of an effect of T cells against FBP-
negative tumors in mice (Fig. 5B) was also an indication that anti-FCS
activity does not contribute substantially to antitumor effects. Adding
FCS to the immunization schedule did not result in a further increase
in the number of adoptively transferred T cells (data not shown). Thus
it is not likely that FCS contributes markedly to the observed antitumor
effects, and it would not need to be included as an immunogen if this
strategy were applied in humans.

We have focused on the effect of immunization on the numbers of
dual-specific T cells in vivo, and it is likely that the increase in these cells
contributes to the observed antitumor effect. It is also possible, howev-
er, that immunization activates dual-specific T cells that could enhance
the antitumor activity of dual-specific T cells. Indeed, activation in this
manner might overcome the induction of tolerance to tumor antigen
or circumvent active suppression27 of tumor-reactive cells.

It is also worth considering that the antitumor effects of dual-
specific T cells may be augmented by help from endogenous recipient
cells involved in an immune response to alloantigen. In addition, it is
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Figure 5. The combination of adoptive transfer of dual-specific T cells and
immunization inhibits tumor growth. (A) Tumor prevention with dual-specific
T cells. Mice received either no treatment or MOv-γ-transduced (dual-
specific) T cells (1 × 107); some groups also received subcutaneous
immunization with 5 × 107 allogeneic splenocytes two days later. Mice were
challenged with tumor seven days after immunization. Tumors grew
progressively in untreated mice and in those receiving immunization alone.
The majority of mice receiving dual-specific T cells alone were not protected
from tumor challenge, but all mice receiving a combination of dual-specific 
T cells and immunization were protected from challenge. Dual-specific 
T cells and immunization was more effective than any other treatment
(Kruskal-Wallis test, P2 < 0.05). (B) Tumor treatment with dual-specific 
T cells. Mice treated with subcutaneous injection of tumor cells, followed by
T cells one day later and immunization beginning three days after tumor-cell
injection. 24JK-FBP tumors grew progressively in mice receiving either no
treatment (filled triangles), GFP-transduced T cells with immunization (filled
circles), or dual-specific (MOv) T cells alone (open circles). 24JK-FBP tumor
growth was significantly inhibited by the combination of dual-specific T cells
and immunization (filled squares). The requirement for FBP expression in
tumors for this effect was evident from the absence of 24JK (antigen-
negative) tumor growth inhibition by dual-specific T cells and immunization
(open squares) compared to untreated 24JK tumor (open diamonds). In
both (A) and (B), results from one representative experiment of three are
shown, presented as the mean ± s.e.m. with five mice per group.
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possible that adoptively transferred mono-specific T cells (alloreactive
only) present in the transferred cells contribute indirectly to enhanc-
ing the antitumor activity of chimeric receptor–expressing T cells 
following immunization. The relative contribution from these indirect
effects is not clear from this study, although there is probably a signifi-
cant mechanistic contribution resulting from the large increase in the
numbers of dual-specific cells following immunization.

The adoptively transferred bulk mouse T-cell population is proba-
bly composed of a mixture of cells specific for alloantigen alone or
FBP alone in addition to dual-specific T cells. The relative increase in
these separate populations in vivo following immunization is not
known. It is likely, however, that dual-specific T cells are present in vivo
for at least 11 days, because T cells re-isolated from spleens and lymph
nodes of recipient mice at this time point were able to proliferate in
response to re-stimulation with allogeneic splenocytes in vitro in the
presence of the neomycin analog G418, which selected for transduced
T cells, and to retain chimeric MOv-γ expression and dual reactivity
(data not shown).

It is not clear from this study what contribution different T-cell sub-
sets make to the observed effect in mice, although it is likely that CD8+

T cells contribute substantially because these represent a large percent-
age (>95%) of the mouse T cells used for adoptive transfer.
Investigators have consistently found a preponderance of CD8+ T cells
following stimulation of mouse splenocytes by MLR or lectin, although
the reason for this polarization is not clear. In humans, by contrast,
MLR results in mainly (often >80%) CD4+ cells in some cases.
Although CD4+ may contribute to antitumor reactivity, in applying
this approach clinically it might be advantageous to include strategies
that involve enrichment of CD8+ cells or selection of an immunogen
that preferentially expands CD8+ cells.

The strategy described here requires culturing of T cells to enrich for
alloreactive cells. Activation in culture is also necessary to achieve inte-
gration of retroviral vectors in their current form. This can potentially
decrease the function of T cells in vivo following adoptive transfer as
compared to noncultured T cells. Earlier investigators have observed
other examples of decreased function, whereby transfer of cultured
allogeneic T cells reduced their capacity to induce graft-versus-host dis-
ease in allogeneic recipient animals28,29. In our approach, large numbers
of adoptively transferred T cells persist (and probably expand), and 
in vitro reactivity is high; however, improvements could perhaps be
achieved by modifying the culture or transduction conditions or by
minimizing in vitro culture. To this end, an amended strategy involving
isolation of naive T cells using appropriate tetramers and minimal cul-
ture with retroviral or lentiviral vectors might be fruitful.

In conclusion, many hurdles must be overcome in order to achieve
effective immunization against tumor antigens, not the least of which is
the need to effectively circumvent self-tolerance to TAAs that are gener-
ally expressed in other, normal tissues. By delegating the responsibility
for expansion and activation to a highly responsive yet separate recep-
tor from that encoding tumor reactivity, it may be possible to overcome
the problem of weak tumor immunogenicity. The production of dual-
specific T cells provides an alternative strategy for vaccine development
and immunization because it offers a means to generate a potent reac-
tion against poorly immunogenic antigens.

Experimental protocol
Cell lines and mice. 24JK is a methylcholanthrene-induced sarcoma of C57BL/6
mice, and 24JK-FBP was derived from this line by transduction with cDNA
encoding human FBP. B16 is a melanoma and MC38 is a colon adenocarcinoma
of C57BL/6. CT26 is a colon carcinoma and BALB/c 3T3 is a fibroblast line of
BALB/c mice. IGROV is a FBP+ human ovarian cancer cell line, and 888 is a FBP–

human melanoma cell line. The retroviral producer cell lines used were GP+E86
for mouse studies and PG13 for experiments with human cells. The retroviral
construct encoding the chimeric receptor, MOv-γ, was composed of extracellu-
lar single-chain MOv18 anti–ovarian carcinoma antibody specific for human
FBP30,31 linked to the transmembrane and cytoplasmic domains of the human
Fc receptor γ chain. This chimeric receptor was cloned into the vector
pSAMEN32, where expression was driven by the long terminal repeat promoter
region of the Moloney murine leukemia virus. A neomycin-resistance gene
(neomycin phosphotransferase) is included in this vector under the transcrip-
tional control of an internal ribosomal entry site. Previous studies characterizing
the parental MOv18 antibody31 indicate that it has an affinity constant of
2 × 108 M–1 and that the number of antigenic determinants on human ovarian
cancer cells is on the order of 1 × 107.

Producer cell lines were generated by genetic modification with the pSAMEN
vector encoding either the chimeric receptor MOv-γ or GFP, using a method
similar to that previously reported20, followed by transduction of GP+E86 and
PG13. All cell lines were cultured in RPMI 1640 medium supplemented with
10% heat-inactivated FCS, 2 mM glutamine, 100 U/ml penicillin, 100 µg/ml
streptomycin, 1.25 µg/ml amphotericin B, 5 µg/ml gentamycin, and 5 × 10–5 M
2-mercaptoethanol. Mice used in these experiments were C57BL/6 and BALB/c
produced at the Animal Production Area, National Cancer Institute (Frederick,
MD). Thy-1.1 C57BL/6 mice (B6.PL-Thy1a/Cy) were obtained from Jackson
Laboratories (Bar Harbor, ME). The experimental design was approved by the
Animal Experimental Ethics Committee, National Insitutes of Health.

Antibodies and flow cytometry. Antibodies (1 µg) specific for CD4, CD8, H-
2Kb, AND Thy-1.1, and rat IgG isotype controls (Pharmingen, San Diego, CA),
were incubated with 1 × 106 cells. The cells were then washed in PBS and assayed
by flow cytometry. For the detection of chimeric MOv-γ receptor, cells were
incubated with a phycoerythrin-conjugated antibody directed at the idiotype of
the single-chain antibody making up the extracellular portion of the receptor.

Generation of alloreactive and dual-specific T cells. Mouse alloreactive T cells
were generated by MLR involving coculture of 2 × 106 C57BL/6 Thy-1.1+ spleno-
cytes with 2 × 106 irradiated (2,000 Rad) BALB/c splenocytes per well in 24-well
plates. Human interleukin-2 (IL-2; 60 IU/ml) (Chiron Corp, Emeryville, CA)
was added on day 2 and every second day thereafter. Cultures were maintained
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Figure 6. Reactivity of human dual-specific T cells. (A) Human T cells
generated against allogeneic antigen and transduced with MOv-γ-
secreted IFN-γ in response to both allogeneic PBMC and the FBP+

ovarian cancer cell line IGROV and not in response to autologous PBMC,
FBP– 888 melanoma cells, or medium alone, thereby demonstrating the
dual specificity of the bulk T-cell population. The absence of IFN-γ release
by nontransduced T cells incubated with IGROV demonstrates that MOv-γ
transduction is required for reactivity against FBP. (B) 35% of transduced
T-cell clones from the bulk transduced T-cell population reacted against
both allogeneic cells and FBP+ target cells. Five representative T-cell
clones are shown that secreted GM-CSF in response to both allogeneic
PBMC and IGROV, thereby demonstrating that individual T cells can be
dual-specific. Smaller amounts of GM-CSF were secreted in response to
autologous PBMC and the 888 melanoma cell line. Nontransduced clones
did not secrete GM-CSF in response to FBP+ cells (data not shown).
Generation, characterization, and cloning of human dual-specific T cells
was done three times with similar results.
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at a cell density of 0.5 × 106–3 × 106 cells per well. Cells were restimulated every 7
days by seeding at 5 × 105 T cells per well and adding 2 × 106 irradiated BALB/c
splenocytes and IL-2. T cells were used for adoptive transfer on day 5 or 6 after
one or two re-stimulations. Dual-specific mouse T cells were generated by MLR
in similar conditions, except that 1 × 105 non-irradiated GP+E86 retroviral
packaging cells were preseeded in 1 ml into each well the night before the MLR.
Subsequent re-stimulations of transduced mouse T cells were done in the pres-
ence of the neomycin analog G418 (500 µg/ml). Dual-specific human T cells
were generated in MLR similarly to mouse dual-specific cells, except that irradi-
ated allogeneic PBMC were used as stimulators and retroviral supernatant from
PG13 producer lines was used as described20 for two transductions.

Determining percentage of Thy-1.1+ cells in tissues. Spleens and popliteal
lymph nodes were harvested and crushed; lung and tumor were digested with
hyaluronidase (100 µg/ml), collagenase (1 mg/ml), and DNase (30 U/ml) (all
from Worthington Biochemical, Lakewood, NJ) for six hours. 5 × 106 cells were
stained with phycoerythrin-conjugated anti-Thy-1.1 and analyzed by flow
cytometry. The amount of Thy-1.1+ cells present in each tissue was determined
as the percentage of total cells in that tissue.

Adoptive transfer of T cells and immunization. For tumor-prevention studies,
mouse T cells were harvested from 24-well plates, washed twice in PBS, and
resuspended at 2.5 × 107 cells/ml, and 0.4 ml were injected intravenously via the
tail vein into mice. For tumor treatment studies, 1 × 106 T cells (or 3 × 106 T cells
in some experiments) in 0.4 ml of PBS were injected intravenously. Unless other-
wise stated, immunization of mice was done using 5 × 107 allogeneic splenocytes
in 0.2 ml PBS, either intravenously (tail vein) or subcutaneously (0.05 ml foot-

pads and 0.1 ml flank) on days 2, 5, and 8 after adoptive transfer. In some experi-
ments, 1 × 107 allogeneic dendritic cells were used as immunogen. Dendritic cells
were generated from bone marrow isolated from the legs of BALB/c mice and
cultured in murine IL-4 and GM-CSF, as reported previously33.

Cytokine release assays. T-cell reactivity against alloantigen and FBP was deter-
mined by co-incubating 1 × 105 T cells with 1 × 105 target cells in 96-well plates
overnight and then assaying the supernatants for IFN-γ or GM-CSF by enzyme-
linked immunosorbent assay (ELISA) using commercially available reagents
according to the manufacturers instructions (Endogen, Woburn, MA).

Tumor studies. For tumor-prevention studies, mice were injected with 
1 × 107 T cells on day 0 and immunized by subcutaneous injection with 
5 × 107 non-irradiated allogeneic splenocytes on day 2. Mice were chal-
lenged subcutaneously with either 24JK or 24JK-FBP cells on day 9, and
tumor growth was monitored. For tumor-treatment studies, mice were
irradiated with a sublethal dose of radiation (600 cGy) to delay the onset of
an endogenous antibody response to human FBP that would interfere with
the interaction between FBP on tumor and anti-FBP receptor on dual-
specific T cells. On the same day, mice were injected subcutaneously with 
2 × 105 tumor cells. Mice received adoptive transfer of T cells one day later.
Immunization with 5 × 107 irradiated (2000 cGy) allogeneic splenocytes
was performed on days 3, 6, and 9 after tumor injection.
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