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Abstract

Given that specific subsets of T helper 1 (Th1) and T helper 2
(Th2) CD4+ T cells have been shown to play key roles in tumor
rejection models, we wanted to assess the contribution of
either Th1 or Th2 CD4+ cell subtypes for redirected T-cell
immunotherapy. In this study, we have developed a novel
method involving retroviral transduction and in vitro T-cell
polarization to generate gene-engineered mouse CD4+ Th1
and Th2 cells or T helper intermediate (Thi) cells expressing
an anti–erbB2-CD28-Z chimeric receptor. Gene-modified Th1
and Th2 polarized CD4+ cells were characterized by the
preferential secretion of IFN-; and interleukin-4, respectively,
whereas Thi cells secreted both cytokines following receptor
ligation. In adoptive transfer studies using an erbB2+ lung
metastasis model, complete survival of mice was observed
when transduced Th1, Th2, or Thi CD4+ cells were transferred
in combination with an equivalent number of transduced
CD8+ T cells. Tumor rejection was consistently associated with
transduced T cells at the tumor site and interleukin-2
secretion. However, the surviving mice treated with gene-
modified Th1 CD4+ cells were significantly more resistant to a
subsequent challenge with a different erbB2+ tumor (4T1.2)
implanted s.c. This result correlated with both increased
expansion of Th1 CD4+ and CD8+ T cells in the blood and a
greater number of these cells localizing to the tumor site
following rechallenge. These data support the use of gene-
modified CD4+ Th1 and CD8+ T cells for mediating a sustained
antitumor response. [Cancer Res 2007;67(23):11428–37]

Introduction

Strategies involving gene-modification of T cells are emerging as
a promising form of cancer immunotherapy. Current treatment
regimens with active vaccines that use various adjuvants have
shown little success in the clinic (1). Conversely, adoptive transfer
approaches using lymphokine-activated killer cells or tumor-
infiltrating lymphocytes (TIL) along with lymphoabalative condi-
tioning have shown some remarkable antitumor responses,
although largely in melanoma patients (2, 3). Given the difficulty
of isolating tumor-reactive T cells for most malignancies, the
genetic modification of T cells with chimeric single chain (scFv)

receptors or TCRab genes allows generation of an unlimited supply
of autologous antitumor effector cells. A recent study has shown
the feasibility of this approach in which transfer of T cells gene-
modified with TCRab genes recognizing the MART-1 antigen could
affect tumor burden in patients with melanoma and that the
response correlated with persistence of transferred TILs (4).

It is well documented that CD4+ T helper cells play an essential
role in priming of CD8+ effector cells (5, 6) and generation of a
memory response (7). For adoptive immunotherapy protocols
using antigen-specific gene-modified T cells, a number of studies
done in animal models and in the clinic have shown the
importance of including CD4+ T helper cells together with CD8+

T cells to induce optimal therapeutic effects and maintain long-
term persistence of the effector cells (8–10). The exact role of CD4+

T cells in antitumor immunity is not totally clear at present and is
complicated by the fact that they can be principally subdivided into
T helper 1 (Th1) and T helper 2 (Th2) cells based on their ability to
secrete various cytokines (11). This includes IFN-g and tumor
necrosis factor secretion by Th1 cells, which are thought to play a
key role in mediating cellular immunity, and interleukin (IL)-4 and
IL-5 by Th2 cells, which have been implicated in the humoral
response (12). Another subtype, designated CD4+ Th17, has recently
been described, defined by its capacity to secrete IL-17 and
promote an inflammatory response involving macrophages and
neutrophils (13). Interestingly, several studies have reported
divergent roles for Th1 and/or Th2 CD4+ cells in mediating an
antitumor immune response (14–16). In addition, it has been
reported that these subsets may induce antitumor effects in the
absence of or in concert with CD8+ T cells (14, 17). Nevertheless, the
question of whether CD4+ Th1 and/or Th2 cells are important for
redirected T-cell therapy and the mechanism of how redirected
CD4+ T cells provide help are completely unknown.

In this study, we have developed a robust method for generating
polarized mouse Th1 and Th2 CD4+ cells transduced with an anti–
erbB2 scFv chimeric receptor. We evaluated the ability of either
transduced Th1 or Th2 CD4+ cells in conjunction with transduced
CD8+ T cells to eradicate MDA-MB-435-erbB2 lung metastases and
mediate resistance to tumor rechallenge.

Materials and Methods

Cell cultures and mice. MDA-MB-435 and MDA-MB-435-erbB2 human

mammary carcinoma cells, 4T1.2 and 4T1.2-erbB2 mouse mammary

carcinoma cells, and the ecotrophic retrovirus producer cell line GP+E86

harboring the scFv-a-erbB2-CD28-~ chimera were cultured as previously

described (10). BALB/c and BALB/c scid/scid (scid; 6–12 weeks of age) mice

were purchased from The Walter and Eliza Hall Institute of Medical

Research. BALB/c IL-4–deficient (BALB/c IL-4�/�) and BALB/c perforin-

deficient (BALB/c pfp�/�) mice were bred at the Peter MacCallum Cancer

Centre.

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Generation of polarized, scFv-receptor–transduced CD4+ Th1 and
Th2 cells. Transduction of mouse splenic T lymphocytes was done as

described previously (18–20). To generate transduced CD8+ and transduced

polarized CD4+ T cells, each T-cell subset was initially isolated by labeling

with anti-CD4 or anti-CD8 magnetic beads (Miltenyi Biotec) and passaged
through a MACS depletion column. Enriched CD8+ and CD4+ T-cell cultures

(107 cells) were cocultured with retrovirus-producing packaging cells

(5 � 105) for 72 h in DMEM supplemented with 4 Ag/mL polybrene,

5 Ag/mL phytohemagglutinin (Sigma), and 100 units/mL human recombi-
nant IL-2 (Proleukin, National Cancer Institute). In the final 24 h of the

transduction period, the addition of anti–IL-4 monoclonal antibody (mAb;

PharMingen; 1 Ag/mL) and recombinant mouse IL-12 (Genetics Institute;

0.1 pg/mL) or anti–IFN-g mAb (PharMingen; 2 Ag/mL) and recombinant
mouse IL-4 (PharMingen; 1 pg/mL) was used to generate CD4+ Th1 or Th2

cells, respectively (Fig. 1).

Flow cytometry. Expression of the a-erbB2-CD28-~ chimeric receptor
on the surface of CD8+ or CD4+ T helper intermediate (Thi), Th1, and Th2

mouse cells was determined by indirect immunofluorescence with a c-myc

tag antibody (Cell Signaling Technologies), followed by staining with a

phycoerythrin-labeled antimouse immunoglobulin mAb (BD Biosciences).

Background fluorescence was assessed with the phycoerythrin-labeled
antimouse immunoglobulin mAb alone. Cell-surface phenotyping of

transduced cells was determined by direct staining with FITC-labeled

anti-CD4 (RM4-5; PharMingen) and phycoerythrin-labeled anti-CD8 (53-6.7;

PharMingen) mAbs, as previously described (18–21).
Cytotoxicity, cytokine secretion, and proliferation by CD4+ T-cell

subsets. The ability of transduced CD4+ Thi, Th1, and Th2 cells to

specifically induce target cell lysis was assessed in a 6-h chromium release

assay, as previously described (22). The ability of these different CD4+ T-cell
subsets to produce various cytokines [IFN-g, IL-2, IL-4, and granulocyte

macrophage colony-stimulating factor (GM-CSF)] after antigen ligation was

determined by ELISA (PharMingen), and the proliferative capacity of these

gene-modified T-cell populations was assessed in a [3H]thymidine
incorporation assay, as described previously (18, 23).

Immunohistochemistry. H&E staining and immunohistochemistry

were done on frozen sections as described previously (10).
In vivo experiments and T-cell persistence assays. The capacity of

gene-modified Th1 and Th2 CD4+ cells to eradicate MDA-MB-435-erbB2

tumor cells and assays to determine T-cell persistence in the blood and

tumor after rechallenge were as previously described (10, 24). A brief
description of these experiments is included in Supplementary Materials

and Methods.

Results

Generation of polarized, gene-transduced CD4+ Th1 and
Th2 cells. Expression of the scFv-a-erbB2-CD28-~ receptor on the
surface of mouse Th1 and Th2 CD4+ T cells was determined by
indirect immunofluorescence with an antibody to the c-myc tag
engineered into the ectodomain. Equivalent levels of cell-surface
receptor expression were shown on transduced CD4+ Th1, CD4+

Th2, and CD4+ Thi cells (Fig. 2B), as compared with binding of the
secondary antibody alone. CD4+ Th1, Th2, and Thi transduced cell
populations all consisted of >90% CD4+ T cells (Fig. 2A). As
previously shown, we also observed between 50% and 70%
expression of the scFv chimeric receptor in isolated mouse CD8+

T cells from three experiments done (data not shown). We observed
no anti-tag staining in T-cell subsets transduced with the control
LXSN vector alone (data not shown).

Antigen-specific cytokine secretion, proliferation, and lysis
by transduced CD4+ Th1 and Th2 cells. We next tested the ability
of engineered CD4+ Th1, Th2, and Thi cells to specifically respond
to antigen-positive tumor targets in a number of in vitro assays.
Transduced CD4+ Th1, Th2, and Thi cells were first used in an
ELISA to determine their ability to specifically secrete cytokine in
response to erbB2+ tumor targets. Following coculture with MDA-
MB-435-erbB2 targets, transduced CD4+ Th1 cells produced high
levels of IFN-g and only background IL-4, whereas transduced
CD4+ Th2 cells produced high levels of IL-4 and only background
IFN-g (Fig. 3A and B). This indicated that the respective CD4+

T-cell populations were effectively polarized. Transduced CD4+ Thi
cells produced high levels of both IFN-g and IL-4 cytokines against
erbB2+ targets as previously observed (10). Cytokine secretion by
Th1 and Th2 CD4+ cells was antigen specific because none of the
transduced T cells responded to erbB2� tumor targets (Fig. 3A and
B). In addition, we showed antigen-specific secretion of both IL-2
and GM-CSF from all CD4+ T-cell subsets (Fig. 3C and D).

We also observed similar antigen-specific proliferation and
cytolytic ability by all gene-engineered CD4+ subsets (Supplemen-
tary Fig. S1). Collectively, the data showed that we could effectively
generate scFv-receptor gene-modified polarized mouse CD4+

T cells, which were capable of antigen-restricted cytokine secretion,
proliferation, and death.

Figure 1. Generation of polarized, transduced CD4+ T cells. Enriched splenic
mouse T cells were labeled with magnetic beads and passed through a MACS
depletion column to isolate CD4+ T cells. CD4+ T cells were cocultured with
retrovirus-producing packaging cells for transduction of T cells with the
scFv-CD28-~ chimeric receptor. Recombinant IL-12 and anti–IL-4 mAb or
recombinant IL-4 and anti–IFN-gmAbs were added to coculture plates in the final
24 h of transduction for effective polarization of CD4+ Th1 or Th2 cells,
respectively. No cytokine or antibody was added for nonpolarized CD4+ Thi cells
(except IL-2).
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Transduced CD4+ Th1 and Th2 cells equivalently reject
established lung metastases in concert with transduced CD8+

CTL. We have previously shown enhanced survival of mice bearing
5-day MDA-MB-435-erbB2 tumors following coadministration of
equivalent numbers of gene-engineered CD8+ and CD4+ T cells (10).
To determine the capacity of CD4+ Th1 and Th2 subsets to reject
tumor in this model, we compared the survival of mice bearing
MDA-MB-435-erbB2 lung metastases treated 5 days after tumor
inoculation with engineered CD4+ Th1, Th2, or Thi cells (5 � 106)
and an equivalent number of engineered CD8+ T cells (5 � 106).
Interestingly, we showed complete survival of all treated mice
regardless of which transduced CD4+ T-cell subset they received
(Fig. 4A). As controls, mice receiving a 1:1 ratio of CD8+ and CD4+

mock-transduced T cells or no T cells did not survive. Furthermore,
no antitumor effect was observed in mice that received either 107

transduced CD4+ Th1 or Th2 cells alone, indicating a requirement
for the coinfusion of engineered CD8+ T cells to generate an
optimal antitumor response (Fig. 4A). This result indicated that
transfer of either the transduced Th1 or Th2 CD4+ subset was
equally capable of mediating a potent response against primary
tumor challenge.

An important role for IL-2, but not IL-4 or perforin, by gene-
modified CD4+ T cells in the antitumor response. In a previous
study, we showed that IFN-g produced by transduced CD8+ was
critical for the antitumor response, although IFN-g produced by
transduced CD4+ T cells could partially compensate if IFN-g
production was absent in CD8+ T cells (10). Given that we showed
significant levels of IL-2 produced by all gene-engineered CD4+ T-
cell subsets following stimulation with erbB2+ target cells in vitro ,

we next wanted to determine whether the secretion of IL-2 by
transduced CD4+ T cells was important in the antitumor response.
Thus, mice bearing MDA-MB-435-erbB2 tumor were treated with
i.p. injections of 0.5-mg anti–IL-2 neutralizing antibody (S4B6) at
days 4 and 5 and every subsequent 2 days up to day 30 after tumor
inoculation. The S4B6 antibody has been shown to neutralize IL-2
in vivo in a number of mouse models (25–27). Mice that received
1:1 transfer of CD8+ and Thi CD4+ transduced T cells and anti–IL-2
antibody showed significantly reduced survival compared with
mice that were treated with transduced CD8+ and Thi CD4+ T cells
alone (Fig. 4B). This result suggested an important role for IL-2 in
the antitumor response, presumably by transduced CD4+ T cells
given that IL-2 secretion was only detected by this T-cell subset. As
specificity controls, mice treated with scFv-transduced CD8+ and
Thi CD4+ T cells and an isotype control anti-MAC4 antibody all
survived. However, mice treated with mock-transduced CD4+ and
CD8+ T cells alone or in combination with anti–IL-2, or with anti–
IL-2 or anti-MAC4 antibodies alone all succumbed to disease
(Fig. 4B). In further experiments using confocal microscopy and
immunohistochemical staining on day 16 lung sections, we were
unable to detect CD8+ or CD4+ T cells in four of eight sections
analyzed after treatment with engineered T cells and anti–IL-2
neutralization antibody. In contrast, we detected CD8+ or CD4+ T
cells in all lung sections from mice that received engineered T cells
and isotype control antibody (Fig. 5B). Lack of T cells in lung
sections correlated with increased tumor burden as indicated by
H&E staining (Fig. 5B). We also quantified the number of
transduced CD8+ and CD4+ T cells from all lung sections analyzed.
This result showed a significant reduction in number of transduced

Figure 2. Expression of the scFv-CD28-~ receptor
in transduced CD4+ Thi, Th1, and Th2 mouse cells.
Chimeric scFv receptor expression was detected
in transduced CD4+ Thi, Th1, and Th2 cells (B ) by
flow cytometry following staining with an anti-tag
mAb and phycoerythrin-labeled sheep antimouse
immunoglobulin (solid line ) or with the phycoerythrin-
labeled secondary alone (dotted line ). Isolated
populations of transduced T cells consisted of >90%
CD4+ T cells (A). Similar results were obtained in
three experiments.
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CD8+ and CD4+ T cells at the tumor site from mice treated
with anti–IL-2 antibody compared with isotype control antibody
(Fig. 5C). Overall, these data suggested an important role for IL-2 in
sustaining survival and persistence of T cells within the tumor
microenvironment.

Given that transduced CD4+ Th2 cells secreted IL-4 following
receptor ligation in vitro , we next investigated whether IL-4 played
a role in the antitumor response. IL-4 is a CD4+ T-cell–specific
cytokine that has been shown to play a key role in CD4+ T-cell
differentiation (28). In addition, a previous study showed severe
impairment of tumor immunity in IL-4–deficient mice, suggesting
a role for IL-4 in the priming of tumor-reactive effector cells (29).
To assess the importance of this cytokine, we transduced and
adoptively transferred donor CD4+ T cells from BALB/c wild-type
or IL-4–deficient mice in combination with wild-type CD8+

transduced T cells. As in previous experiments, all mice bearing
5-day MDA-MB-435-erbB2 tumors survived following treatment
with 1:1 transfer of CD8+ and CD4+ IL-4 wild-type transduced
T cells (Fig. 4C). This was also found to be the case in mice that
received 1:1 transfer of CD8+ and CD4+IL-4�/� transduced T cells.
These data indicated that IL-4 secretion by transduced CD4+ T cells
was not critical to the antitumor response. As before, mice
receiving 1:1 transfer of mock-transduced CD8+ and CD4+ T cells or
no T-cell transfer succumbed to disease (Fig. 4C).

The cytolytic protein perforin has been shown to be a key
mediator of target cell lysis by T cells (30, 31). We have previously

shown perforin to play a key role in tumor eradication by
transduced unfractionated T cells consisting predominantly of
CD8+ T cells (18, 21). To further define the role of perforin in tumor
eradication by gene-modified CD8+ and CD4+ T cells in our model,
mice were treated with donor CD8+ and CD4+ Thi cells from BALB/
c wild-type or perforin-deficient mice. Consistent with previous
experiments, all mice bearing 5-day MDA-MB-435-erbB2 tumors
survived after treatment with 1:1 transfer of perforin wild-type
CD8+ and CD4+ transduced T cells (Fig. 4D). Similarly, the majority
of mice that received 1:1 transfer of CD8+pfp+/+ and CD4+pfp�/�

survived, indicating that perforin secreted by CD4+ T cells was not
playing a critical role in the antitumor effect. In contrast,
significantly reduced survival of mice was observed following 1:1
transfer of CD8+pfp�/� and CD4+pfp+/+ transduced T cells. This
indicated that perforin produced by transduced CD8+ T cells played
an important role in rejection of this tumor (Fig. 4D). Overall, these
data have shown an important role for IL-2, but not IL-4 or
perforin, by transduced CD4+ in the tumor rejection process.

Transduced CD4+ Th1 and Th2 cells localize to the tumor
site. Having shown a role for both gene-modified CD4+ Th1 and
Th2 cells, in conjunction with gene-modified CD8+ T cells, for the
eradication of 5-day MDA-MB-435-erbB2 lung metastases, we were
next interested in determining whether we could detect these
transduced T cells at the tumor site. Lung sections of mice were
first stained with H&E at day 16 after i.v. tumor injection. All mice
treated with 1:1 transfer of scFv-a-erbB2-CD28-~–transduced CD8+

Figure 3. Antigen-specific cytokine secretion by transduced mouse CD4+ Th1, Th2, and Thi cells. To evaluate cytokine secretion, CD4+ Th1 (open columns ),
Th2 (dotted columns ), and Thi cells (diagonally striped columns ) transduced with the scFv-CD28-~ receptor or mock-transduced CD4+ Th1 (closed columns ), Th2
(cross-hatched columns ), and Thi cells (horizontally striped columns ) were cocultured with media alone, MDA-MB-435-erbB2 tumor cells, or MDA-MB-435 parental
cells or stimulated with plate-bound anti-CD3 and anti-CD28 mAbs in 12-well plates for 24 h. Supernatants were harvested and assessed for IFN-g (A), IL-4 (B),
IL-2 (C ), and GM-CSF (D ) production by ELISA. Results are expressed as picograms per milliliter of cytokine secreted. Columns, mean of duplicate samples of three
representative experiments; bars, SE.
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(5 � 106) and CD4+ (5 � 106) Th1, Th2, or Thi cells showed a
significant reduction in lung tumor burden (Fig. 5A) compared
with mice treated with control transduced CD8+ and CD4+ Thi cells
(Fig. 5A). Confocal microscopy following immunohistochemical
staining was used to show the presence of CD8+ and CD4+ Thi, Th1,
or Th2 cells on day 16 lung sections of mice (Fig. 5A). The detection
of a-tag staining in lung sections of treated mice suggested that
these T cells were also expressing the chimeric scFv-CD28-~
receptor (Fig. 5A). Transduced CD4+ Thi, Th1, or Th2 cells injected
alone could not be detected at the tumor site (data not shown). In
addition, no staining of CD8+ and CD4+ T cells or a-tag was
observed in lung sections from mice treated with control CD8+ and

CD4+ transduced with an irrelevant scFv-anti-CEA-g receptor
(Fig. 5A). We also stained for the presence of neutrophils and
macrophages in the various lung sections from mice but observed
no differences between treatment and control groups (Fig. 5A).
Thus, these experiments suggested that the antitumor response in
mice correlated with the presence of transduced CD8+ and CD4+

T-cell subsets at the site of tumor.
Superior antigen-specific secondary response mediated by

transduced CD4+ Th1 cells. The induction of an efficient recall
response is an important criteria for development of a truly
successful cancer therapy. Using the scFv approach, we have
previously shown that long-term surviving mice (>100 days)

Figure 4. Transduced CD4+ Th1, Th2, and Thi cells equivalently reject established lung metastases in mice with an important role for IL-2, but not IL-4 or
perforin. A, groups of five scid mice were given i.v. injections of 5 � 106 MDA-MB-435-erbB2 cells at day 0 before i.v. injection of scFv-CD28-~–transduced T cells
at day 5. Mice treated with a 1:1 ratio of CD4+ Thi transduced (5 � 106) and CD8+ transduced (5 � 106) T cells (o), CD4+ Th1 transduced (5 � 106) and CD8+

transduced (5 � 106) T cells (y), or CD4+ Th2 transduced (5 � 106) and CD8+ transduced (5 � 106) T cells (n) all showed complete survival. No survival of mice
was observed that received transfer of transduced CD4+ Th1 cells alone (.), transduced CD4+ Th2 cells alone (4), control CD8+ and CD4+ Tcells transduced with the
aCEA-g receptor (5), or no T cells (E). B, IL-2 production by engineered CD4+ T cells plays an important role in the antitumor response. Scid mice bearing 5-d
MDA-MB-435-erbB2 tumor cells received a combined transfer of scFv-CD28-~–transduced CD8+ (5 � 106) and CD4+ (5 � 106) T cells. For in vivo IL-2 neutralization,
mice were given i.p. injections of 0.5-mg anti–IL-2 neutralization antibody (S4B6) on days 4 and 5 and every subsequent 2 d up to day 30. Mice treated with a 1:1
ratio of CD4+ and CD8+ transduced T cells (n) showed complete survival compared with reduced survival of mice that received CD4+ and CD8+ transduced
T cells plus anti–IL-2 antibody (4). Control groups included mice treated with scFv-transduced CD8+ and CD4+ T cells and an irrelevant IgG2a control anti-MAC4
antibody (y) or mice treated with mock-transduced (LXSN vector) CD4+ and CD8+ transduced T cells alone (E) or in combination with anti–IL-2 antibody (o).
Other controls included mice that received no T-cell transfer (5), anti–IL-2 antibody alone ( w ), or anti-MAC4 antibody alone (.). *, P < 0.05, Mann-Whitney test
(n versus 4). C, IL-4 production by engineered CD4+ T cells does not play an important role in the antitumor response. Scid mice were given i.v. injections of
5 � 106 MDA-MB-435-erbB2 tumor cells followed by combined transfer of transduced CD8+ (5 � 106) and CD4+ (5 � 106) donor T cells at day 5 from BALB/c wild-type
or BALB/c IL-4�/� mice. Mice received either 1:1 transfer of scFv-CD28-~–transduced CD8+/CD4+IL-4+/+ T cells (n) or CD8+/CD4+IL-4�/� T cells (E). Control mice
received a 1:1 transfer of wild-type mock-transduced CD8+ and CD4+ T cells (4) or no T-cell transfer (5). D, perforin production by engineered CD4+ T cells does
not play an important role for tumor eradication. Scid mice were i.v. injected with 5 � 106 MDA-MB-435-erbB2 tumor cells followed by combined transfer of transduced
CD8+ (5 � 106) and CD4+ (5 � 106) donor T cells at day 5 from BALB/c wild-type or BALB/c pfp�/� mice. Mice received 1:1 transfer of scFv-CD28-~–transduced
CD8+pfp+/+/CD4+pfp+/+ Tcells (n), CD8+pfp�/�/CD4+pfp�/� Tcells (4), CD8+pfp�/�/CD4+pfp+/+ Tcells (5), or CD8+pfp+/+/CD4+pfp�/� (E) Tcells. Control mice received
either a 1:1 transfer of mock-transduced CD8+ and CD4+ wild-type T cells (.) or no T-cell transfer (o). *, P < 0.05; **, P < 0.05, Mann-Whitney test. All results are
calculated as the percentage of each group surviving and are representative of two experiments done. Arrows, day of T-cell transfer.
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initially treated with transduced CD8+ and CD4+ Thi cells could
effectively mediate a response to secondary tumor rechallenge (10).
We were now interested in testing the ability of mice treated
with transduced CD8+ and either CD4+ Th1 or Th2 cells to mediate
an antigen-specific recall response to a heterologous tumor
challenge (4T1.2). For these experiments, long-term surviving mice

(>100 days) were given s.c. injections of 5 � 104 4T1.2-erbB2 or
4T1.2-parental mouse mammary carcinoma cells and monitored
for tumor growth and survival. Interestingly, mice treated with
gene-modified CD4+ Th1 and CD8+ T cells showed significant delay
of 4T1.2-erbB2 tumor growth and prolonged survival compared
with unimmunized mice (Fig. 6A and B). No significant recall

Figure 5. Detection of transduced CD4+

Th1, Th2, and Thi cells at the tumor site.
Scid mice were given i.v. injections of
MDA-MB-435-erbB2 tumor cells (5 � 106)
at day 0 followed by i.v. injection of
gene-modified T cells at day 5. Lungs were
harvested and prepared for immunohistologic
analysis at day 16 after tumor inoculation.
A, lung sections from mice that received 1:1
CD4+ Thi (5 � 106) and CD8+ (5 � 106)
scFv-CD28-~–transduced T cells, CD4+

Th1 (5 � 106) and CD8+ (5 � 106)
scFv-CD28-~–transduced T cells, CD4+

Th2 (5 � 106) and CD8+ (5 � 106)
scFv-CD28-~–transduced T cells, or 1:1
CD4+ Thi (5 � 106) and CD8+ (5 � 106)
scFv-CEA-g transduced control T cells, were
stained with H&E, with anti-CD4 (green ) and
anti-CD8 (red), with anti–c-myc (red ), or with
anti-Ly6G (green) and anti-CD11b (red) for
macrophages and neutrophils. Representative
fields of four sections analyzed. Original
magnification, �400. B, lung sections from
mice that received 1:1 CD4+ Thi (5 � 106)
and CD8+ (5 � 106) scFv-CD28-~–transduced
T cells and i.p. injections of 0.5 mg IL-2
neutralization antibody (S4B6) or control
anti-MAC4 antibody were stained with H&E
or with anti-CD4 (green ) and anti-CD8
(red). Two representative fields for each
treatment of eight sections analyzed. Original
magnification, �400. C, the number of
transduced CD8+ and CD4+ T cells in all
day 16 lung sections from mice treated with
gene-modified T cells and S4B6 (eight
sections including four random fields per
section) or control antibody (eight sections
including four random fields per section) was
quantitated and data represented as cells per
field. The reduced number of transduced CD8+

or CD4+ T cells localized to the tumor site
following anti–IL-2 treatment was significant
compared with isotype control antibody
(*, P < 0.05; **, P < 0.05, Mann-Whitney test).
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response was observed in mice that received transduced CD4+ Th2
cells, whereas mice that had been treated with Thi CD4+ cells
showed an intermediate phenotype. This recall response was
specific because none of the mouse groups showed resistance to
the erbB2-deficient parental tumor cells (Fig. 6A and B). We used
both flow cytometry and confocal microscopy to determine
whether these different transduced T-cell populations expanded
in the peripheral blood of mice and localized to the tumor site after
rechallenge. Interestingly, we showed an increased expansion of
both transduced Th1 CD4+ and CD8+ T cells in peripheral blood of
mice at various time points compared with Th2 and Thi CD4+ cells
following rechallenge with a s.c. injection of 4T1.2-erbB2 cells
(Supplementary Fig. S2A and B). Importantly, the number of the
various CD4+ T-cell subsets and CD8+ T cells in peripheral blood of
mice was equivalent before tumor rechallenge. In addition, we also
showed by flow cytometry increased percentages of both Th1 CD4+

cells and CD8+ T cells at the tumor site compared with Thi and Th2

CD4+ cells at two different time points (Supplementary Fig. S2C
and D). This result was consistent with confocal microscopy data
showing increased level of staining for both Th1 CD4+ cells and
CD8+ T cells at the tumor site compared with Thi and Th2 CD4+

cells (Fig. 6C). There was no staining of lung sections from mice
injected with 4T1.2-erbB2 tumor alone (Fig. 6C). Overall, these
results have shown for the first time that gene-engineered CD4+

Th1 cells are critical for mounting an effective response to
secondary tumor challenge delivered months after the initial tumor
had been treated.

Discussion

Adoptive immunotherapy involving transfer of genetically
modified T cells is a highly specific and powerful approach for
treatment of disease. T cells modified to express chimeric receptors
at their cell surface have been shown to provide effective responses

Figure 6. Transduced CD4+ Th1 cells mount a superior antigen-specific response to tumor rechallenge. A, long-term surviving mice (>100 d after primary
MDA-MB-435-erbB2 tumor inoculation) received a s.c. injection of 5 � 104 mouse mammary carcinoma 4T1.2-erbB2 or 4T1.2-parental cells and their growth was
monitored. Mice that had previously received CD4+ Th1 (5 � 106) and CD8+ (5 � 106) T cells transduced with the scFv-CD28-~ receptor showed stronger inhibition
of 4T1.2-erbB2 tumor growth (n) than mice initially treated with transduced CD8+ and CD4+ Th2 (E) or Thi cells (5). There was no inhibition of 4T1.2-parental
tumor growth in mice initially treated with transduced CD8+ and CD4+ Th1 (y), Th2 (.), or Thi cells (4). As controls, scid mice received either 5 � 104 4T1.2-erbB2 ( w )
or 4T1.2-parental (o) tumor cells. *, P < 0.05, n versus E (Mann-Whitney test). B, survival of long-term surviving mice following tumor rechallenge with 5 � 104

4T1-erbB2 or 4T1.2-parental cells was compared. Mice initially treated with 1:1 transduced CD4+ Th1 and CD8+ T cells showed enhanced survival following 4T1.2-
erbB2 tumor inoculation (n) compared with mice initially treated with transduced CD8+ and CD4+ Th2 (E) or Thi cells (5). Mice rechallenged with 4T1.2-parental
tumor following initial treatment with transduced CD8+ and CD4+ Th1 (y), Th2 (.), or Thi cells (4) all succumbed early to disease. Control scid mice that received
either 5 � 104 4T1.2-erbB2 ( w ) or 4T1.2-parental (o) tumor cells also succumbed early to disease. *, P < 0.05; **, P < 0.005 (Mann-Whitney test). Points, mean
tumor size (mm2; A) or mean percentage of each group surviving (B); bars, SE. C, long-term surviving mice (>100 d after primary MDA-MB-435-erbB2 tumor
inoculation) received a s.c. injection of 5 � 104 mouse mammary carcinoma 4T1.2-erbB2 cells and tumor tissues removed and prepared for immunohistologic analysis
at days 13 and 22 after rechallenge. Tumor sections from mice that initially received 1:1 CD4+ Th1 (5 � 106) and CD8+ (5 � 106) scFv-CD28-~–transduced T cells,
CD4+ Th2 (5 � 106) and CD8+ (5 � 106) scFv-CD28-~–transduced T cells, CD4+ Thi (5 � 106) and CD8+ (5 � 106) scFv-CD28-~–transduced T cells, or normal
scid mice with tumor alone were stained with anti-CD4 (green ) and anti-CD8 (red). Representative fields of five sections analyzed. Original magnification, �400.
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against cancer in preclinical animal models and were found to be
safe in HIV and cancer patients (8, 10, 32). In addition, such studies
have shown that inclusion of engineered CD4+ T cells in
combination with CD8+ T cells was critical for generating an
optimal response. The exact mechanism used by CD4+ T cells in
antitumor immunity is largely undefined and is further complicat-
ed by the fact that the CD4+ T cells can be principally divided into
Th1 and Th2 subsets. In previous studies, divergent roles have been
attributed to CD4+ Th1 and/or Th2 cells in antitumor immunity,
with reports defining Th1 cells as principal mediators of cellular
immunity and Th2 cells as mediators of humoral immunity (33, 34).
In addition, it has been reported that these subsets may function
alone or in combination with CD8+ T cells to mediate an antitumor
effect (14, 15). Nevertheless, the role of CD4+ Th1 and Th2 cells in
redirected T-cell therapy remains completely unknown. In this
study, we have developed a robust and reproducible method for the
generation of polarized CD4+ Th1 and Th2 cells engineered with an
anti–erbB2-CD28-~ scFv chimeric receptor. These cells were
characterized by their ability to secrete either IFN-g (Th1 cytokine)
or IL-4 (Th2 cytokine) following receptor ligation. In adoptive
transfer studies, we showed an equivalent ability of these gene-
modified Th1 or Th2 CD4+ cells, in combination with engineered
CD8+ T cells, to reject primary MDA-MB-435-erbB2 lung disease,
which correlated with localization of gene-modified T cells at the
tumor site. Furthermore, we showed for the first time that mice
treated with gene-modified Th1 CD4+ and CD8+ T cells could more
effectively inhibit a secondary tumor challenge. Thus, for effective
immunotherapy involving gene-engineered T cells, our results
strongly support the use of CD4+ Th1 cells for inducing a durable
antitumor response.

An interesting finding of our study was that neutralization of
IL-2 in vivo resulted in a decreased number of surviving mice
following adoptive T-cell transfer. It has previously been reported
that IL-2 plays an important role for maintaining CD8+ T-cell
function in vivo (24, 35, 36). Given that we observed good levels of
IL-2 secretion from transduced CD4+ Th1, Th2, and Thi subsets,
but not from transduced CD8+ T cells, it was possible that the
provision of IL-2 cytokine ‘‘help’’ from transduced CD4+ T cells may
play a role in sustaining function of gene-modified CD8+ T cells in
our model. We showed that the administration of the anti–IL-2
neutralization antibody S4B6 significantly reduced survival of mice
bearing established MDA-MB-435-erbB2 lung metastases following
treatment with gene-modified CD8+ and CD4+ T cells. This result
indicated that IL-2 (presumably secreted by gene-modified CD4+

T cells in vivo) was indeed important for the antitumor response.
Previously, we showed that exogenous administration of low-dose
or high-dose human recombinant IL-2, together with transduced
CD8+ T cells, could not mimic the effect of transferring both
transduced CD8+ and CD4+ T cells (10). Thus, localized production
of IL-2 by transduced CD4+ T-cell subsets in the tumor
microenvironment seems to be a critical factor for sustaining an
effective antitumor response.

A number of studies have reported divergent roles for Th1 and
Th2 CD4+ cells in the antitumor response. In one study using OVA-
restricted T cells, CD4+ Th1 cells were reported to induce tumor
regression by cellular immunity whereas CD4+ Th2 cells were
shown to destroy tumor by necrosis (15). These effects required the
presence of antigen-specific CD8+ T cells. However, it was not clear
in this study what effectors were actually mediating tumor
rejection in this model following T-cell transfer. In contrast,
another study also using OVA-restricted T cells reported that CD4+

Th2 cells, but not CD4+ Th1 cells, were important for the clearance
of metastatic melanoma (14). The clearance of metastases by CD4+

Th2 cells was found to be mediated by eosinophils infiltrating the
tumor site and was not dependent on transfer of CD8+ T cells. In
our study, we showed that tumor rejection correlated with the
presence of both transduced CD8+ and CD4 T-cell subsets at the
tumor site. Tumor rejection required transfer of transduced CD8+

and transduced CD4+ T cells (Th1, Th2, or Thi) because transfer of
any of these subsets alone had no antitumor effect. Interestingly,
we could not detect any difference in the presence of neutrophils or
macrophages at day 16 between treatment and control groups of
mice. However, we cannot rule out the possibility that these types
of effector cells may be playing a role at earlier time points. Given
that all transduced CD4+ T-cell subsets could secrete significant
levels of GM-CSF, release of this cytokine may play a role for
attracting macrophages to the tumor site as has previously been
reported in other models (37, 38). Other reports have also shown
that secretion of IL-4 from CD4+ T cells could mediate antitumor
effects by recruitment of macrophages (39, 40) and that tumors
transfected with IL-4 could be rejected by eosinophils and
neutrophils (41). However, recruitment of these different effectors
via IL-4 does not seem to be important for tumor rejection in our
model given that transfer of donor CD4+ T cells from IL-4�/� mice
in combination with transduced CD8+ T cells resulted in complete
survival of mice.

Another interesting aspect of this study was that perforin
production by transduced CD8+ T cells, but not transduced CD4+ T
cells, played a significant role in eradication of established lung
disease. We and others have previously shown that gene-modified
mouse and human CD8+ and CD4+ T cells could both effectively kill
tumor targets in vitro (10, 42) although we reported much weaker
cytolytic activity by mouse transduced CD4+ T cells (10). We have
also previously shown that perforin plays a critical role for
eradication of s.c. tumor by unfractionated transduced T cells
consisting predominantly of CD8+ T cells (21). Thus, it was of
interest to test whether perforin secreted by transduced CD4+

T cells contributed to tumor rejection in our model. In our study,
we observed no significant decrease in survival of mice following
transfer of transduced pfp�/� CD4+ T cells in combination with
CD8+pfp+/+ T cells. This suggested that transduced CD4+ T cells do
not directly affect the tumor but rather have an indirect role.
Another interesting result to arise from this study was that f40%
of tumor-bearing mice treated with both CD8+ and CD4+

transduced T cells deficient in perforin survived. In contrast, we
have previously shown that all mice succumbed to MDA-MB-435-
erbB2 lung disease following treatment with transduced CD8+ and
CD4+ T cells from IFN-g�/� mice (10). These results indicated that
IFN-g production by transduced CD8+ and CD4+ T cells played a
more critical role for tumor rejection in this model than perforin.
Hence, the data suggest that the role of different effector molecules
such as IFN-g and perforin may vary depending on the anatomic
site of disease, tumor type, and microenvironment. Indeed, several
studies have reported a greater dependence on perforin for
rejection of tumors of s.c. origin (43, 44). Thus, future receptor
designs may be tailored to enhance specific T-cell responses for
tumors at different locations.

A striking feature of the current study was that mice cured of
lung disease following treatment with gene-modified CD4+ Th1
cells in combination with transduced CD8+ T cells could more
effectively inhibit a secondary tumor challenge. This result
correlated with both increased expansion of Th1 CD4+ and CD8+
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T cells in the blood and a greater number of these cells localizing to
the tumor site following rechallenge. This reflected a greater ability
of Th1 CD4+ cells to induce a stronger recall response. Thus,
utilization of gene-modified CD4+ Th1 cells may represent a
promising new strategy for the generation of a durable and
effective response in patients, particularly in cases of tumor
relapse. A previous study reported that CD4+ Th1 cells could induce
a stronger immunologic memory response than CD4+ Th2 cells,
although in this study mice treated with either subset were shown
to similarly reject a secondary challenge (15). The mechanism(s)
behind this increased recall response by transduced Th1 cells in
our study is not clear at this stage but it seems that local
production of type I cytokines by these cells may help facilitate and
sustain antitumor function of transduced CD8+ T cells where
production of type II cytokines from transduced Th2 cells may be
less effective at this task. Further studies are required to fully
elucidate the mechanism of enhanced secondary rejection by gene-
modified Th1 CD4+ cells.

The experiments done in this study using scid mice do bear
relevance to the clinic in patients that receive a nonmyeloablative
regimen followed by adoptive transfer of tumor-reactive T cells (4).
Nevertheless, in future experiments, it would be informative to test
the ability of combined transfer of transduced Th1 CD4+ T cells and
CD8+ to specifically reject tumor in an immunocompetent mouse
setting. A potential model may include the use of transgenic mice
tolerant to the human erbB2 antigen (45).

In conclusion, our findings have provided for the first time
important insight into the role of gene-modified CD4+ Th1 and Th2
cells, in combination with gene-modified CD8+ T cells, for cancer
immunotherapy. Whereas transfer of all transduced CD4+ T-cell
subsets was able to eradicate primary tumor in an antigen-specific
manner, mice treated with gene-engineered CD4+ Th1 cells could
more effectively inhibit secondary tumor challenge. Thus, immu-
notherapeutic strategies using gene-modified CD4+ Th1 cells may
be more desirable in future clinical trials. Several reports have
documented that tumor-reactive human CD4+ T cells with a Th1-
dominant phenotype can be generated using several Th1 cytokines
including IFN-g, IL-2, and IL-12 (15, 46). Thus, the feasibility of
using gene-modified CD4+ Th1 cells for cancer immunotherapy
seems to be high and may significantly advance the application of
gene-engineered T-cell therapy for the treatment of cancer.

Acknowledgments

Received 3/26/2007; revised 9/10/2007; accepted 9/28/2007.
Grant support: National Health and Medical Research Council of Australia

Program Grant and the Cancer Council of Victoria research grant; National Health and
Medical Research Council of Australia RD Wright Research Fellowships (M.H. Kershaw
and P.K. Darcy); and National Health and Medical Research Council of Australia Senior
Principal Research Fellowships (M.J. Smyth and J. A. Trapani).

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

We thank the Peter MacCallum Cancer Centre Animal Facility technicians for
animal care and members of the histology laboratory for preparation of sections for
immunohistochemistry experiments.

References
1. Rosenberg SA, Yang JC, Restifo, NP. Cancer immuno-
therapy: moving beyond current vaccines. Nat Med
2004;10:909–15.

2. Dudley ME, Wunderlich JR, Robbins PF, et al. Cancer
regression and autoimmunity in patients after clonal
repopulation with antitumor lymphocytes. Science 2002;
298:850–4.

3. Yee C, Thompson JA, Byrd D, et al. Adoptive T cell
therapy using antigen-specific CD8+ T cell clones for the
treatment of patients with metastatic melanoma: in vivo
persistence, migration, and antitumor effect of trans-
ferred T cells. Proc Natl Acad Sci U S A 2002;99:16168–73.

4. Morgan RA, Dudley ME, Wunderlich JR, et al. Cancer
regression in patients after transfer of genetically
engineered lymphocytes. Science 2006;314:126–9.

5. Bennett SR, Carbone FR, Karamalis F, Miller JF, Heath
WR. Induction of a CD8+ cytotoxic T lymphocyte
response by cross-priming requires cognate CD4+ T cell
help. J Exp Med 1997;186:65–70.

6. Smith CM, Wilson NS, Waithman J, et al. Cognate
CD4(+) T cell licensing of dendritic cells in CD8(+) T cell
immunity. Nat Immunol 2004;5:1143–8.

7. Janssen EM, Lemmens EE, Wolfe T, Christen U, von
Herrath MG, Schoenberger SP. CD4+ T cells are required
for secondary expansion and memory in CD8+ T
lymphocytes. Nature 2003;421:852–6.

8. Mitsuyasu RT, Anton PA, Deeks SG, et al. Prolonged
survival and tissue trafficking following adoptive
transfer of CD4zeta gene-modified autologous CD4(+)
and CD8(+) T cells in human immunodeficiency virus-
infected subjects. Blood 2000;96:785–93.

9. Walker RE, Bechtel CM, Natarajan V, et al. Long-term
in vivo survival of receptor-modified syngeneic T cells in
patients with human immunodeficiency virus infection.
Blood 2000;96:467–74.

10. Moeller M, Haynes NM, Kershaw MH, et al. Adoptive
transfer of gene-engineered CD4+ helper T cells induces
potent primary and secondary tumor rejection. Blood
2005;106:2995–3003.

11. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA,
Coffman RL. Two types of murine helper T cell clone. I.
Definition according to profiles of lymphokine activities
and secreted proteins. J Immunol 1986;136:2348–57.

12. Mosmann TR, Sad S. The expanding universe of T-
cell subsets: Th1, Th2 and more. Immunol Today 1996;
17:138–46.

13. Harrington LE, Hatton RD, Mangan PR. Interleukin
17-producing CD4+ effector T cells develop via a lineage
distinct from the T helper type 1 and 2 lineages. Nat
Immunol 2005;6:1123–32.

14. Mattes J, Hulett M, Xie W, et al. Immunotherapy of
cytotoxic T cell-resistant tumors by T helper 2 cells: an
eotaxin and STAT6-dependent process. J Exp Med 2003;
197:387–93.

15. Nishimura T, Iwakabe K, Sekimoto M, et al. Distinct
role of antigen-specific T helper type 1 (Th1) and Th2
cells in tumor eradication in vivo . J Exp Med 1999;190:
617–27.

16. Chamoto K, Kosaka A, Tsuji T, et al. Critical role of
the Th1/Tc1 circuit for the generation of tumor-specific
CTL during tumor eradication in vivo by Th1-cell
therapy. Cancer Sci 2003;94:924–8.

17. Hung K, Hayashi R, Lafond-Walker A, Lowenstein C,
Pardoll D, Levitsky H. The central role of CD4(+) T cells
in the antitumor immune response. J Exp Med 1998;188:
2357–68.

18. Haynes NM, Trapani JA, Teng MW, et al. Single-chain
antigen recognition receptors that costimulate potent
rejection of established experimental tumors. Blood
2002;100:3155–63.

19. Haynes NM, Snook MB, Trapani JA, et al. Redirecting
mouse CTL against colon carcinoma: superior signaling
efficacy of single-chain variable domain chimeras
containing TCR-~ vs FcqRI-g. J Immunol 2001;166:182–7.

20. Darcy PK, Haynes NM, Snook MB, et al. Redirected
perforin-dependent lysis of colon carcinoma by ex vivo
genetically engineered CTL. J Immunol 2000;164:3705–12.

21. Haynes NM, Trapani JA, Teng MW, et al. Rejection of
syngeneic colon carcinoma by CTLs expressing single-

chain antibody receptors codelivering CD28 costimula-
tion. J Immunol 2002;169:5780–6.

22. Darcy PK, Kershaw MH, Trapani JA, Smyth MJ.
Expression in cytotoxic T lymphocytes of a single-chain
anti-carcinoembryonic antigen antibody. Redirected Fas
ligand-mediated lysis of colon carcinoma. Eur J
Immunol 1998;28:1663–72.

23. Moeller M, Haynes NM, Trapani JA, et al. A functional
role for CD28 costimulation in tumor recognition by
single-chain receptor-modified T cells. Cancer Gene
Ther 2004;11:371–9.

24. Westwood JA, Smyth MJ, Teng MW, et al. Adoptive
transfer of T cells modified with a humanized chimeric
receptor gene inhibits growth of Lewis-Y-expressing
tumors in mice. Proc Natl Acad Sci U S A 2005;102:
19051–6.

25. Fukuhara H, Matsumoto A, Kitamura T, Takeuchi T.
Neutralization of interleukin-2 retards the growth of
mouse renal cancer. BJU Int 2006;97:1314–21.

26. Setoguchi R, Hori S, Takahashi T, Sakaguchi S.
Homeostatic maintenance of natural Foxp3(+) CD25(+)
CD4(+) regulatory T cells by interleukin (IL)-2 and
induction of autoimmune disease by IL-2 neutralization.
J Exp Med 2005;201:723–35.

27. Cote-Sierra J, Foucras G, Guo L. Interleukin 2 plays a
central role in Th2 differentiation. Proc Natl Acad Sci
U S A 2004;101:3880–5.

28. Asnagli H, Murphy KM. Stability and commitment in
T helper cell development. Curr Opin Immunol 2001;13:
242–7.

29. Schuler T, Qin Z, Ibe S, Noben-Trauth N, Blankenstein
T. T helper cell type 1-associated and cytotoxic T
lymphocyte-mediated tumor immunity is impaired in
interleukin 4-deficient mice. J Exp Med 1999;189:803–10.

30. Ashton-Rickardt PG. The granule pathway of
programmed cell death. Crit Rev Immunol 2005;25:
161–82.

31. Voskoboinik I, Smyth MJ, Trapani JA. Perforin-
mediated target-cell death and immune homeostasis.
Nat Rev Immunol 2006;6:940–52.

Cancer Research

Cancer Res 2007; 67: (23). December 1, 2007 11436 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/23/11428/2575701/11428.pdf by guest on 19 M

ay 2023



32. Kershaw MH, Teng MW, Smyth MJ, Darcy PK.
Supernatural T cells: genetic modification of T cells for
cancer therapy. Nat Rev Immunol 2005;5:928–40.

33. Abbas AK, Murphy KM, Sher A. Functional diversity
of helper T lymphocytes. Nature 1996;383:787–93.

34. Ostrand-Rosenberg S. CD4+ T lymphocytes: a critical
component of antitumor immunity. Cancer Invest 2005;
23:413–9.

35. Theze J, Alzari PM, Bertoglio J. Interleukin 2 and its
receptors: recent advances and new immunological
functions. Immunol Today 1996;17:481–6.

36. Taniguchi T, Minami Y. The IL-2/IL-2 receptor
system: a current overview. Cell 1993;73:5–8.

37. Fleetwood AJ, Cook AD, Hamilton JA. Functions of
granulocyte-macrophage colony-stimulating factor. Crit
Rev Immunol 2005;25:405–28.

38. Shi Y, Liu CH, Roberts AI, et al. Granulocyte-

macrophage colony-stimulating factor (GM-CSF) and
T-cell responses: what we do and don’t know. Cell Res
2006;16:126–33.

39. Mosser DM. The many faces of macrophage activa-
tion. J Leukoc Biol 2003;73:209–12.

40. Gordon S. Alternative activation of macrophages. Nat
Rev Immunol 2003;3:23–35.

41. Pericle F, Giovarelli M, Colombo MP, et al. An
efficient Th2-type memory follows CD8+ lymphocyte-
driven and eosinophil-mediated rejection of a sponta-
neous mouse mammary adenocarcinoma engineered to
release IL-4. J Immunol 1994;153:5659–73.

42. Hombach A, Heuser C, Marquardt T, et al. CD4+ T
cells engrafted with a recombinant immunoreceptor
efficiently lyse target cells in a MHC antigen- and Fas-
independent fashion. J Immunol 2001;167:1090–6.

43. Peng L, Krauss JC, Plautz GE, Mukai S, Shu S, Cohen

PA. T cell-mediated tumor rejection displays diverse
dependence upon perforin and IFN-g mechanisms that
cannot be predicted from in vitro T cell characteristics.
J Immunol 2000;165:7116–24.

44. van Elsas A, Sutmuller RP, Hurwitz AA, et al.
Elucidating the autoimmune and antitumor effector
mechanisms of a treatment based on cytotoxic T
lymphocyte antigen-4 blockade in combination with a
B16 melanoma vaccine: comparison of prophylaxis and
therapy. J Exp Med 2001;194:481–9.

45. Piechocki MP, Ho YS, Pilon S, Wei WZ. Human ErbB-
2 (Her-2) transgenic mice: a model system for testing
Her-2 based vaccines. J Immunol 2003;171:5787–94.

46. Sasaki T, Ikeda H, Sato M, et al. Antitumor activity of
chimeric immunoreceptor gene-modified Tc1 and Th1
cells against autologous carcinoembryonic antigen-
expressing colon cancer cells. Cancer Sci 2006;97:920–7.

Sustained Recall Response by Transduced CD4+ Th1 Cells

www.aacrjournals.org 11437 Cancer Res 2007; 67: (23). December 1, 2007

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/23/11428/2575701/11428.pdf by guest on 19 M

ay 2023


