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In vitro differentiated CD8* T cells have been the primary focus of immunotherapy of cancer
with little focus on CD4+ T cells. Immunotherapy involving in vitro differentiated T cells
given after lymphodepleting regimens significantly augments antitumor immunity in animals
and human patients with cancer. However, the mechanisms by which lymphopenia augments
adoptive cell therapy and the means of properly differentiating T cells in vitro are still
emerging. We demonstrate that naive tumor/self-specific CD4* T cells naturally differenti-
ated into T helper type 1 cytotoxic T cells in vivo and caused the regression of established
tumors and depigmentation in lymphopenic hosts. Therapy was independent of vaccination,
exogenous cytokine support, CD8*, B, natural killer (NK), and NKT cells. Proper activation

of CD4+* T cells in vivo was important for tumor clearance, as naive tumor-specific CD4+

T cells could not completely treat tumor in lymphopenic common gamma chain (y.)-deficient
hosts. y. signaling in the tumor-bearing host was important for survival and proper differ-
entiation of adoptively transferred tumor-specific CD4+* T cells. Thus, these data provide a
platform for designing immunotherapies that incorporate tumor/self-reactive CD4+ T cells.

Adoptive cellular therapy (ACT) of cancer using
in vitro differentiated CD8" T cells is a power-
ful treatment against established cancer in humans
and mice. In recent years, great progress has
been attained in the understanding of the
mechanisms involved in enhancing treatment
of large established tumors (Gattinoni et al.,
2006). Lymphodepletion before adoptive ther-
apy greatly enhances ACT in humans and mice
through the creation of cytokine sinks, removal
of regulatory T cells (T reg cells), and the re-
lease of toll-like receptor agonists (Gattinoni
et al., 2005a; Paulos et al., 2007; Dudley et al.,
2008). Recent evidence suggests that irradia-
tion also enhances the expression of [ICAM and
VCAM in the tumor vasculature allowing tu-
mor-reactive T cells to enter more readily
(Quezada et al., 2008). Although CD8* T cells

are potent mediators of antitumor immunity,

www.jem.org/cgi/doi/10.1084/jem.20091921

there has been little focus on tumor-specific
CD4* T cells. CD4" Th cells are important in
immunity because in the absence of help, CD8*
T cells can be deleted or lose the capacity to
develop into memory CD8" T cells upon re-
challenge (Janssen et al., 2003; Antony et al.,
2005; Williams et al., 2006). Therefore, the use
of tumor/self-reactive CD8" T cells in the
adoptive immunotherapy of cancer may face
similar fates because T cells must remove tumor
antigen in the context of persisting self-antigen,
which in some cases leads to autoimmunity
(Gattinoni et al., 2006; Rosenberg et al., 2008).
Adoptive cell therapies that incorporate CD4*
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T cells are far superior to therapies that only use CD8" T
cell clones (Dudley et al., 2002). Therefore, one theoretical
means of improving immunotherapy to self may involve
the provision of tumor-reactive or self-reactive CD4" T cells
(Nishimura et al., 1999; Marzo et al., 2000; Antony et al., 2005),
but a more direct role for CD4" T cells in tumor immunity
remains unclear (Ho et al., 2002; Muranski and Restifo, 2009).

Recently, adoptive transfer of in vitro differentiated
tumor-specific CD4" T cells in humans and mice has shown
promise against cancer as a therapy (Nishimura et al., 1999;
Perez-Diez et al., 2007; Hunder et al., 2008; Muranski et al.,
2008). This has rekindled the idea of using antigen-specific
CD4* Th during immunotherapy because CD4* Th cells can
mediate the proper signals required in vivo to activate CD8*
T cells and other cells of the innate immune system (Kahn
etal,, 1991; Hung et al., 1998; Nishimura et al., 1999; Antony
et al., 2006; Williams et al., 2006). In fact, several preclinical
and clinical trials have shown the importance of CD4 help
during immunotherapy of cancer (Nishimura et al.,, 1999;
Antony et al., 2006; Dudley et al., 2008). However, isolation
of tumor-specific CD4* T cells has been difficult (Wang,
2001) and only a few MHC class II vaccines have been pro-
duced as a result of the lack of knowledge of how to generate
vaccines that specifically activate Th cells instead of tumor-
specific Foxp3™ T reg cells (Rosenberg, 2001; Vence et al.,
2007). In addition, lack of appropriate mouse models to study
tumor-specific CD4* T cell responses to self-antigens has hin-
dered progress in our understanding of the role of CD4* T
cells in maintaining immunity to cancer.

Now, with a better understanding of CD4* T cell biol-
ogy, the use of cytokines to differentiate and expand T cells
in vitro has led to a panoply of CD4 lineages with specific in
vivo functions (Weaver and Rudensky, 2009). For example,
in vitro differentiated CD4* Th17 tumor-specific T cells
have shown superiority over CD4" Th1 differentiated T cells
in the adoptive immunotherapy of cancer in a mouse model
of melanoma (Muranski et al., 2008). IL-2 and IL-7 in vitro
expanded NY-ESO-1-specific CD4" T cells in humans have
also shown clinical promise in one patient who had not
received prior lymphodepleting conditioning or a vaccine
(Hunder et al., 2008). Although these are promising studies,
the mechanisms involved in the direct therapy of cancer by
CD4* T cells remain elusive. Likewise, methods for enhanc-
ing adoptive immunotherapy without prior in vitro manipu-
lation that may lead to the terminal differentiation of T cells
also remain unclear (Gattinoni et al., 2005b, 2009; Klebanoft’
et al.,, 2005). Although such manipulations can lead to
vaccine independence (Klebanoft et al., 2009), long-term
benefits from in vivo differentiation may outweigh in vitro
stimulation because the in vivo environment may provide
the correct signals that cannot be attained in a culture dish.

To test a direct role for CD4" T cells in the immuno-
therapy of cancer, we used a gp75/tyrosinase-related protein
(TRP) 1-specific CD4" TCR transgenic (Tg) mouse that
produces class Il-restricted T cells that recognize mouse
TRP-1 in the context of [-AP (Muranski et al., 2008). TRP-1
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is expressed in malignant melanoma and in the skin and eyes
of mice and humans; therefore, this model mimics the human
condition as closely as possible. Surprisingly, we found that
adoptive transfer of naive TRP-1-specific CD4" T cells into
lymphopenic animals bearing large established melanoma
caused tumor regression and depigmentation independent of
vaccination, cytokine administration, and CD8%, B, NK, and
NKT cells. This therapy was dependent on common gamma
chain (y,) signaling in the host for survival and differentiation
of CD4" T cells in vivo. These data provide a better under-
standing for the design of immunotherapies that incorporate
tumor/self-reactive CD4* T cells.

RESULTS

Autoimmunity and cancer regression with adoptive transfer
of naive tumor-specific TRP-1 CD4* T cells into lymphopenic
mice TRP-1-specific CD4* TCR Tg mice were created on
a C57BL/6 background that contains TRP-1 as a self-antigen
(Muranski et al., 2008). These mice develop vitiligo (depig-
mentation) slowly with age (Fig. S1 A) but can develop vitiligo
rapidly with genetic removal of Foxp3 (denoted Foxp3*),
which is required for development of T reg cells that suppress
autoimmune disease (Kim et al., 2007; Fig. 1 A and Fig. S1 B).
TRP-1-specitic CD4" TCR Tg mice, which express TRP-1
antigen, have activated T cells that are characterized by low
expression of CD62L and high expression of CD44 on TRP-1
CD4* T cells in vivo (Fig. S1 C, top). Because we wanted to
study naive CD4" T cells, Tyrp1*/* TRP-1 CD4" Tg mice
were crossed with white-based brown mutation mice (Tyrp15)
containing a radiation-induced inversion interrupting the tyip1
gene (Smyth etal., 2006). RT-PCR confirmed that no Tymp1
messenger RNA (mRINA) was present in Tyrp 15" mice, and
Tyrp 18" mice that express the Tg TCR do not develop
vitiligo (unpublished data). These mice have a light-brown
coat color (Fig. S1 D) and were further crossed with RAG™/~
mice to generate naive monoclonal TRP-1-specific CD4* T
cells (Fig. S1 C, bottom). This mouse model is unique in
that it develops T cells specific for TRP-1 that are both
Foxp3~ and Foxp3* on a RAG™/~ background. The ex-
pression of Foxp3 is at the natural physiological ratio of
5-15% (Fig. S1 E).

Once TRP-1-specific CD4* TCR Tg mice ona Tyrp 18-
RAG™/~ background were obtained (hereafter denoted as
TRP-1 CD4" T cells), TRP-1 CD4* T cells were transferred
into nontumor-bearing RAG™/~ mice and observed for signs
of specific immunity (e.g., depigmentation). Indeed, ~5-6 wk
after transfer, the mice developed progressive depigmenta-
tion as indicated by coat color changes from black to white
(Fig. 1 B). Depigmentation progressed until the mice became
completely white.

To determine if adoptive transfer of TRP-1 CD4* T cells
could mediate the regression of established tumors, WT,
RAG™/7, and irradiated WT mice (5 Gy) were given 2 X 10°
B16 tumor cells s.c. On day 7, after tumor was visible and
palpable, sorted TRP-1 CD4* T cells from 2 X 10> Tyrp 18-
RAG™/~ mice were transferred i.v. by tail vein injection into
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tumor-bearing mice. Adoptive transfer of TRP-1 CD4"
T cells into lymphopenic mice caused infiltration of tumor-
specific T cells into and regression of established tumors
(Fig. 1, C and D; and Fig. S1 F). Irradiated WT mice had a
transient antitumor response, indicating a temporary lym-
phodepletion as seen in mice and patients that are lympho-
depleted (Dudley et al., 2005; Gattinoni et al., 2005a; Zhang
et al., 2005).
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Because we wanted to study the role of CD4* T cells in
tumor immunity, we focused on RAG™/~ mice because
these mice contain no CD8" T cells, B cells, or NKT cells, all
of which have been described in tumor immunity (Dougan
and Dranoff, 2009). Complete regression of B16 melanoma
was observed in RAG™/~ mice (Fig. 1 D). RAG™/~ mice
that received 5 Gy irradiation to deplete cytokine sinks
(Gattinoni et al., 2005a) and adoptive cell transfer of TRP-1
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Figure 1. Treatment of established melanoma with adoptive transfer of TRP-1 CD4* T cells into lymphopenic mice is specific. (A) Enhanced
specific autoimmune disease in TRP-1 CD4+ Foxp3' (Foxp3 negative) mice. TRP-1 CD4* WT Tg mice (left; n = 13) and TRP-1 CD4* Foxp3s’ mice (right; n = 7)
were compared for incidence of depigmentation over time. 1-mo-old littermates are shown. TRP-1 CD4+ Foxp3*" mice have no Foxp3* T cells as shown by
flow cytometry. (B) Depigmentation (vitiligo) can be adoptively transferred to lymphopenic hosts through TRP-1-specific CD4* T cells. 2 x 10° TRP-1 CD4+
T cells from Tyrp18-*RAG~/~ mice were transferred to nontumor-bearing RAG~/~ hosts. Mice (n = 20) developed depigmentation after 35-45 d. A represen-
tative picture is shown. (C) Tumor-bearing WT mice were irradiated with 500 rads (5 Gy) or not irradiated (0 Gy) on day 7 after tumor challenge, and 2 x 10°
naive TRP-1 CD4* T cells were adoptively transferred by i.v. tail vein injection. Experiments were repeated two times. P < 0.0001 for WT mice receiving 5 Gy
and TRP-1 CD4+ T cells versus no treatment. (D) Tumor-bearing RAG~/~ mice were irradiated with 500 rads (5 Gy) or not irradiated (0 Gy) on day 7 after
tumor challenge, and 2 x 10° naive TRP-1 CD4* T cells were adoptively transferred by i.v. tail vein injection. Experiments were repeated nine times.

P < 0.0001 for RAG™/~ no treatment versus RAG~/~ + TRP-1 CD4* T cells (0 Gy or 5 Gy). (E) Whole body vitiligo in tumor-bearing mice treated with TRP-1
CD4+ T cells (n = 40 mice). (F) Tumor regression in lymphopenic mice treated with TRP-1 CD4* T cells at days 10 and 49. The picture is representative of

40 mice over eight different experiments. (G) Adoptive transfer of 108 open repertoire CD4*CD25 T cells into lymphopenic tumor-bearing RAG™/~ mice on day
7 after tumor challenge does not affect tumor growth. Data represent three independent experiments. n = 5 mice/group; P = NS. Error bars indicate SEM.
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Figure 2. TRP-1 CD4* T cells treating established tumors differentiate into Th1 CD4+ cytotoxic T cells in lymphopenic mice. (A) Gene expres-
sion analysis of TRP-1 CD4* T cells from spleen and LNs of lymphopenic mice undergoing tumor regression. Heat maps represent fold changes in mRNA
expression between naive TRP-1 CD4+ T cells and TRP-1 CD4+ T cells differentiated in vivo for 1 wk. The gene array is representative of one experiment.
*indicates data confirmed by flow cytometry or multiplex assay. (B) IFN-y levels in the serum of tumor-bearing WT and RAG ™/~ mice with and without
adoptive transfer of 2 x 105 TRP-1 CD4+ T cells 1 wk after transfer. Open circles represent individual mice receiving no treatment and closed circles repre-
sent individual mice receiving TRP-1 CD4* T cells. Horizontal bars indicate means for treated groups only (n = 3-5 mice/group). Data are representative of
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CD4" T cells also had complete regression. As seen in non-
tumor-bearing RAG™/~ mice, depigmentation was present
in tumor-bearing RAG™/~ mice at ~5—wk after treatment
(Fig. 1 E). Tumor regression was dramatic, with large estab-
lished tumors regressing to a small scar (Fig. 1 F). RAG™/~
mice do not have endogenous CD8* T, B, or NKT cells;
therefore, this therapy was completely independent from
these cell types. Because TRP-1 CD4" T cells came from
Tyrp 13"RAG™/~ mice, there was no concern for contamina-
tion from other cells that may contribute to tumor therapy.

To determine whether tumor treatment in lymphopenic
hosts was specific, we sorted “open-repertoire” CD4*CD25~
T cells from WT mice and transferred 10° CD4" T cells into
RAG™’~ mice on day 7 after tumor inoculation (Fig. 1 G).
CD4*CD25~ T cells have virtually no Foxp3* T cells and
have been shown to help tumor-specific CD8" T cells main-
tain treatment of established tumors without the addition of
exogenous cytokines (Antony et al., 2006). However, by
themselves, CD4*CD25~ open-repertoire T cells did not
affect tumor growth in lymphopenic mice. Therefore, we
conclude that TRP-1 CD4* T cells are specific for their
tumor/self-antigen in vivo and that the antitumor effect is
independent of CD8*, B, and NKT cells.

TRP-1 CD4+ T cells differentiate into Th1 cytotoxic T cells
in lymphopenic mice

Because it has been shown that in vitro differentiated Th17
tumor-specific T cells were superior to other CD4* T cell
lineages when treating established tumors (Muranski et al.,
2008), we wanted to determine the in vivo default differenti-
ation program that leads to strong tumor regression by TRP-1
CD4" T cells. After 1 wk in vivo, adoptively transferred
CD4" T cells were FACS sorted from tumor-draining LNs
and the spleens of mice undergoing tumor regression and an-
alyzed by gene microarray. These cells were compared with
FACS-sorted naive TRP-1 CD4* T cells. Only genes with a
twofold or greater difference were displayed. As shown in
Fig. 2 A, TRP-1 CD4" T cells transferred into a lymphope-
nic environment defaulted to a CD4* Th1 program, as indi-
cated by high expression of Tbet, Ifng, 1118r, 112y, 1112r (Th1
priming), I123r (Th1 memory; Robinson and O’Garra, 2002),
1127r (early Thl priming), Tim3, Cxcr3, Ccr2, and Cecrd
mRNA, with evidence of some Th17-associated genes (1122,
1123y, and Rora) and Th2 genes (1110 and gata3) but not Ccré,
114, 115, 1117a, 1I17f, or Rorc. Genes for TCR signaling were
up-regulated in the spleen (Lck and Zap70) but not in the
LN, probably indicating recently activated trafficking T cells,
suggested by increased Cd69, Cd5 (strong TCR signals),
and Lat expression. Jak3 was up-regulated in TRP-1 T cells,
indicating that <y, signaling was active. Stat4 was highly
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expressed, demonstrating that IL-12, and possibly IL-23,
signals were potentiating IFN-y production. Co-activation
genes, including 41BB and ICOS, were highly up-regulated.
Both are involved in enhancing the activation of T cells
(Tamada and Chen, 2006; Stephan et al., 2007; McNamara
et al., 2008). Genes related to CTL effector functions were
increased; Gzmb, Gzme, Gzmd, and Gzmk were highly up-
regulated, with only Gzmb and Gzmc staying at high levels
in the spleen. Fasl was also up-regulated.

Genes that regulate the expansion of T cells by control-
ling T cell activation in a negative manner— TgfBrl, Ctla-4,
Cish, 1110, and Socs2—were also up-regulated (Fig. 2 A).
High IFN-vy levels were confirmed in the serum of lympho-
penic mice undergoing tumor treatment but not in WT mice
or untreated lymphopenic RAG™/~ mice (Fig. 2 B). CXCR3
and ICOS, both Th1-associated molecules, were also expressed
by TRP-1 CD4" T cells (Fig. 2, C and D).

Next, we looked at effector molecules in TRP-1 CD4* T
cells and found perforin, granzyme B, and LAMP-1 (CD107a),
all of which are involved in degranulating cytotoxic T cells
(Fig. 3). Because TRP-1 CD4" T cells expressed granzyme B
on gene array (Fig. 2) and in the spleen (Fig. 3), these data
suggest that the antitumor CD4* T cells are cytotoxic. Thus,
naive TRP-1 CD4* T cells differentiated into a Th1 pheno-
type in vivo and expressed cytotoxic T cell-associated genes
and molecules that may assist in antitumor immunity.

Adoptive transfer of naive TRP-1 CD4+* T cells into lymphopenic
mice changes chemokine expression patterns

CXCR3, CCR2, and CCR5 are chemokine receptors that
help draw Th1 CD4* T cells into inflamed tissues. Because we
saw high chemokine receptor expression on TRP-1 CD4*
T cells (Fig. 2, A and C), we checked the serum of lympho-
penic and nonlymphopenic mice for the specific ligands
and found high expression of [FN-y—inducible CXCL9 and
CXCL10 (the ligands for CXCR3), as well as CCL2 (the
ligand for CCR2) and CCL11 (the ligand for CCR2 and
CCRS5), in lymphopenic mice during tumor regression (Fig.
2 E). CCL3 (the ligand for CCRS5) was also moderately high
in the serum of lymphopenic mice during tumor regression
(unpublished results). CCL2 is known to draw inflammatory
monocytes from the blood into LN and activate Th1 CD4*
T cells (Nakano et al., 2009). We saw accumulation of in-
flammatory monocytes (CD11bM¢"GR-1%) in the spleen, LN,
and tumors of treated groups (Fig. S2). These cells are class
IT* and are known to secrete IFN-y that may help aid Th1
differentiation (Nakano et al., 2009). Other chemokine re-
ceptors were up-regulated on TRP-1 CD4* T cells, includ-
ing CXCR6, which is involved in trafficking to the spleen,
and CCR9 (Fig. 2 A). Lastly, a multitude of inflammatory

three experiments (no treatment vs. treatment; P = 0.0047). (C) CXCR3 expression on naive TRP-1 CD4+ T cells before transfer (gray histogram) and 1 wk
after in vivo differentiation (solid line). (D) ICOS expression on naive and Twk in vivo differentiated TRP-1 CD4+ T cells. (E) Serum chemokines levels

in WT and RAG~/~ mice treated or not (n = 3-5 mice/group). Open circles represent individual mice receiving no treatment and closed circles represent
individual mice receiving TRP-1 CD4* T cells. Horizontal bars indicate means for treated groups only. Data are representative of three experiments.
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chemokines were differentially expressed by TRP-1 CD4*
T cells in the LN and spleen (Fig. 2 A). Therefore, TRP-1
CD4" T cells activated by lymphopenia-induced prolifera-
tion may help trigger Th1 chemokines, which could enhance
immunotherapy by recruiting inflammatory monocytes and
CXCR3*CCR2"CCR5" TRP-1 CD4" T cells to appropri-
ate sites for activation and tumor infiltration.

Mechanisms of activation and effector function of TRP-1
CD4+ T cells during lymphopenia

It is known that MHC class I is up-regulated on tumor cells
in vivo in the presence of IFN-y* tumor-specific CD8" T cells
(Palmer et al., 2008). However, it is not known whether
IFN-v enhances MHC class II expression on established
tumors in vivo. Because we saw high levels of IFN-y exp-
ression in the serum and on gene microarray, we evaluated
the expression of MHC class II in the tumor microenviron-
ment. 1 wk after adoptive transfer with TRP-1 CD4" T cells,
lymphopenic mice were sacrificed and tumors were imaged
for MHC class II expression by confocal microscopy. Lym-
phopenic mice that had received no TRP-1 CD4* T cells
had no evident expression of MHC class II on tumor cells in
vivo. However, in mice that had received TRP-1 CD4%* T
cells, MHC class IT expression was highly expressed on tumor
cells in vivo (Fig. 4 A). To our knowledge, this is the first
time class II up-regulation in vivo by B16 melanoma has
been reported. This may be similar to the mechanism of in-
duction of MHC class II reported in certain autoimmune
diseases (Belfiore et al., 1991).

To determine if host MHC class II was important in
activating TRP-1 CD4* T cells in mice with MHC class IT*/*
tumors, tumor-bearing irradiated and nonirradiated MHC
class II"/~ mice were treated with naive TRP-1 CD4" T cells.
Mice were irradiated to mimic the lymphopenic environ-
ment. Tumor treatment in both groups was comparable to the

no-treatment groups (Fig. 4 B), suggesting, as previously
shown, that MHC class II is needed to prime naive CD4*
T cells (Beutner and MacDonald, 1998). This implies that
MHC class II expression on the tumor was not sufficient to
activate naive CD4% T cells. However, in vitro activated
TRP-1 CD4* T cells can treat MHC class II* tumors in MHC
class II™/~ mice, and anti-class II antibodies can block this ef-
fect (see Quezada et al. in this issue), showing that the func-
tion of activated CD4* T cells 1s independent of host class II.

Next, to determine if tumor antigen alone is enough to
activate TRP-1 CD4* T cells, tumor-bearing female Tyrp 157~
RAG™/" mice, which express no TRP-1 antigen, were trea-
ted with TRP-1 CD4* T cells. In the absence of self-antigen
in the periphery, tumor treatment was complete and irradia-
tion did not affect the antitumor response (Fig. 4 C). Even
though the tumor may be able to express class II, these ex-
periments demonstrate that T cell activation by host MHC
class IT* cells may be essential for the success of treatment in
the lymphopenic setting. These experiments also show that
the tumor/self-antigen, TRP-1, expressed only by the tumor,
is adequate to activate naive TRP-1 CD4* T cells trans-
ferred into Tyrp 1B*"RAG™/~ mice.

IFN-vy has been attributed to the mechanism of action by
which CD4* T cells eradicate tumors (Mumberg et al., 1999;
Nishimura et al., 1999; Corthay et al., 2005; Muranski et al.,
2008). We administered anti—-IFN-y antibodies (500 pg/
mouse) once, at the time of adoptive cell transfer, and found
that anti—-IFN-y antibodies were able to attenuate the anti-
tumor response in lymphopenic mice (Fig. 4 D).

To determine why adoptive transfer of T cells resulted in
activation of CD4% T cells in RAG™/~ mice, we looked at
CD11c* DC activation status because these cells express high
levels of MHC class II in vivo. We found, after adoptive cell
transfer with TR P-1-specific CD4" T cells, that CD11c"sh DC
expressed increased levels of MHC class II and CD86
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Figure 3. TRP-1 CD4* T cells become cytotoxic T cells in vivo. (A) Spleens from tumor-bearing RAG~/~ mice treated with TRP-1 CD4+ T cells on day 7
after tumor challenge were stained ex vivo with antibodies to CD4, VB 14, perforin, LAMP-1 (CD107a), and granzyme B 1 wk after adoptive cell transfer.
Intracellular staining was performed as indicated in Materials and methods. Flow cytometry shows gated TRP-1 CD4+VB 14+ cells. Data represent two

independent experiments (n = 5 mice/group).
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of CD11che" MHC class I+ CD86"a" cells. Values represent SEM (n = 3 mice/group; **, P < 0.05). Data are representative of four experiments.

JEM VOL. 207, March 15, 2010

657



JEM

when compared with nontreated groups (Fig. 4 E). Collectively,
these experiments suggest that adoptively transferred TRP-1
CD4" T cells become activated on host MHC class IT* cells and
may eradicate tumors through an IFN-y—dependent pathway
that may be linked to MHC class II expression on the tumor.

Activation, persistence, and memory formation of TRP-1
CD4* T cells

To determine how lymphopenia affects long-term mainte-
nance and memory formation of Th1 CD4" T cells, we ana-
lyzed TRP-1 CD4" T cells from mice undergoing long-
term tumor therapy (~270 d). It may be possible that
in vivo differentiation might bestow upon T cells a signal
that allows them to persist and become superior antitumor
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CD4" T cells. Therefore, we looked at long-term mainte-
nance and found that adoptively transferred TRP-1 CD4*
T cells can maintain tumor regression and persist at rela-
tively high levels 270 d after transfer (Fig. 5, A and B). We
also looked at memory formation and activation markers
that differentiate between effector memory T cells (TEMs)
and central memory T cells (TCMs). CD62L and CD44
were high and low, respectively, as expected before transfer
of CD4* T cells (Fig. 5 C). Naive T cells were also IL-
7RaMeh (Fig. 5 D). After 1 wk, CD4" T cells became acti-
vated as shown by the phenotype CD62L1°Y, CD44high and
[L-7Ra!v (Fig. 5, C and D). Mice were analyzed for adop-
tively transferred T cells again 270 d later. CD4" T cells
remained at high levels and were mostly TEM (CD62Low
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Figure 5. Activation, persistence, and memory formation of TRP-1 CD4* T cells. (A) Long-term tumor regression. Lymphopenic mice were treated
on day 7 after tumor challenge with adoptive transfer of naive TRP-1 CD4* T cells and followed for 270 d. (B) TRP-1 CD4+ T cells persist for long periods
in lymphopenic mice. Error bars indicate SEM. (C) Flow cytometry of CD44 and CD62L expression on naive TRP-1 CD4+ T cells before transfer, after 1 wk
of in vivo differentiation, and at 270 d. (D) IL-7Ra expression on naive (shaded) and 1-wk in vivo differentiated and 270-d persisting TRP-1 CD4+ T cells
(solid line). (E) Phenotype of 270-d-old treated RAG ™/~ mice. (F) Granzyme B, IFN-vy, and TNF expression in TRP-1 CD4* T cells isolated on day 120 after
treatment from tumor-free mice. Data are representative of two experiments (n = 5 mice/group).
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and CD44hieh)  but ~12% of CD4* T cells were TCM
(CD62LMeh and CD44Peb; Fig. 5 C).

To assess whether TRP-1 self-reactive T cells converted
to T reg cells over this time span, we looked at Foxp3 expres-
sion in adoptively transferred cells and found that in long-
term responder mice, Foxp3 expression remained stable at
5-15% (Fig. S3). Mice also became completely depigmented
(Fig. 5 E). Lastly, granzyme B, IFN-y, and TNF were evident
in TRP-1 CD4" T cells 120 d after transfer, indicating
that they were effector T cells (Fig. 5 F). Therefore, tumor-
specific CD4* T cells differentiated in vivo can persist for long
periods of time and appear to continue to clear antigen based
on the progressive depigmentation, granzyme B expression,
and TEM phenotype. TRP-1 CD4" TCM cells may also
renew the TRP-1 CD4* TEM pool over time.

NK cells are not required for tumor therapy with TRP-1
CD4+* T cells

To determine host mechanisms that affect the activation
and persistence of adoptively transferred CD4" T cells, we
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transferred TRP-1 CD4" T cells into RAG™/7y.”/~ hosts,
which lack NK cells in addition to T, B, and NKT cells
(Cao et al., 1995). Previously, it was shown that treatment
of a 1-d tumor was hindered in RAG™/7y.~/~ mice (Perez-
Diez et al., 2007), and this was attributed to a lack of NK
cells. In agreement with the previous study, we found that
tumor therapy was hindered even when supplemented
with irradiation (Fig. 6 A). To examine this further, we
depleted NK cells in tumor-bearing RAG™/~ mice starting
on days 0 and 7 after tumor challenge, 1 d after ACT, and
then weekly. TRP-1 CD4" T cells were transferred into
tumor-bearing RAG™/~ mice on day 8. We found that
NK1.1 depletion (1 mg of anti-NK1.1/mouse) did not af-
fect tumor treatment in a negative manner (Fig. 6 B). We also
irradiated RAG™/~ mice with 5 Gy. The results were similar
to those associated with NK cell depletion (Fig. 6 A). Next,
we transferred 5 X 10° sorted NK cells into RAG™/~y. 7/~
mice along with TRP-1 CD4" T cells. Treatment was
similar to RAG™/7y.7/~ mice with TRP-1 CD4* T cells
alone (Fig. 6 C).
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Figure 6. NK cells are not required for tumor therapy with TRP-1 CD4+* T cells. (A) Tumor-bearing RAG~/~ and RAG~/~y,~/~ mice were treated
on day 7 without or with irradiation (5 Gy) and with and without ACT with 2 x 10° naive TRP-1 CD4+ T cells. Data are representative of three experiments
(P < 0.0001). The p-value indicated is for RAG™/~ + TRP-1 versus RAG™/~vy,~/~ + TRP-1 CD4* T cells for both 0 and 5 Gy. (B) Tumor-bearing RAG~/~ mice
received 1 mg of anti-NK1.1 antibodies weekly starting 1 d before ACT and were compared with tumor-bearing RAG~/~ mice receiving no treatment or

2 x 105 naive TRP-1 CD4* T cells. Data represent three experiments with five to eight mice per group. P = NS for RAG™/~ + TRP-1 versus RAG ™/~ + TRP-1
+anti-NK1.1. (C) 7-d tumor-bearing RAG~/~ and RAG~/~y.~/~ mice received naive TRP-1 CD4+ T cells plus sorted NK cells from WT mice where indicated
(P = NS for addition of NK cells). Data represent two independent experiments. Error bars indicate SEM. (D) Flow cytometry of NK cells (NK1.1+DX5+ cells)
in the LNs of RAG™/~, RAG™/~ + anti-NK1.1 antibodies, and RAG~/~y,~/~ mice as indicated 3-4 wk after adoptive T cell transfer. Data are representative
of three independent experiments (n = 2-3 mice/group).
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NK cells are required for efficient priming and activation
of CD4* T cells in vivo (Martin-Fontecha et al., 2004). We
found that NK cells entered the LN readily in tumor-bearing
RAG™/~ mice receiving CD4* T cells but not in RAG™/~-
Y.”/~ mice, untreated RAG™/~ mice, or NK-depleted
RAG™/~ mice (Fig. 6 D). These data suggest that NK cells
are not required for activation of naive tumor-specific CD4*
T cells in vivo.

Y. signaling on host cells is required for the proper
activation, differentiation, and survival of naive tumor-
specific TRP-1 CD4+ T cells in vivo

We were perplexed as to why RAG™/7y.”/~ mice failed
to control tumor immunity even when WT NK cells were
present. TRP-1 CD4* T cells were analyzed 1 wk after
transfer from RAG™/~ and RAG™/7y.~/~ hosts. Expression
of CD62L was low on both populations, indicating activa-
tion in vivo (Fig. 7 A). However, CD122, ICOS, and CD25
were expressed at lower levels on TRP-1 CD4* T cells from
RAG™ /7y, /" hosts when compared with TRP-1 CD4*
T cells from RAG™/~ mice (Fig. 7 A). Consistent with these
findings, IFN-y and the CXCR3 ligand CXCL9, but not
CXCL10, were lower in the serum of RAG™/7y.”/~ hosts
(Fig. 7 B and not depicted). Surprisingly, 1 wk after therapy,
there were more TRP-1 CD4" T cells in RAG™/7y.~/~
hosts than in RAG™/~ hosts (Fig. 7 C), which is in agree-
ment with recent findings by others (Guimond et al., 2009).
We therefore looked at other time points in vivo and
found that TRP-1 CD4* T cells failed to persist after 4 wk
in RAG™/7y.~/~ lymphopenic hosts (Fig. 7 C). Looking
at other parameters, we found that TRP-1 CD4" T cells
from RAG™/~ mice produced IFN-v, but not IL-17, when
stimulated ex vivo. However, TRP-1 CD4" T cells from
RAG™/7y.”/~ mice failed to produce IFN-y or IL-17 (Fig.
7 D). Because failure to produce IFN-vy may be related to
their failure to differentiate, we stained for the Thl tran-
scription factor Tbet and found that expression was consid-
erably lower in TRP-1 CD4* T cells from RAG™ /"y, ~/~
hosts (Fig. 7 E). Further exploration showed that CD11chieh
DCs expressed less MHC class IT and CD80 but similar lev-
els of CD40 in RAG™/7y.~/~ hosts when compared with
RAG™’~ hosts (Fig. 7 F). Lastly, it was possible that trans-
ferred TRP-1 CD4* T cells could have converted to T reg
cells, which lead to tumor progression, but that was not evi-
dent beyond 4 wk after therapy (Fig. S4).

Collectively, the data suggest that vy, signaling on host cells
may be required for proper activation of naive CD4" T cells.
This may occur through IL-12 signals that increase class IT and
CD80 expression on host DCs (Ohteki et al., 2001, 2006;
Terme et al., 2008). Consistent with this, MHC class IT and
CD80 were decreased in RAG™/7y.~/~ hosts receiving TRP-1
CD4* T cells. These experiments suggest that lack of vy, sig-
naling, possibly on host DC, in RAG™/7y.~/~ mice might
hinder proper activation of adoptively transferred naive TRP-1
CD4* T cells, which eventually leads to their failure to sur-
vive and maintain treatment of established tumors.
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DISCUSSION

ACT using a patient’s own immune cells to treat established
cancer has been highly successful therapy against melanoma
(Rosenberg et al., 2008) and is increasingly being used against
other cancers as well (Stephan et al., 2007; Pule et al., 2008).
ACT using CD4" T cells was recently attempted in a patient
with metastatic melanoma using NY-ESO-1-specific CD4*
T cells expanded in vitro in IL-7 and IL-2 (Hunder et al.,
2008). Surprisingly, adoptive transfer therapy with CD4*
T cells led to objective cancer regression without prior vacci-
nation or lymphoconditioning. Although this was reported
in only one patient, the findings support the possibility of
treating established tumors without vaccination or radiation
therapies that may cause extended morbidity in patients with
prolonged and severe sickness. In the prior study, epitope
spreading was reported as the likely cause of the enhanced
treatment, indicating that CD4* T cells helped a CD8* T cell
response to the established tumor as shown in preclinical
models (Marzo et al., 2000; Antony et al., 2006). In this pa-
per, we describe a CD8" T cell- and vaccine-independent
therapy in which in vivo differentiated Th1 CD4* T cells
recognize self and eradicate established tumors.

Although we focused on a naive T cell- and a vaccine-
independent therapy, we do not advocate that vaccines are
ineffective or that in vitro differentiation of T cells should not
be attempted. Recently, it was shown that a tumor vaccine
was required to enhance the immunotherapy of cancer when
using in vitro—activated antitumor CD8" T cells and CD4*
Th cells (Overwijk et al., 2003; Antony et al., 2005). Vaccine
independence was seen only after extreme radiation therapy
(9 Gy) before ACT or in vitro programming of TEM cells
(Wrzesinski et al., 2007; Klebanoft et al., 2009). The impor-
tance of activating CD4" T cell help with a tumor vaccine
has also been strengthened of late. A study using a modified
TRP-1 vaccine could induce either tumor immunity or auto-
immunity depending on the modification in the vaccine
(Engelhorn et al., 2006). When the modified vaccine acti-
vated CD4" T cell help through enhanced processing of
MHC II peptides, tumor immunity was induced (Engelhorn
et al., 2006). This new strategy to stimulate CD4* T cells
against self emphasizes the need to understand how CD4*
T cells become activated in vivo.

In this study, we demonstrate that naive CD4" T cells
transferred into lymphopenic hosts differentiated into Thl
cytotoxic T cells expressing the hallmark genes associated
with effector T cells—Tbet, IFN-y, CXCR3, granzyme B,
perforin, and LAMP-1—and caused the regression of estab-
lished tumors without the aid of CD8" T, B, NK, or NKT
cells. CD4* T cells have been shown to play a role in cancer
immunotherapy through a multitude of mechanisms; CD4*
T cells can help cytotoxic CD8" T cells eradicate tumors
(Hung et al., 1998; Nishimura et al., 1999; Toes et al., 1999;
Sutmuller et al., 2001; Behrens et al., 2004a,b; Antony et al.,
2005; Engelhorn et al., 2006; Brandmaier et al., 2009), and
CD4" T cells can condition a DC through CD40L to en-
hance CD8" CTL function (Bennett et al., 1998; Kalams and
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. signaling on host DC is required for survival and differentiation of TRP-1 T cells in vivo. (A) Differential activation of TRP-1 CD4*

T cells in RAG™/~ and RAG~/~vy./~ hosts. Spleens from RAG~/~ or RAG™/~y.~/~ mice were isolated and stained for TRP-1 CD4* T cells. Shown are CD62L,
CD122, ICOS, and CD25 expression on gated TRP-1 CD4* T cells from indicated host. (B) IFN-y and CXCL9 are differentially expressed in the serum at 1 wk
in RAG~/~ and RAG /", /= hosts after TRP-1 CD4+ T cell transfer. Horizontal bars represent mean. (C) TRP-1 CD4* T cells expand in RAG~/~vy,~/~ hosts
initially but fail to survive after 4 wk. Error bars indicate SEM. (D) Flow cytometry of IFN-y and IL-17 expression in TRP-1 CD4+ T cells isolated from tumor
bearing RAG™/~ and RAG /"y, ™/~ mice 4 wk after transfer. T cells were activated with PMA and ionomycin for 4 h and then fixed and permeabilized and
stained with anti-IFN-y and IL-17 antibodies. (E) Toet expression in TRP-1 CD4+ T cells 4 wk after transfer. (F) MHC class II, CD80, and CD40 expression in
RAG~/~v.~/~ hosts. Top flow diagram indicates CD11c"9" MHC class II* cells; bottom flow histograms show CD80 and CD40 expression on gated CD11chioh
MHC class II* cells. Solid line represents RAG~/~ mice treated with TRP-1 CD4* T cells. Shaded histogram represents RAG~/~y.~/~ mice treated with TRP-1
CD4+ T cells. Data are representative of three independent experiments (n = 5 mice/group).
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Walker, 1998; Ridge et al., 1998; Diehl et al., 1999), but the
mechanisms by which CD4" T cells cause eradication of es-
tablished tumors by themselves are still unknown.

Previously it was shown that CD4* T cells could prevent
the growth of tumors by antiangiogenesis through the activa-
tion of IFN-yR on nonhematopoietic cells. However, this
action was not shown for large vascularized tumors in a treat-
ment and adoptive cell transfer model and it was not clear
whether CD8* T cells were involved (Qin and Blankenstein,
2000). Rejection of small tumors was also shown to be an in-
direct process through IFN-y—dependent activation of mac-
rophages or by eosinophils and NK cells (Hung et al., 1998;
Corthay et al., 2005). We noted high levels of CCL11 in the
serum during treatment and CCL24 expression by TRP-1
CD4" T cells, which are known to recruit eosinophils, so
their role cannot be excluded. Indirect effects of CD4*
T cells have also been noted in a study using Tg Marylyn
CD4" T cells, which recognize the male antigen H-Y. MHC
class II” tumors were amenable to treatment and this was at-
tributed to NK cells (Perez-Diez et al., 2007). In this paper,
we do not find a role for NK cells in this model.

Not surprisingly, with adoptive cell transfer therapies using
in vitro differentiated CD4* T cells to treat large vascularized
tumors, [FN-yR ™/~ mice were shown not to respond to
treatment (Muranski et al., 2008), and anti-IFN-y diminished
the antitumor effect (Nishimura et al., 1999; Muranski et al.,
2008). However, [FN-y~/~ mice were able to respond to
treatment with in vitro differentiated CD4* T cells, indicating
that the innate source of IFN-y (NK cells) was not needed
(Qin and Blankenstein, 2000; Muranski et al., 2008). Because
we saw increased MHC class I expression in the tumor mi-
croenvironment, it is possible that IFN-y from CD4* T cells
may be needed to increase MHC class II expression on tumor
cells, which allows a direct interaction between T cells and
cancerous cells to occur (Quezada et al., 2010). Direct killing
of tumors is possible, as indicated by high granzyme B expres-
sion by TRP-1 CD4* T cells on gene microarray and expres-
sion of perforin, granzyme B, and LAMP-1 in TRP-1 CD4*
T cells isolated from the spleen. IFN-y may be working indi-
rectly at a local level through macrophages expressing NO,
TNF, ROS, and NKG2D receptors (Kahn et al., 1991; Raulet
and Guerra, 2009). IFN-y released by differentiated CD4* T
cells may be so extremely high in the tumor microenviron-
ment that the tumor vasculature expressing IFN-y receptors
undergoes anti-angiogenesis. The presence of specific disease,
indicated by depigmentation and uveitis (Muranski et al.,
2008), supports the theory of a direct killing mechanism
against MHC class II* cells. Inflammatory monocytes in the
tumor microenvironment may also play an indirect role in the
process. Another unappreciated role of IFN-y may be to in-
duce the chemokines CXCL9 and CXCL10 (Luster et al.,
1985), which may be required to attract CXCR3" antitumor
CD4* T cells into the tumor site. Most importantly, all of
these mechanisms may not be mutually exclusive.

Why then does tumor therapy fail in RAG™/~y.~/~ mice?
CD4* T cells need to become properly activated cytotoxic
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T cells, which is not dependent on NK cells. RAG™/"y. ™/~
mice express low levels of MHC class II and CD80 on CD-
11chieh cells, both of which may be needed to properly activate
CD4* T cells in vivo. The availability of MHC class IT on APC
has already been shown to be critical in regulating the homeo-
static proliferation of CD4* T cells (Kassiotis et al., 2003).
Therefore, removing DC cells by high-intensity lymphode-
pleting regimens may harm ACT with CD4" T cells. As seen
in other studies, adding these cells back with lymphodepleting
regimens may enhance immunotherapy (Dubsky et al., 2007;
Palucka et al., 2007; Banchereau et al., 2009).

Y. signaling is part of the IL-2 cytokine family, which in-
cludes IL-4, IL-7, IL-9, IL-15, and IL-21. Increased IL-7 and
IL-15 levels in the host have been shown in the clinic and in
animal models to be the mechanisms by which lymphodeplet-
ing regimens enhance adoptive immunotherapy (Gattinoni
et al., 2005a; Dudley et al., 2008; Guimond et al., 2009). How-
ever, it has not been shown in a reciprocal manner that the
host needs . signaling for efficient activation of tumor-specific
T cells. We observed that with loss of y., CD4* T cell differ-
entiation and survival were diminished by wk 4 after transfer.
In RAG™/~ . hosts, we saw expansion and survival of CD4*
T cells past 4 wk. We also found higher expression of
MHC class I on CD11c"e"CD86"gh DC and the Th1 tran-
scription factor Thet in TRP-1 CD4" T cells isolated from
RAG™/~ mice when compared with TRP-1 CD4* T cells
from RAG™/"vy.”/~ mice. Our results differ from those in a
recent study showing that y, signaling on DC reduces CD4*
T cell homeostatic proliferation in vivo (Guimond et al., 2009).
We found that TRP-1 CD4" T cells expand initially at 1 wk
after adoptive cell transfer but fail to survive in RAG™/~y.~/~
hosts once tumor progresses, which is usually 4 wk or later.
Surprisingly, even though there were more tumor-specific T
cellsin RAG™/7y,~/~ hosts, it was not enough to clear tumor.
It may be possible that strong (self-reactive) TCR activation is
a prerequisite for survival for self-reactive TRP-1 CD4* T
cells because the previous study used polyclonal CD4* T cells
or antigen-specific CD4" T cells that do not recognize an an-
tigen in the host (Guimond et al., 2009). This strong activation
(indicated by CD5 expression on TRP-1 CD4" T cells) may
come from increased expression of CD80 and MHC class 11
on DC that requires y, for their activation to become sensitive
to and produce IL-12, which is paramount for Th1 priming in
vivo (Ohteki et al., 2001, 2006; Terme et al., 2008). During in
vivo differentiation, TRP-1 CD4" T cells expressed high lev-
els of IL12RB1 and IL-27R during in vivo differentiation,
which are required for priming, and IL-23R, which may be
important for Thl memory formation. The strong up-
regulation of Stat4 in TRP-1 T cells in vivo shows that IL-12
and/or IL-23 signals are driving their activation, as indicated
by high IFN-vy production and IL-22, respectively. This is fur-
ther supported by lack of IFN-y and Tbet expression in TRP-
1 CD4* T cells isolated from RAG™/"y.~/~ hosts 4 wk after
transfer in addition to lack of IFN-y and CXCL9, but not
CXCL10, in the serum at 1 wk in RAG™/"y,.~/~ hosts. There-
fore, it appears that lack of proper DC activation leads to low
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expression of MHC class II and CD80, which subsequently
leads to inappropriate activation of naive TRP-1 CD4*
T cells in RAG™/7y.~/~ hosts. Loss of [FN-y expression by
CD4" T cells possibly leads to loss of CXCL9 expression in
the tissues, and this may lead to failure of recruitment of anti-
tumor CXCR3" CD4" T cells to the tumor site. This pattern
of recruitment may be similar to the process that occurs dur-
ing nephritis or disease of the eye during herpes simplex virus
type 1 infection, which requires CXCL9, but not CXCL10,
for recruitment of CXCR3" T cells into the tissues (Wuest
et al., 2006; Menke et al., 2008).

Why seek to understand how TRP-1 CD4* T cells are
activated in vivo? More intense ablation may remove DCs
that provide the secondary signals (such as IL-12 or possibly
IL-23) that are needed to properly differentiate CD4* T cells
in vivo into long-lived memory cells, which is similar to IL-2
for CD8* T cells (Williams et al., 2006). Less space may be the
Achilles’” heel of intense lymphodepletion when using CD4*
T cells. This may indicate that CD4" T cells are not receiving
the proper signals initially for long-lived survival. In mice ir-
radiated with 9 Gy and humans receiving 12 Gy lymphode-
pleting regimens, IL-2 administration was needed to augment
ACT. Transfer of naive T cells has not yet been accomplished
in these settings. These cells may require administration of
DC for support (Steinman and Banchereau, 2007).

How can this environment be obtained without lympho-
depleting chemotherapy or irradiation? Cytokines (such as
IL-7 and IL-15) found in patients receiving high-dose radia-
tion therapy and irradiated WT and RAG™/~ mice may be
used to mimic lymphopenia in a WT host (Gattinoni et al.,
2005a; Zhang et al., 2005; Guimond et al., 2009; Pellegrini
et al., 2009). In humans, IL-7 has shown strong promise in
recent years, and long administration has been shown to
release the inhibitory networks that suppress antitumor im-
munity (Pellegrini et al., 2009). Cytokine/antibody immune
complexes to IL-2, IL-7, or IL-15 may offer another way to
mimic lymphopenia, as a much lower amount of cytokines
is needed to enhance proliferation of naive and memory
phenotype T cells in vivo (Boyman et al., 2006, 2008;
Rubinstein et al., 2006; Cho et al., 2007). Lymphopenia-
induced activation of CD4* T cells itself may program these
cells to become less prone to tolerance induction seen in
other systems using CD4" T cells (Sotomayor et al., 1999),
and we are currently exploring this.

Administration of antibodies against costimulatory and
inhibitory molecules is another method to enhance antitumor
immunity. We saw high expression of CTLA-4 and 41BB
on TRP-1 CD4" T cells. Anti-CTLA-4 therapy is being
used in clinical trials and has been shown to enhance adoptive
cell therapies already with CD8* T cells and donor lympho-
cyte infusions by inhibiting T reg cells and enhancing activa-
tion of non—T reg cells (Quezada et al., 2006, 2008; Peggs
et al., 2009). With tumor-specific TRP-1 CD4* T cells, this
enhances therapy considerably in WT and lymphopenic hosts
(Quezada et al., 2010). Stimulation of 41BB also enhances
immunotherapy using T cells coexpressing 41BBL (Stephan
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et al., 2007). It can also break tolerance to a poorly immuno-
genic tumor (Wilcox et al., 2002). ICOS is being considered
as another immunotherapy candidate (Paulos, C. and June, C.,
personal communication). These therapies could be com-
bined with ACT in the future.

In this study, we focused on naive CD4" T cells, which
differentiate properly in their natural state and become long-
lived memory T cells. This idea was also demonstrated in an-
other tumor model that involved activation of naive T cells
via forced LIGHT expression in the tumor microenviron-
ment (Yu etal., 2004). Although forced expression of LIGHT
in human tumors may not be a clinical reality, this led to a
profound tumor rejection indicating the importance of acti-
vating naive T cells in their natural state.

How do you obtain naive T cells from humans? TCR
transduction of naive T cells with CD4* MHC class II tumor-
specific TCRs could be attempted in humans, as previously
achieved with MHC class I tumor-specific TCRs (Morgan
et al., 2006; Hinrichs et al., 2009). It may be possible to trans-
fer naive tumor-specific CD4" T cells into hosts precondi-
tioned with noninvasive cytokine therapies that do not cause
harmful side effects. Transduction of high avidity TCRs to
tumor antigens into naive or cord PBL is feasible and may be
augmented by high doses of IL-7 or IL-15 administration
plus anti-CTLA or anti-41BB therapy.

How do you obtain nontolerant highly reactive TCRs as
seen in this paper? Mouse TCRSs reactive against human can-
cer antigens can be transfected into human T cells using gene
therapy (Johnson et al., 2009). Human HLA Tg mice can be
immunized with human cancer antigens to generate highly
tumor-reactive TCRs, which can then be used in the immuno-
therapy of cancer in humans.

In summary, TRP-1 Tg mice represent a new ACT im-
munotherapy model for the study of ways to induce potent
antitumor immunity against established melanoma without the
need for cytotoxic CD8* T cells or a vaccine. Understanding
the mechanisms of tumor regression in mice with lymphope-
nia may allow the development of new therapies that work in
the absence of chemotherapy and radiation. These data suggest
a new role for CD4" T cells as cytotoxic T cells.

MATERIALS AND METHODS

Mice. Tymp15"RAG™/~ TRP-1-specific CD4" TCR Tg mice (B6.Cg-
Rag 1m1Mom Typp 18 To(Tera, Terb)9R est/]; deposited at The Jackson Labora-
tory) and WT Tymp1*/* TRP-1-specific CD4" TCR Tg mice were created
by P.A. Antony and K. Irvine at the National Cancer Institute (Bethesda,
MD; Muranski etal., 2008). R ecombination-activating gene 17/~ (Rag 1 Mom)
mice, Foxp3*, C57BL/6 WT, and MHC class II7/~ were purchased from
The Jackson Laboratory. RAG™/~y,~/~ mice were purchased from Taconic
(Cao et al., 1995). Foxp3* mice were crossed with Tyrp1*/* TRP-1-specific
CD4" TCR Tg mice to generate Tymp1™/* TRP-1-specific CD4* TCR
Foxp3* Tg mice. All mice were used in accordance with guidelines from the
University of Maryland Institutional Animal Care and Use Committee. All
experiments were conducted with the approval of the Animal Use and Care
Committees of the National Cancer Institute, Johns Hopkins University
School of Medicine, and the University of Maryland School of Medicine.

Tumor lines and measurement. B16.F10 (H-2P), hereafter called B16, is
a TRP-1" spontaneous murine melanoma that was obtained from ATCC
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and maintained in culture media as previously described (Antony et al.,
2006). Tumors were injected subcutaneously at 2 X 10> cells/mouse. Tumors
are measured blindly with digital calipers. The perpendicular diameters are
determined and multiplied to generate the area in millimeters squared as
previously described (Antony et al., 2006).

Sorting and adoptive cell transfer. TRP-1 CD4" T cells were sorted from
spleens of donor Ty 1B"RAG-1~/~ TRP-1-specific Tg male mice. Spleens
were harvested and made into single-cell suspensions. Cells were made devoid
of red blood cells by ACK lysis. Subsequently, cells were counted and enriched
for CD4* T cells by magnetic bead sorting using a CD4* T cell enrichment kit
from Miltenyi Biotec. Enriched CD4* T cells were counted and resuspended
in PBS and used in adoptive transfer studies (2 X 10° cells/mouse). NK cells
were isolated from WT mice using NK cell sorting kits from Miltenyi Biotec.
When indicated, 5 X 10° NK cells were transferred on the same day as TRP-1—
specific T cells. Open-repertoire CD4"CD25~ T cells from WT mice were
sorted as previously described (Antony et al., 2006). Mice were irradiated as
previously described (Wrzesinski et al., 2007).

Depleting antibodies. Anti-IFN-y (XMG1.2, NA/LE) and anti-NK1.1
(NA/LE, PK136) were purchased from BD.

Flow cytometry. Anti-CD4 (RM4-5), anti-CD25 (PC61), anti-CD122
(TM-B-1), anti-VB14 (14-2), anti-NK1.1 (PK136), anti-ICOS (7E.17G9),
anti-CD44 (IM7), anti-CD62L (MEL-14), anti-CD11¢ (HL3), anti-CD86
(GL1), anti-MHC class II (AF6-120.1), anti—IL-17 (TC11-18H10), anti—
[FN-y (XMG1.2), anti-TNF (MP6-XT22), anti-CD49b (DX5), and
CD11b (M1/70) were obtained from BD. Anti-IL-7Ra (SB/199),
anti-CXCR3 (CXCR3-173), anti-Foxp3 (FJK-16s), anti-Tbet (4B10),
anti-MHC class IT (I-A/I-E; M5/114.15.2), anti-GR-1 (RB6-8C5), anti-
perforin (eBioOMAK-D), anti-NKp46 (29A1.4), anti-LAMP-1 (1D4B),
anti—granzyme B (16G6), and anti-NKG2D (CX5) were obtained from
eBioscience. All flow cytometry scales are log scales, if not otherwise speci-
fied. Intracellular staining for cytokines was done with the Cytofix/
Cytoperm intracellular staining kit (BD). For granzyme B, Foxp3, and
perforin, the Foxp3 staining buffer set was used as recommended by
eBioscience. All samples were run on a FACSCalibur (BD; Department of
Surgery, University of Maryland School of Medicine) and analyzed by
FlowJo Software (Tree Star, Inc.).

Confocal microscopy. Confocal microscopy was done as previously de-
scribed (Quezada et al., 2008) except that slides were imaged on an LSM
(Olympus) with a 20X oil immersion objective. In brief, tumor was frozen
in OCT solution (Sakura). 8-pm sections were cut with a microcryotome
(Leica), fixed for 10 min in cold acetone, allowed to air dry, hydrated with
PBS for 5 min, and then blocked with PBS with 2% FCS, 50 pg/ml 24G2
antibodies, and 5% rat, hamster, and mouse serum for 15 min. Slides were
stained overnight with anti-MHC class II APC and DAPI, washed, and
mounted. Samples were scanned on an inverted confocal microscope (LSM;
University of Maryland Greenebaum Cancer Center) under a 20X oil im-
mersion objective. Images were analyzed with Image J64 software (National
Institutes of Health).

Gene microarrays. RNA was isolated from FACS-sorted CD4" T cells
from LN and spleens of tumor-bearing RAG ™/~ mice undergoing treatment
with TRP-1 CD4" T cells. RNA was isolated with RNA isolation kits
(QIAGEN). Sample amplification and labeling procedures were performed
using a Low RINA Input Fluorescent Linear Amplification kit (Agilent
Technologies). In brief, 400 ng of total RNA was used as starting material
base on available yield of RNA isolation but was kept at the same amount of
input in each experiment. Total RNA was reverse transcribed into first-
strand and second-strand complementary DNA by MMLV-RT using an
oligo-dT primer that incorporates a T7 promoter sequence. The comple-
mentary DNA was then used as a template for in vitro transcription in the
presence of T7 RNA polymerase and cyanine-labeled CTPs. The labeled
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complementary RNA was purified using RNeasy micro kit (QIAGEN) and
followed by quantification of both concentrations of complementary RINA
and dye labeled. RNA spike-in controls (Agilent Technologies) were added
to RNA samples before amplification and labeling according to the manu-
facturer’s protocol. The entire amount of each sample labeled with Cy3 or
Cy5 was mixed with control targets (Agilent Technologies). Fragmentation
was performed by incubating at 60°C for 30 min and stopped by adding an
equal volume of 2X GE Hi-RPM hybridization buffer (Agilent Technolo-
gies). Agilent 4X44K whole mouse genome array (G4122F) with 41534
unique probes was used. Fragmented targets were added onto a microarray,
assembled into a hybridization chamber (Agilent Technologies), and hybrid-
ized at 60°C for 17 h in a hybridization oven with rotation. Hybridized
microarrays were washed and dried according to the Agilent microarray
processing protocol. Microarrays were scanned using an Agilent G2505B
Scanner controlled by Agilent Scan Control 7.0 software. Data were ex-
tracted with Agilent Feature Extraction 9.1 software. Differentially expressed
targets were identified using the processed data and the log ratio generated
by the software. Only values of twofold or higher were reported. Heat maps
were hand generated from the gene lists. The GEO microarray data acces-
sion no. is GSE19904.

Measurement of serum cytokines and chemokines. Serum was
collected via tail vein using serum collection tubes (BD). Serum was ana-
lyzed by MILLIPLEX 32-Plex assay (University of Maryland, Baltimore,
Cytokine Core Laboratory, and Millipore).

Statistics. An unpaired Student’s ¢ test was used to compare the differences
between cytokines and chemokines as indicated. Tumor curves were com-
pared using a two-way ANOVA with nonrepeated measures. P-values of
<0.05 were considered significant. PRISM 5.0b software was used to analyze
the data (GraphPad Software, Inc.).

Online supplemental material. Fig. S1 shows the phenotype of TRP-1
Tg WT, Foxp3*, and tyrp 1% mice. Fig. S1 also shows that TRP-1 CD4*
cells are activated in WT mice but not in fyrp 15 mice. Foxp3 expression in
naive TRP-1 CD4" T cells from yrp 1% RAG™/~ mice is shown. Lastly,
tumor infiltration by TRP-1 CD4" T cells is shown by flow cytometry.
Fig. S2 shows accumulation of inflammatory monocytes in the spleen, LN,
and tumor after adoptive transfer of TRP-1 CD4" T cells into tumor-bearing
lymphopenic mice. Fig. S3 shows stable expression of Foxp3 in TRP-1
CD4* T cells after tumor treatment. Fig. S4 shows that TRP-1 CD4" T cells
do not convert to Foxp3™ cells in RAG™/7y,~/~ tumor-bearing hosts during
tumor progression. Online supplemental material is available at http://www
Jjem.org/cgi/content/full/jem.20091921/DC1.

This work is dedicated to the memory of Asher Alexandria Huminsky, Floyd Antony,
Kay Antony, Edward Wrzesinski, Earl Norling, and Charles Babinger.

We acknowledge Kari Irvine for creating the TRP-1-specific hybridoma from
which the TCR for the Tg mouse was cloned, and Megan Bachinski (Surgery Branch,
NCl), Linda J. Kesselring (technical editor, Department of Emergency Medicine,
University of Maryland School of Medicine), and Scott E. Strome (Professor and
Chairman, Department of Otorhinolaryngology-Head and Neck Surgery Chief,
University of Maryland School of Medicine) for helping to edit the manuscript.

We appreciate the hard work of the people of Veterinary Resources at the University
of Maryland School of Medicine, especially Terry King and Marvin Riddley for their
excellent assistance and care for the mice used in these experiments. Lastly, we
thank Cano Asher, Cahit Can, and Orhan and Cigdem, and Orcin and Deniz for

their support during this project.

This research was initiated at the Surgery Branch of the National Cancer
Institute and was supported by the Center for Cancer Research. The work was
further supported by a K22 NCI career transition award (5K22CA125200 to
PA. Antony) and the Melanoma Research Foundation (PA. Antony).

The authors declare that they have no conflicting financial interests.

Submitted: 3 September 2009
Accepted: 19 January 2010

Naive CD4+ T cells eradicate established melanoma | Xie et al.



REFERENCES

Antony, P.A., C.A. Piccirillo, A. Akpinarli, S.E. Finkelstein, P.J. Speiss, D.R.
Surman, D.C. Palmer, C.C. Chan, C.A. Klebanoft, W.W. Overwijk, et al.
2005. CD8+ T cell immunity against a tumor/self-antigen is augmented
by CD4+ T helper cells and hindered by naturally occurring T regulatory
cells. J. Immunol. 174:2591-2601.

Antony, P.A., C.M. Paulos, M. Ahmadzadeh, A. Akpinarli, D.C. Palmer,
N. Sato, A. Kaiser, C.S. Hinrichs, C. Heinrichs, C.A. Klebanoff, et al.
2006. Interleukin-2-dependent mechanisms of tolerance and immunity
in vivo. J. Immunol. 176:5255-5266.

Banchereau, J., E. Klechevsky, N. Schmitt, R. Morita, K. Palucka, and H. Ueno.
2009. Harnessing human dendritic cell subsets to design novel vaccines.
Ann. N. Y. Acad. Sci. 1174:24-32. doi:10.1111/j.1749-6632.2009.04999.x

Behrens, G., M. Li, C.M. Smith, G.T. Belz, J. Mintern, F.R. Carbone, and
W.R. Heath. 2004a. Helper T cells, dendritic cells and CTL Immunity.
Immunol. Cell Biol. 82:84-90. doi:10.1111/7.1440-1711.2004.01211.x

Behrens, G.M., M. Li, G.M. Davey, J. Allison, R.A. Flavell, F.R. Carbone,
and W.R.. Heath. 2004b. Helper requirements for generation of effector
CTL to islet beta cell antigens. J. Immunol. 172:5420-5426.

Belfiore, A., T. Mauerhoff, R. Pujol-Borrell, K. Badenhoop, M. Buscema,
R. Mirakian, and G.F. Bottazzo. 1991. De novo HLA class II and en-
hanced HLA class I molecule expression in SV40 transfected human
thyroid epithelial cells. J. Autoimmun. 4:397-414. doi:10.1016/0896-8411
(91)90155-6

Bennett, S.R., F.R. Carbone, F. Karamalis, R.A. Flavell, J.F. Miller, and
‘W.R. Heath. 1998. Help for cytotoxic-T-cell responses is mediated by
CD40 signalling. Nature. 393:478-480. doi:10.1038/30996

Beutner, U., and H.R. MacDonald. 1998. TCR-MHC class II interaction is
required for peripheral expansion of CD4 cells in a T cell-deficient host.
Int. Immunol. 10:305-310. doi:10.1093/intimm/10.3.305

Boyman, O., M. Kovar, M.P. Rubinstein, C.D. Surh, and J. Sprent. 2006.
Selective stimulation of T cell subsets with antibody-cytokine immune
complexes. Science. 311:1924-1927. doi:10.1126/science.1122927

Boyman, O., C. Ramsey, D.M. Kim, J. Sprent, and C.D. Surh. 2008. IL-7/
anti-IL-7 mAb complexes restore T cell development and induce homeo-
static T cell expansion without lymphopenia. J. Immunol. 180:7265-7275.

Brandmaier, A.G., W.W. Leitner, S.P. Ha, J. Sidney, N.P. Restifo, and C.E.
Touloukian. 2009. High-avidity autoreactive CD4+ T cells induce host
CTL, overcome T(regs) and mediate tumor destruction. J. Immunother.
32:677-688. doi:10.1097/CJ1.0b013e3181ab1824

Cao, X., E.-W. Shores, J. Hu-Li, M.R. Anver, B.L. Kelsall, S.M. Russell, J.
Drago, M. Noguchi, A. Grinberg, E.T. Bloom, et al. 1995. Defective
lymphoid development in mice lacking expression of the common
cytokine receptor gamma chain. Immunity. 2:223-238. doi:10.1016/
1074-7613(95)90047-0

Cho, J.H., O. Boyman, H.O. Kim, B. Hahm, M.P. Rubinstein, C. Ramsey,
D.M. Kim, C.D. Surh, and J. Sprent. 2007. An intense form of homeo-
static proliferation of naive CD8* cells driven by IL-2. J. Exp. Med.
204:1787-1801. doi:10.1084/jem.20070740

Corthay, A., D.K. Skovseth, K.U. Lundin, E. Resjo, H. Ombholt, P.O.
Hofgaard, G. Haraldsen, and B. Bogen. 2005. Primary antitumor im-
mune response mediated by CD4+ T cells. Immunity. 22:371-383. doi:10
.1016/j.immuni.2005.02.003

Diehl, L., A.T. den Boer, S.P. Schoenberger, E.I. van der Voort, T.N.
Schumacher, CJ. Melief, R. Offringa, and R.E. Toes. 1999. CD40
activation in vivo overcomes peptide-induced peripheral cytotoxic
T-lymphocyte tolerance and augments anti-tumor vaccine efficacy.
Nat. Med. 5:774=779. doi:10.1038/10495

Dougan, M., and G. Dranoft. 2009. Immune therapy for cancer. Annu. Rev.
Immunol. 27:83-117. doi:10.1146/annurev.immunol.021908.132544

Dubsky, P., H. Saito, M. Leogier, C. Dantin, J.E. Connolly, J. Banchereau,
and A.K. Palucka. 2007. IL-15-induced human DC efficiently prime
melanoma-specific naive CD8+ T cells to differentiate into CTL. Eur.
J. Immunol. 37:1678-1690. doi:10.1002/¢ji.200636329

Dudley, M.E., J.R. Wunderlich, P.F. Robbins, J.C. Yang, P. Hwu, D]J.
Schwartzentruber, S.L. Topalian, R. Sherry, N.P. Restifo, A.M.
Hubicki, et al. 2002. Cancer regression and autoimmunity in patients
after clonal repopulation with antitumor lymphocytes. Science. 298:850—
854. doi:10.1126/science.1076514

JEM VOL. 207, March 15, 2010

Article

Dudley, M.E., J.R. Wunderlich, J.C. Yang, R.M. Sherry, S.L. Topalian,
N.P. Restifo, R.E. Royal, U. Kammula, D.E. White, S.A. Mavroukakis,
et al. 2005. Adoptive cell transfer therapy following non-myeloablative
but lymphodepleting chemotherapy for the treatment of patients with
refractory metastatic melanoma. J. Clin. Oncol. 23:2346-2357. doi:
10.1200/JCO.2005.00.240

Dudley, M.E., ].C. Yang, R. Sherry, M.S. Hughes, R. Royal, U. Kammula,
P.F. Robbins, J. Huang, D.E. Citrin, S.F. Leitman, et al. 2008. Adoptive
cell therapy for patients with metastatic melanoma: evaluation of inten-
sive myeloablative chemoradiation preparative regimens. J. Clin. Oncol.
26:5233-5239. doi:10.1200/JCO.2008.16.5449

Engelhorn, M.E., J.A. Guevara-Patifio, G. Noffz, A.T. Hooper, O. Lou,
J.S. Gold, B.J. Kappel, and A.N. Houghton. 2006. Autoimmunity and
tumor immunity induced by immune responses to mutations in self.
Nat. Med. 12:198-206. doi:10.1038/nm1363

Gattinoni, L., S.E. Finkelstein, C.A. Klebanoft, P.A. Antony, D.C. Palmer,
PJ. Spiess, L.N. Hwang, Z. Yu, C. Wrzesinski, D.M. Heimann, et al.
2005a. Removal of homeostatic cytokine sinks by lymphodepletion
enhances the efficacy of adoptively transferred tumor-specific CD8*
T cells. J. Exp. Med. 202:907-912. doi:10.1084/jem.20050732

Gattinoni, L., C.A. Klebanoff, D.C. Palmer, C. Wrzesinski, K. Kerstann, Z.
Yu, S.E. Finkelstein, M.R. Theoret, S.A. Rosenberg, and N.P. Restifo.
2005b. Acquisition of full effector function in vitro paradoxically
impairs the in vivo antitumor efficacy of adoptively transferred CD8+
T cells. J. Clin. Invest. 115:1616—-1626. doi:10.1172/JCI24480

Gattinoni, L., D.J. Powell Jr., S.A. Rosenberg, and N.P. Restifo. 2006.
Adoptive immunotherapy for cancer: building on success. Nat. Rev.
Immunol. 6:383-393. doi:10.1038/nri1842

Gattinoni, L., X.S. Zhong, D.C. Palmer, Y. Ji, C.S. Hinrichs, Z. Yu, C.
Wrzesinski, A. Boni, L. Cassard, L.M. Garvin, et al. 2009. Wnt signal-
ing arrests effector T cell differentiation and generates CD8+ memory
stem cells. Nat. Med. 15:808-813. doi:10.1038/nm.1982

Guimond, M., R.G. Veenstra, DJ. Grindler, H. Zhang, Y. Cui, R.D.
Murphy, S.Y. Kim, R. Na, L. Hennighausen, S. Kurtulus, et al. 2009.
Interleukin 7 signaling in dendritic cells regulates the homeostatic pro-
liferation and niche size of CD4+ T cells. Nat. Immunol. 10:149-157.
doi:10.1038/ni.1695

Hinrichs, C.S., Z.A. Borman, L. Cassard, L. Gattinoni, R. Spolski, Z. Yu, L.
Sanchez-Perez, P. Muranski, S.J. Kern, C. Logun, etal. 2009. Adoptively
transferred effector cells derived from naive rather than central memory
CD8+ T cells mediate superior antitumor immunity. Proc. Natl. Acad.
Sci. USA. 106:17469—-17474. doi:10.1073/pnas.0907448106

Ho, W.Y., C. Yee, and P.D. Greenberg. 2002. Adoptive therapy with
CD8(+) T cells: it may get by with a little help from its friends. J. Clin.
Invest. 110:1415-1417.

Hunder, N.N., H. Wallen, J. Cao, D.W. Hendricks, J.Z. Reilly, R. Rodmyre,
A. Jungbluth, S. Gnjatic, J.A. Thompson, and C. Yee. 2008. Treatment
of metastatic melanoma with autologous CD4+ T cells against NY-
ESO-1. N. Engl. J. Med. 358:2698-2703. doi:10.1056/NEJM0a0800251

Hung, K., R. Hayashi, A. Lafond-Walker, C. Lowenstein, D. Pardoll, and H.
Levitsky. 1998. The central role of CD4* T cells in the antitumor immune
response. J. Exp. Med. 188:2357-2368. doi:10.1084/jem.188.12.2357

Janssen, E.M., E.E. Lemmens, T. Wolfe, U. Christen, M.G. von Herrath,
and S.P. Schoenberger. 2003. CD4+ T cells are required for secondary
expansion and memory in CD8+ T lymphocytes. Nature. 421:852-856.
doi:10.1038/nature01441

Johnson, L.A., R.A. Morgan, M.E. Dudley, L. Cassard, J.C. Yang, M.S.
Hughes, U.S. Kammula, R.E. Royal, R.M. Sherry, J.R. Wunderlich,
et al. 2009. Gene therapy with human and mouse T-cell receptors me-
diates cancer regression and targets normal tissues expressing cognate
antigen. Blood. 114:535-546. doi:10.1182/blood-2009-03-211714

Kahn, M., H. Sugawara, P. McGowan, K. Okuno, S. Nagoya, K.E.
Hellstrom, I. Hellstrom, and P. Greenberg. 1991. CD4+ T cell clones
specific for the human p97 melanoma-associated antigen can eradicate
pulmonary metastases from a murine tumor expressing the p97 antigen.

J. Immunol. 146:3235-3241.

Kalams, S.A., and B.D. Walker. 1998. The critical need for CD4 help in
maintaining effective cytotoxic T lymphocyte responses. J. Exp. Med.
188:2199-2204. doi:10.1084/jem.188.12.2199

665


dx.doi.org/10.1200/JCO.2005.00.240
dx.doi.org/10.1200/JCO.2005.00.240
dx.doi.org/10.1200/JCO.2008.16.5449
dx.doi.org/10.1038/nm1363
dx.doi.org/10.1084/jem.20050732
dx.doi.org/10.1172/JCI24480
dx.doi.org/10.1038/nri1842
dx.doi.org/10.1038/nm.1982
dx.doi.org/10.1038/ni.1695
dx.doi.org/10.1073/pnas.0907448106
dx.doi.org/10.1056/NEJMoa0800251
dx.doi.org/10.1084/jem.188.12.2357
dx.doi.org/10.1038/nature01441
dx.doi.org/10.1182/blood-2009-03-211714
dx.doi.org/10.1084/jem.188.12.2199
dx.doi.org/10.1111/j.1749-6632.2009.04999.x
dx.doi.org/10.1111/j.1440-1711.2004.01211.x
dx.doi.org/10.1016/0896-8411(91)90155-6
dx.doi.org/10.1016/0896-8411(91)90155-6
dx.doi.org/10.1038/30996
dx.doi.org/10.1093/intimm/10.3.305
dx.doi.org/10.1126/science.1122927
dx.doi.org/10.1097/CJI.0b013e3181ab1824
dx.doi.org/10.1016/1074-7613(95)90047-0
dx.doi.org/10.1016/1074-7613(95)90047-0
dx.doi.org/10.1084/jem.20070740
dx.doi.org/10.1016/j.immuni.2005.02.003
dx.doi.org/10.1016/j.immuni.2005.02.003
dx.doi.org/10.1038/10495
dx.doi.org/10.1146/annurev.immunol.021908.132544
dx.doi.org/10.1002/eji.200636329
dx.doi.org/10.1126/science.1076514

JEM

Kassiotis, G., R. Zamoyska, and B. Stockinger. 2003. Involvement of avidity
for major histocompatibility complex in homeostasis of naive and
memory T cells. J. Exp. Med. 197:1007-1016. doi:10.1084/jem.20021812

Kim, J.M., J.P. Rasmussen, and A.Y. Rudensky. 2007. Regulatory T cells
prevent catastrophic autoimmunity throughout the lifespan of mice.
Nat. Immunol. 8:191-197. doi:10.1038/ni1428

Klebanoff, C.A., L. Gattinoni, P. Torabi-Parizi, K. Kerstann, A.R.
Cardones, S.E. Finkelstein, D.C. Palmer, P.A. Antony, S.T. Hwang,
S.A. Rosenberg, et al. 2005. Central memory self/tumor-reactive CD8+
T cells confer superior antitumor immunity compared with effector
memory T cells. Proc. Natl. Acad. Sci. USA. 102:9571-9576. doi:10.1073/
pnas.0503726102

Klebanoff, C.A., Z. Yu, L.N. Hwang, D.C. Palmer, L. Gattinoni, and N.P.
Restifo. 2009. Programming tumor-reactive effector memory CD8+
T cells in vitro obviates the requirement for in vivo vaccination. Blood.
114:1776-1783. doi:10.1182/blood-2008-12-192419

Luster, A.D., J.C. Unkeless, and J.V. Ravetch. 1985. Gamma-interferon
transcriptionally regulates an early-response gene containing homology
to platelet proteins. Nature. 315:672—676. doi:10.1038/315672a0

Martin-Fontecha, A., L.L. Thomsen, S. Brett, C. Gerard, M. Lipp, A.
Lanzavecchia, and F. Sallusto. 2004. Induced recruitment of NK cells to
lymph nodes provides IFN-gamma for T(H)1 priming. Nat. Immunol.
5:1260-1265. doi:10.1038/ni1138

Marzo, A.L., B.F. Kinnear, R.A. Lake, ].J. Frelinger, E.J. Collins, B.W.
Robinson, and B. Scott. 2000. Tumor-specific CD4+ T cells have a
major “post-licensing” role in CTL mediated anti-tumor immunity.
J. Immunol. 165:6047-6055.

McNamara, J.O., D. Kolonias, F. Pastor, R.S. Mittler, L. Chen, P.H.
Giangrande, B. Sullenger, and E. Gilboa. 2008. Multivalent 4-1BB
binding aptamers costimulate CD8+ T cells and inhibit tumor growth
in mice. J. Clin. Invest. 118:376-386. doi:10.1172/JCI33365

Menke, J., G.C. Zeller, E. Kikawada, T.K. Means, X.R. Huang, H.Y.
Lan, B. Lu, J. Farber, A.D. Luster, and V.R. Kelley. 2008. CXCL9,
but not CXCL10, promotes CXCR3-dependent immune-mediated
kidney disease. J. Am. Soc. Nephrol. 19:1177-1189. doi:10.1681/ASN
2007111179

Morgan, R.A., M.E. Dudley, J.R. Wunderlich, M.S. Hughes, J.C. Yang,
R.M. Sherry, R.E. Royal, S.L. Topalian, U.S. Kammula, N.P.
Restifo, et al. 2006. Cancer regression in patients after transfer of ge-
netically engineered lymphocytes. Science. 314:126-129. doi:10.1126/
science.1129003

Mumberg, D., P.A. Monach, S. Wanderling, M. Philip, A.Y. Toledano, R.D.
Schreiber, and H. Schreiber. 1999. CD4(+) T cells eliminate MHC class
II-negative cancer cells in vivo by indirect effects of [IFN-gamma. Proc.
Natl. Acad. Sci. USA. 96:8633-8638. doi:10.1073/pnas.96.15.8633

Muranski, P., and N.P. Restifo. 2009. Adoptive immunotherapy of cancer
using CD4(+) T cells. Curr. Opin. Immunol. 21:200-208. doi:10.1016/
J.€01.2009.02.004

Muranski, P., A. Boni, P.A. Antony, L. Cassard, K.R. Irvine, A. Kaiser,
C.M. Paulos, D.C. Palmer, C.E. Touloukian, K. Ptak, et al. 2008.
Tumor-specific Th17-polarized cells eradicate large established mela-
noma. Blood. 112:362-373. doi:10.1182/blood-2007-11-120998

Nakano, H., K.L. Lin, M. Yanagita, C. Charbonneau, D.N. Cook, T.
Kakiuchi, and M.D. Gunn. 2009. Blood-derived inflammatory den-
dritic cells in lymph nodes stimulate acute T helper type 1 immune
responses. Nat. Immunol. 10:394—402. doi:10.1038/ni.1707

Nishimura, T., K. Iwakabe, M. Sekimoto, Y. Ohmi, T. Yahata, M. Nakui,
T. Sato, S. Habu, H. Tashiro, M. Sato, and A. Ohta. 1999. Distinct role
of antigen-specific T helper type 1 (Th1) and Th2 cells in tumor eradi-
cation in vivo. J. Exp. Med. 190:617-627. doi:10.1084/jem.190.5.617

Ohteki, T., K. Suzue, C. Maki, T. Ota, and S. Koyasu. 2001. Critical role
of IL-15-IL-15R for antigen-presenting cell functions in the innate
immune response. Nat. Immunol. 2:1138-1143. doi:10.1038/ni729

Ohteki, T., H. Tada, K. Ishida, T. Sato, C. Maki, T. Yamada, J. Hamuro,
and S. Koyasu. 2006. Essential roles of DC-derived IL-15 as a media-
tor of inflammatory responses in vivo. J. Exp. Med. 203:2329-2338.
doi:10.1084/jem.20061297

Overwijk, W.W., M.R. Theoret, S.E. Finkelstein, D.R. Surman, L.A. de
Jong, F.A. Vyth-Dreese, T.A. Dellemijn, P.A. Antony, P.J. Spiess, D.C.

666

Palmer, et al. 2003. Tumor regression and autoimmunity after reversal
of a functionally tolerant state of self-reactive CD8* T cells. J. Exp. Med.
198:569-580. doi:10.1084/jem.20030590

Palmer, D.C., C.C. Chan, L. Gattinoni, C. Wrzesinski, C.M. Paulos, C.S.
Hinrichs, D.J. Powell Jr., C.A. Klebanoft, S.E. Finkelstein, R.IN. Fariss,
et al. 2008. Effective tumor treatment targeting a melanoma/melanocyte-
associated antigen triggers severe ocular autoimmunity. Proc. Natl. Acad.
Sci. USA. 105:8061-8066. doi:10.1073/pnas.0710929105

Palucka, A.K., H. Ueno, J.W. Fay, and ]J. Banchereau. 2007. Taming cancer
by inducing immunity via dendritic cells. Immunol. Rev. 220:129—-150.
doi:10.1111/j.1600-065X.2007.00575.x

Paulos, C.M., C. Wrzesinski, A. Kaiser, C.S. Hinrichs, M. Chieppa,
L. Cassard, D.C. Palmer, A. Boni, P. Muranski, Z. Yu, et al. 2007.
Microbial translocation augments the function of adoptively transferred
self/tumor-specific CD8+ T cells via TLR4 signaling. J. Clin. Invest.
117:2197-2204. doi:10.1172/JCI132205

Peggs, K.S., S.A. Quezada, C.A. Chambers, A.J. Korman, and J.P. Allison.
2009. Blockade of CTLA-4 on both effector and regulatory T cell
compartments contributes to the antitumor activity of anti-CTLA-4
antibodies. J. Exp. Med. 206:1717-1725. doi:10.1084/jem.20082492

Pellegrini, M., T. Calzascia, A.R. Elford, A. Shahinian, A.E. Lin, D.
Dissanayake, S. Dhanji, L. T. Nguyen, M.A. Gronski, M. Morre, et al.
2009. Adjuvant IL-7 antagonizes multiple cellular and molecular in-
hibitory networks to enhance immunotherapies. Nat. Med. 15:528-536.
doi:10.1038/nm.1953

Perez-Diez, A., N.T. Joncker, K. Choi, W.F. Chan, C.C. Anderson, O.
Lantz, and P. Matzinger. 2007. CD4 cells can be more efficient at
tumor rejection than CDS8 cells. Blood. 109:5346-5354. doi:10.1182/
blood-2006-10-051318

Pule, M.A., B. Savoldo, G.D. Myers, C. Rossig, H.V. Russell, G. Dotti,
M.H. Huls, E. Liu, A.P. Gee, Z. Mei, et al. 2008. Virus-specific T cells
engineered to coexpress tumor-specific receptors: persistence and anti-
tumor activity in individuals with neuroblastoma. Nat. Med. 14:1264—
1270. doi:10.1038/nm.1882

Qin, Z., and T. Blankenstein. 2000. CD4+ T cell-mediated tumor rejection
involves inhibition of angiogenesis that is dependent on IFN gamma
receptor expression by nonhematopoietic cells. Immunity. 12:677-686.
doi:10.1016/51074-7613(00)80218-6

Quezada, S.A., K.S. Peggs, M.A. Curran, and J.P. Allison. 2006. CTLA4
blockade and GM-CSF combination immunotherapy alters the intra-
tumor balance of effector and regulatory T cells. J. Clin. Invest. 116:
1935-1945. doi:10.1172/JCI27745

Quezada, S.A., K.S. Peggs, T.R. Simpson, Y. Shen, D.R. Littman, and J.P.
Allison. 2008. Limited tumor infiltration by activated T effector cells
restricts the therapeutic activity of regulatory T cell depletion against
established melanoma. J. Exp. Med. 205:2125-2138. doi:10.1084/
jem.20080099

Quezada, S.A., T.R. Simpson, K.S. Peggs, T. Merghoub, J. Vider, X. Fan,
R. Blasberg, H. Yagita, P. Muranski, P.A. Antony, N.P. Restifo, and J.P.
Allison. 2010. Tumor-reactive CD4+ T cells develop cytotoxic activity
and eradicate large established melanoma after transfer into lymphope-
nic hosts. J. Exp. Med. 207:637-650. doi:10.1084/jem.20091918

Raulet, D.H., and N. Guerra. 2009. Oncogenic stress sensed by the im-
mune system: role of natural killer cell receptors. Nat. Rev. Immunol.
9:568-580. doi:10.1038/nri2604

Ridge, J.P., F. Di Rosa, and P. Matzinger. 1998. A conditioned dendritic
cell can be a temporal bridge between a CD4+ T-helper and a T-killer
cell. Nature. 393:474-478. doi:10.1038/30989

Robinson, D.S., and A. O’Garra. 2002. Further checkpoints in Th1 devel-
opment. Immunity. 16:755-758. doi:10.1016/S1074-7613(02)00331-X

Rosenberg, S.A. 2001. Progress in human tumour immunology and immuno-
therapy. Nature. 411:380-384. doi:10.1038/35077246

Rosenberg, S.A., N.P. Restifo, J.C. Yang, R.A. Morgan, and M.E. Dudley.
2008. Adoptive cell transfer: a clinical path to effective cancer immuno-
therapy. Nat. Rev. Cancer. 8:299-308. doi:10.1038/nrc2355

Rubinstein, M.P., M. Kovar, J.F. Purton, J.H. Cho, O. Boyman, C.D.
Surh, and J. Sprent. 2006. Converting IL-15 to a superagonist by bind-
ing to soluble IL-15Ralpha. Proc. Natl. Acad. Sci. USA. 103:9166-9171.
doi:10.1073/pnas.0600240103

Naive CD4+ T cells eradicate established melanoma | Xie et al.


dx.doi.org/10.1084/jem.20030590
dx.doi.org/10.1073/pnas.0710929105
dx.doi.org/10.1111/j.1600-065X.2007.00575.x
dx.doi.org/10.1172/JCI32205
dx.doi.org/10.1084/jem.20082492
dx.doi.org/10.1038/nm.1953
dx.doi.org/10.1182/blood-2006-10-051318
dx.doi.org/10.1182/blood-2006-10-051318
dx.doi.org/10.1038/nm.1882
dx.doi.org/10.1016/S1074-7613(00)80218-6
dx.doi.org/10.1172/JCI27745
dx.doi.org/10.1084/jem.20080099
dx.doi.org/10.1084/jem.20080099
dx.doi.org/10.1084/jem.20080099
dx.doi.org/10.1038/nri2604
dx.doi.org/10.1038/30989
dx.doi.org/10.1016/S1074-7613(02)00331-X
dx.doi.org/10.1038/35077246
dx.doi.org/10.1038/nrc2355
dx.doi.org/10.1073/pnas.0600240103
dx.doi.org/10.1084/jem.20021812
dx.doi.org/10.1038/ni1428
dx.doi.org/10.1073/pnas.0503726102
dx.doi.org/10.1073/pnas.0503726102
dx.doi.org/10.1182/blood-2008-12-192419
dx.doi.org/10.1038/315672a0
dx.doi.org/10.1038/ni1138
dx.doi.org/10.1172/JCI33365
dx.doi.org/10.1681/ASN.2007111179
dx.doi.org/10.1681/ASN.2007111179
dx.doi.org/10.1126/science.1129003
dx.doi.org/10.1126/science.1129003
dx.doi.org/10.1073/pnas.96.15.8633
dx.doi.org/10.1016/j.coi.2009.02.004
dx.doi.org/10.1016/j.coi.2009.02.004
dx.doi.org/10.1182/blood-2007-11-120998
dx.doi.org/10.1038/ni.1707
dx.doi.org/10.1084/jem.190.5.617
dx.doi.org/10.1038/ni729
dx.doi.org/10.1084/jem.20061297

Smyth, .M., L. Wilming, A.W. Lee, M.S. Taylor, P. Gautier, K. Barlow,
J. Wallis, S. Martin, R. Glithero, B. Phillimore, et al. 2006. Genomic
anatomy of the Tyrp1 (brown) deletion complex. Proc. Natl. Acad. Sci.
USA. 103:3704-3709. doi:10.1073/pnas.0600199103

Sotomayor, E.M., I. Borrello, E. Tubb, F.M. Rattis, H. Bien, Z. Lu, S. Fein,
S. Schoenberger, and H.I. Levitsky. 1999. Conversion of tumor-specific
CD4+ T-cell tolerance to T-cell priming through in vivo ligation of
CD40. Nat. Med. 5:780-787. doi:10.1038/10503

Steinman, R.M., and J. Banchereau. 2007. Taking dendritic cells into
medicine. Nature. 449:419-426. doi:10.1038/nature06175

Stephan, M.T., V. Ponomarev, R.J. Brentjens, A.H. Chang, K.V.
Dobrenkov, G. Heller, and M. Sadelain. 2007. T cell-encoded CD80
and 4-1BBL induce auto- and transcostimulation, resulting in potent
tumor rejection. Nat. Med. 13:1440-1449. doi:10.1038/nm1676

Sutmuller, R.P., L.M. van Duivenvoorde, A. van Elsas, T.N. Schumacher,
M.E. Wildenberg, J.P. Allison, R.E. Toes, R. Offringa, and C.J. Melief.
2001. Synergism of cytotoxic T lymphocyte—associated antigen 4 blockade
and depletion of CD25" regulatory T cells in antitumor therapy reveals
alternative pathways for suppression of autoreactive cytotoxic T lympho-
cyte responses. J. Exp. Med. 194:823-832. doi:10.1084/jem.194.6.823

Tamada, K., and L. Chen. 2006. Renewed interest in cancer immuno-
therapy with the tumor necrosis factor superfamily molecules. Cancer
Immunol. Immunother. 55:355-362. doi:10.1007/500262-005-0081-y

Terme, M., N. Chaput, B. Combadiere, A. Ma, T. Ohteki, and L. Zitvogel.
2008. Regulatory T cells control dendritic cell/NK cell cross-talk in
lymph nodes at the steady state by inhibiting CD4+ self-reactive T cells.
J. Immunol. 180:4679-4686.

Toes, R.E., F. Ossendorp, R. Offringa, and C.J. Melief. 1999. CD4 T cells
and their role in antitumor immune responses. J. Exp. Med. 189:753—
756. doi:10.1084/jem.189.5.753

Vence, L., AK. Palucka, J.W. Fay, T. Ito, Y.J. Liu, J. Banchereau, and
H. Ueno. 2007. Circulating tumor antigen-specific regulatory T cells

JEM VOL. 207, March 15, 2010

Article

in patients with metastatic melanoma. Proc. Natl. Acad. Sci. USA. 104:
20884-20889. doi:10.1073/pnas.0710557105

‘Wang, R.F. 2001. The role of MHC class II-restricted tumor antigens and
CD4+ T cells in antitumor immunity. Trends Immunol. 22:269-276.
doi:10.1016/51471-4906(01)01896-8

Weaver, C.T., and A.Y. Rudensky. 2009. Editorial overview: lymphocyte
development. Curr. Opin. Immunol. 21:119-120. doi:10.1016/j.coi.
2009.03.007

Wilcox, R.A., D.B. Flies, G. Zhu, A.]. Johnson, K. Tamada, A.I. Chapoval,
S.E. Strome, L.R. Pease, and L. Chen. 2002. Provision of antigen and
CD137 signaling breaks immunological ignorance, promoting regression
of poorly immunogenic tumors. J. Clin. Invest. 109:651-659.

Williams, M.A., AJ. Tyznik, and M.J. Bevan. 2006. Interleukin-2 signals
during priming are required for secondary expansion of CD8+ mem-
ory T cells. Nature. 441:890-893. doi:10.1038/nature04790

Wrzesinski, C., C.M. Paulos, L. Gattinoni, D.C. Palmer, A. Kaiser, Z.
Yu, S.A. Rosenberg, and N.P. Restifo. 2007. Hematopoietic stem
cells promote the expansion and function of adoptively transferred
antitumor CD8 T cells. J. Clin. Invest. 117:492-501. doi:10.1172/
JCI30414

Wuest, T., J. Farber, A. Luster, and D.J. Carr. 2006. CD4+ T cell migra-
tion into the cornea is reduced in CXCL9 deficient but not CXCL10
deficient mice following herpes simplex virus type 1 infection. Cell.
Immunol. 243:83-89. doi:10.1016/j.cellimm.2007.01.001

Yu, P, Y. Lee, W. Liu, R.K. Chin, J. Wang, Y. Wang, A. Schietinger,
M. Philip, H. Schreiber, and Y.X. Fu. 2004. Priming of naive T cells
inside tumors leads to eradication of established tumors. Nat. Immunol.
5:141-149. doi:10.1038/ni1029

Zhang, H., K.S. Chua, M. Guimond, V. Kapoor, M.V. Brown, T.A. Fleisher,
L.M. Long, D. Bernstein, B.J. Hill, D.C. Douek, et al. 2005. Lymphopenia
and interleukin-2 therapy alter homeostasis of CD4+CD25+ regulatory
T cells. Nat. Med. 11:1238-1243. doi:10.1038/nm1312

667


dx.doi.org/10.1073/pnas.0600199103
dx.doi.org/10.1038/10503
dx.doi.org/10.1038/nature06175
dx.doi.org/10.1038/nm1676
dx.doi.org/10.1084/jem.194.6.823
dx.doi.org/10.1007/s00262-005-0081-y
dx.doi.org/10.1084/jem.189.5.753
dx.doi.org/10.1073/pnas.0710557105
dx.doi.org/10.1016/S1471-4906(01)01896-8
dx.doi.org/10.1016/j.coi.2009.03.007
dx.doi.org/10.1016/j.coi.2009.03.007
dx.doi.org/10.1038/nature04790
dx.doi.org/10.1172/JCI30414
dx.doi.org/10.1172/JCI30414
dx.doi.org/10.1016/j.cellimm.2007.01.001
dx.doi.org/10.1038/ni1029
dx.doi.org/10.1038/nm1312



