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Abstract
Purpose—One of the most important rate-limiting steps in adoptive cell transfer (ACT) is the
inefficient migration of T cells to tumors. Since melanomas specifically express the chemokines
CXCL1 and CXCL8 that are known to facilitate the CXCR2-dependent migration by monocytes,
our aim is to evaluate whether introduction of the CXCR2 gene into tumor-specific T cells could
further improve the effectiveness of ACT, by enhancing T-cell migration to tumor.

Experimental Design—In this study, we utilized transgenic pmel-1 T cells which recognize
gp100 in the context of H-2Db, that were transduced with luciferase gene to monitor the migration
of transferred T cells in vivo. In order to visualize luciferase-expressing T cells within a tumor, a
non-pigmented tumor is required. Therefore, we utilized the MC38 tumor model which naturally
expresses CXCL1.

Results—Mice bearing MC38/gp100 tumor cells treated with CXCR2/luciferase-transduced
pmel-1 T cells showed enhanced tumor regression and survival compared to mice receiving
control luciferase transduced pmel-1 T cells. We also observed preferential accumulation of
CXCR2-expressing pmel-1 T cells in the tumor sites of these mice using bioluminescence
imaging. A similar enhancement in tumor regression and survival was observed when CXCR2-
transduced pmel-1 T cells were transferred into mice bearing CXCL1-transduced B16 tumors
compared to mice treated with control pmel-1 T cells.

Conclusions—These results implicate that the introduction of the CXCR2 gene into tumor-
specific T cells can enhance their localization to tumors and improve antitumor immune
responses. This strategy may ultimately enable personalization of cancer therapies based on
chemokine expression by tumors.
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Introduction
Given the demonstrated effectiveness of T cells in mediating antitumor immune responses,
T cell-mediated immunotherapy is considered an important and promising therapeutic
approach against cancer. In particular, adoptive cell transfer (ACT) combined with
lymphodepletion has resulted in clinical responses in ~50 - 70% of patients with metastatic
melanoma (1, 2). However, the requirement of large numbers of laboratory-expanded T cells
(>1 × 1010) makes ACT a costly and labor-intensive treatment. In addition, although some
ACT patients achieve long-term disease-free survival, most patients still recur with disease
(3). One important limiting factor for ACT is the inefficient migration of T cells into tumor
tissue. By labeling T cells prior to ACT, it has been shown that the number of adoptively
transferred T cells that migrating to the tumor microenvironment correlates positively with
clinical response (4). However, this analysis also demonstrated that the trafficking efficiency
of transferred T cells was extremely low (5). Therefore, strategies aimed at improving the
migration of T cells to tumor sites are likely to enhance the efficacy of ACT therapy and
improve clinical response rates.

Chemokines are secreted proteins that are essential for mediating the trafficking of immune
cells to sites of inflammation. Through chemotaxis, cells that express appropriate chemokine
receptors can migrate along a chemokine gradient to localize to specific tissues or sites of
infection (6). Chemokines also play an important role in T cell-mediated antitumor immune
responses. For example, mice lacking CXCR6, the receptor for CXCL16, displayed reduced
recruitment of activated effector T cells in breast tumor tissue and impaired tumor regression
(7). Affymetrix gene expression analysis of metastatic melanoma specimens has shown that
the presence of T cells in tumor tissue is associated with high expression of many
chemokines (8, 9), suggesting that their migration to tumors may be regulated by
chemokines. Although the majority of human melanoma tumors show high levels of
expression of CXCL1 and CXCL8 (10-12), the number of tumor antigen-specific T cells in
these tumors is very limited (8, 13). However, melanoma tumors almost invariably show
high levels of monocyte/macropage infiltrates that are known to migrate in a CXCR2-
dependent fashion towards CXCL1/CXCL8 gradients present in the tumor
microenvironment (14, 15). Since T cells do not normally express CXCR2, we hypothesized
that genetic modification of tumor antigen-specific T cells with the CXCR2 gene would
promote their trafficking to tumor sites, thereby enhancing antitumor immune responses.

To evaluate whether CXCR2 expression in T cells enhances their tumor migration in vivo,
we used an ultra-sensitive BLI system based on the detection of optimized firefly luciferase
(OFL). We previously demonstrated that BLI using OFL is sensitive enough to track fewer
than 10 adoptively transferred T cells in murine models (16), and since it is noninvasive it
can allow for the evaluation of individual mice at multiple time points. Using this system,
we show here that melanoma antigen-specific T cells transduced to express CXCR2 show
improved migration to CXCL1 and gp100-expressing tumors. Furthermore, in two different
tumor models tumor-bearing mice treated with CXCR2-expressing T cells showed
significantly improved antitumor responses and survival. These data show that enforced
CXCR2 expression by tumor-specific T cells can overcome poor migration into tumor sites,
thus leading to improved antitumor immune responses.

Materials and Methods
Animals and cell lines

Pmel-1/Thy1.1+ TCR transgenic mice on a C57BL/6 background were kindly provided by
Dr. Nicholas Restifo (Surgery Branch, National Cancer Institute, Bethesda, MD). C57BL/
6J-Tyr-2J/J albino mice were purchased from the Jackson Laboratory. All mice were
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maintained in a specific pathogen-free barrier facility at The University of Texas M. D.
Anderson Cancer Center. Mice were handled in accordance with protocols approved by the
Institutional Animal Care and Use Committee. B16 murine melanoma and MC38 murine
colon adenocarcinoma cells were obtained from the National Cancer Institute. All tumor cell
lines were maintained in RPMI 1640 with 10% fetal calf serum (FCS) and 100 μg/ml
Normocin (Invivogen).

Construction of viral vectors
Full-length murine CXCR2 (mCXCR2) (NP_034039) and mCXCL1 (NP_032202) were
amplified from ATCC clones by PCR. The mCXCR2 and mCXCL1 were inserted into the
pRV100 and pLV411G viral vector generated in our lab. Optimized firefly luciferase (OFL)
was fused with GFP and inserted into pRV100 vectors, as described earlier (16). Full-length
human gp100 (gp100) was amplified from the WRG-gp100 vector (gift from Dr. Nicholas
Restifo) and subcloned into a lentiviral vector, pLV414G. Sequences of all constructs were
verified.

Retrovirus production and transduction of pmel-1 T cells
Retroviral vectors and the packaging vectors were transiently cotransfected into the
packaging cell line, Plate-E, using Lipofectamine 2000 (Invitrogen) as previously described
(17). Supernatants were harvested 48 h later and concentrated between 25x and 100x using
Centricon-Plus 20 tubes (Millipore). Splenocytes from pmel-1 mice were harvested and
cultured in RPMI 1640 with 10% FCS, 100 μg/ml Normocin, 250 U/ml hIL-2 (Proleukin;
Chiron, Emeryville, CA), and 0.3 μg/ml anti-mouse CD3 (BD Bioscience). After 24 h, the
cells were infected with the appropriate virus in the presence of 1.6 μg/ml Polybrene
(Sigma) and 2 μg/ml Lipofectamine 2000 under spin conditions at 850 g for 2 h and then
incubated overnight at 37°C. The next day, fresh T-cell culture medium was added. Cells
were stained with appropriate markers expressed by these viral constructs 3 d after
transduction and sorted by a FACSAria (BD Bioscience).

Lentiviral transduction of tumor cells
Lentiviral vectors and packaging vectors, VSVG and Δ8.9, were cotransfected into 293 T
cells using lipofectamine 2000, and supernatant was collected after 36 h culture. A total of 1
× 106 tumor cells were preseeded in each well of 6-well plates for 6 h and spun at 850 g for
1 h with 1 ml virus supernatant and 8 μg/ml polybrene. The following day, the supernatant
was removed and replaced with growth medium. Infected tumor cells were collected and
sorted based on the expression of the reporter gene using a FACSAria.

Immunohistochemistry
Immunohistochemistry was performed on paraffin-embedded melanoma tumor tissue
sections. mAbs against human CXCL1 (Proteintech) and CXCL8 (Santa Cruz
biotechnology) were used.

Chemotaxis assay
CXCR2-expressing or control T cells (1 × 106) were placed in 0.2 ml of complete medium
in the upper chamber (3.0-μm pore size) of a well in a 24-well Transwell plate (Costar,
Corning, NY). Medium (0.4 ml) containing chemokine at various concentrations or
conditioned medium from the indicated tumor cells was placed in the lower chamber and the
plates were incubated for 60 min at 37°C. Conditioned medium was taken from the
overnight culture of 2 × 106 tumor cells in 6-well plates (which contained 3 ml of medium
per well). The number of cells in the lower chamber was either manually counted, or when
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OFL-transduced T cells were used for the migration assay, evaluated by measuring
luminescence activity after the addition of D-luciferin.

Tumor reactivity assay
To test antitumor reactivity of T cells, we seeded 1 × 105 pmel-1 T cells per well in a 96-
well plate and cocultured them with 1 × 104 cells from the indicated tumor lines for 16-18 h.
To increase the expression of major histocompatibility complex class (MHC) I molecules,
we treated B16 tumor cells with 200 ng/ml of mouse IFN-γ (BD Bioscience) overnight
before the assay. T cell responses were measured by quantifying IFN-γ in the culture
supernatants by enzyme-linked immunosorbent assay (ELISA; R&D System, Minneapolis,
MN), according to manufacturer’s protocols. A 51Cr-release assay was used to determine the
cytotoxic tumor killing by pmel-1 T cells. Tumor cells were labeled with 51Cr for 1 h and
then cocultured with pmel-1 T cells at various effector/target ratios. CTL activity was
calculated as the percentage of specific 51Cr release using the following equation: % specific
killing = (sample release - spontaneous release) ÷ (maximal release - spontaneous release) ×
100%.

T cell proliferation assay
To evaluate the effect of mCXCL1 on T cell proliferation, we diluted anti-mouse CD3 to 5
μg/ml in PBS and used 100 μl/well to coat the bottoms of wells in a flat-bottom 96-well
plate at 4°C overnight. T cells (5 × 104) were seeded into each well with or without
mCXCL1 for 60 h. [3H] Thymidine was added for the last 16 h of culture. Cells were
harvested and radioactivity counted in a scintillation counter. All experiments were
performed in triplicate.

Measurement of CXCL1 in cell culture supernatants
Tumor cells (2 × 106) were cultured in 3 ml RPMI 1640 with 10% FCS for 24 h. The
concentration of CXCL1 in the supernatants was determined by ELISA. Each reported value
is the mean of triplicate assays.

Bone marrow-derived dendritic cells (DC)
The generation of DC from murine bone marrow cells was performed as previously
described (18). Briefly, bone marrow cells were grown at a starting concentration of 1 × 106

cells/ml in complete medium in the presence of 20 ng/ml GM-CSF and 100 ng/ml IL-4
(Peprotech Inc., Rocky Hill, NJ). Fresh DC culture medium was added on days 2 and 4.
Loosely adherent cells were transferred to a fresh Petri dish on day 6. The following day,
nonadherent cells were resuspended in Opti-MEM media (Invitrogen) at a concentration of 1
× 106 cells/ml and pulsed with 10 μM H-2Db-restricted gp100 peptide (KVPRNQDWL) for
2.5 h at 37°C. Peptide-pulsed DCs were washed 3 times with PBS and immediately injected
into mice.

Adoptive transfer, vaccination, and treatment
C57BL/6 albino mice were subcutaneously implanted with either 5 × 105 B16-CXCL1
melanoma cells or 5 × 105 MC38/gp100 tumor cells (day 0). On day 6, lymphopenia was
induced by administering a nonmyeloablative dose (350 cGy) of radiation. On day 7, 1 ×
106 transduced pmel-1 T cells were adoptively transferred into tumor-bearing mice (n = 5 to
9 per group), followed by intravenous injection of 5 × 105 peptide-pulsed DCs.
Recombinant human IL-2 was intraperitoneally administered for 3 d after T cell transfer (1.2
× 106 I.U. once immediately after T cell transfer and 6 × 105 I.U. twice daily for the next 2
d). Tumor sizes were monitored every 2 d. Mice were sacrificed when the tumors exceeded
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15 mm in diameter or when ulcers exceeded 2 mm. All experiments were carried out in a
blinded, randomized fashion.

In vivo Bioluminescence Imaging (BLI)
Prior to imaging, mice were anesthetized with isoflurane and i.p. injected with 100 μl of 20
mg/ml D-Luciferin (Xenogen Corp., Alameda, CA). After 8 min, animals were imaged
using an IVIS 200 system (Xenogen), according to the manufacturer’s manual. Living
Image software (Xenogen) was used to analyze data. Regions of interest were manually
selected and quantification is reported as the average of photon flux within regions of
interest. The bioluminescence signal is represented as photons/s/cm2/sr.

Statistical analysis
The data were represented as mean ± standard error of the mean (SEM). Comparisons of
differences in continuous variables between two groups were done using Student’s t test.
Differences in tumor size and T cell number among different treatments were evaluated by
analysis of variance (ANOVA) repeated-measures function. P-values are based on 2-tailed
tests, with P < 0.05 considered statistically significant. The Kaplan-Meier test was used to
compare mouse survival between groups by Graph Pad Prism 5.

Results
The presence of CXCR2-cognate chemokines in the tumor microenvironment and the
absence of CXCR2 on tumor-infiltrating T cells

We previously analyzed chemokine expression in freshly isolated human melanoma tumors
by cDNA microarray analysis. The expression of CXCL1 and CXCL8, two CXCR2-cognate
chemokines, was markedly unregulated in the tumor tissue, when compared to levels in
normal tissues (10). To confirm the presence of these chemokines in the melanoma tumor
microenvironment, we evaluated tissue samples from melanoma patients for the expression
of CXCL1 and CXCL8 by immunohistochemistry. Both chemokines were found to be
present in the majority of analyzed metastatic lesions, as shown in representative
photographs (Figures 1 A). Although a significant amount of CXCL1 and CXCL8 is
expressed within the melanoma tumor microenvironment, very few T lymphocytes express
the corresponding receptor, CXCR2. Analysis of peripheral blood mononuclear cells
(PBMC) from healthy donors and human tumor-infiltrating lymphocyte (TIL) cultures
determined that less than 5% of CD4+ or CD8+ T cells express CXCR2 (Fig. 1B and C).
Hence, the adoptively-transferred T cells used in ACT therapy are unlikely to be capable of
responding to the CXCL1/CXCL8 chemokine gradient present in the melanoma tumor
microenvironment. We next explored the hypothesis that introducing the CXCR2 gene into
tumor-specific T cells could enhance T-cell migration to tumor.

Establishment of a murine tumor model to monitor migration and antitumor activity of
adoptively transferred T cells

Monitoring T-cell migration to tumor sites has historically been challenging due to poor
sensitivity of detection, but we recently described an optimized firefly luciferase gene (OFL)
that allows very low numbers of transduced murine T cells to be visualized in vivo (16). To
further increase sensitivity of T-cell detection in these studies, we utilized non-pigmented,
albino C57BL/6 mice and non-pigmented MC38 tumors transduced to stably express the
melanoma tumor antigen gp100 (Fig. 2A). The MC38/gp100 tumor cells were recognized by
gp100-specific, TCR-transgenic pmel-1 T cells as shown by IFN-γ production and antigen-
specific cytolysis in vitro (Fig. 2B and data not shown). Expression of gp100 did not alter
the growth rate of the MC38 tumors in vivo (Fig. 2C), but did cause their specific
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recognition by adoptively transferred pmel-1 T cells, resulting in suppression of MC38/
gp100 tumor growth but not that of parental MC38 tumors (Fig. 2D). More importantly,
when we transferred pmel-1 T cells into mice challenged with both MC38 and MC38/gp100
on opposite flanks, the majority of pmel-1 T cells migrated to the MC38/gp100 tumor site,
with few cells migrating to the MC38 tumor site (Fig.2E). These results suggest that pmel-1
T cells specifically recognized MC38/gp100 tumor cells, and demonstrated the feasibility of
monitoring the migration of tumor-specific T cells at the tumor site using luciferase
imaging.

CXCR2-transduced T cells migrate specifically towards CXCL1 gradients in vitro
To study chemotactic migration of tumor-specific T cells, we transduced pmel-1 T cells with
a retroviral vector containing the murine CXCR2 gene under the control of the MSCV LTR
promoter. After retroviral transduction, >70% of the pmel-1 T cells expressed CXCR2 as
measured by flow cytometry (Fig. 3A). To monitor the trafficking of transferred pmel-1 T
cells in vivo by BLI, pmel-1 T cells were co-transduced with a retroviral vector expressing
optimized firefly luciferase and green fluorescent protein (OFL-GFP). Transduced pmel-1 T
cells were sorted based on positive GFP and CXCR2 expression to purities of greater than
90% (Fig. 3B). To ensure that introduction of the CXCR2 gene did not alter the effector
function of T cells, transduced Pmel-1 T cells were co-cultured with parental MC38 or
MC38/gp100 tumor cells, and cytokine production and cytolytic activity were evaluated. In
these assays, CXCR2-expressing pmel-1 T cells recognized and responded to cognate
antigen presented by MC38/gp100 tumor cells by producing IFN-γ and mediating specific
target cell killing at levels comparable to OFL-GFP-transduced control T cells (Fig. 3C and
D). As expected, wild type MC38 tumor cells failed to stimulate the activation of CXCR2-
expressing pmel-1 T cells. These results demonstrated that retroviral vector-mediated
expression of CXCR2 did not alter the antigen specificity of pmel-1 T cells.

Although rodents lack a homologue to human CXCL8/IL-8, they do possess CXCL1/KC
that can bind to CXCR2 and has been reported to contribute to neutrophil migration (19).
Therefore, we next tested whether ectopic expression of CXCR2 in murine T cells could
endow them with the capacity to respond to the cognate ligand CXCL1. Using a transwell
system, we observed that CXCR2 expression induced pmel-1 T cells to migrate specifically
towards CXCL1 in a dose-dependent fashion (Fig. 4A). We also confirmed the ability of
CXCR2-expressing pmel-1 T cells to migrate towards CXCL1 produced by two different
murine tumor cell lines. Production of CXCL1 was robust and comparable between MC38
and MC38/gp100 tumor cells (Fig. 4B); however, B16 melanoma tumors produced low
levels of CXCL1, necessitating the establishment of a stable, CXCL1-expressing B16 tumor
cell line (B16-CXCL1) (Fig. 4B). As shown in Fig. 4C, conditioned medium from either
MC38 or CXCL1-expressing B16 tumor cells induced enhanced migration of CXCR2-
expressing pmel-1 T cells, but not control T cells, in a dose-dependent manner. By contrast,
culture medium from wild-type B16 tumor cells did not increase T-cell migration,
confirming that the enhanced migration was specific for CXCL1. Furthermore, the
expression of CXCL1 did not alter the proliferative capacity of CXCR2-expressing pmel-1
T cells in response to specific T cell receptor (TCR) stimulation (Fig. 4D). T cells
expressing CXCR2, but not control T cells, produced low levels of IFN-γ upon CXCL1
stimulation. In contrast, both CXCR2-expressing and non-expressingn T cells produced
similar high levels of IFN-γ when treated with both TCR stimulation and CXCL1 (Fig. 4E).
Taken together, these results suggest that the introduction of the CXCR2 gene into pmel-1 T
cells enhanced their migration along a CXCL1 gradient in vitro in a dose-dependent manner
without altering their proliferation or effector function. These results are consistent with
those from our previous in vitro study using CXCR2-expressing human T cells (10).
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CXCR2-expressing T cells demonstrate enhanced trafficking to tumor in vivo
We next analyzed the migration of CXCR2-expressing pmel-1 cells to tumors in vivo.
Pmel-1 T cells (1 × 106) expressing OFL-GFP alone or OFL-GFP and CXCR2 were
intravenously injected into C57BL/6 albino mice bearing MC38/gp100 tumors (average
tumor size = 20 mm2). Mice receiving pmel-1 T cells also received DC vaccination on the
day of T-cell transfer, as well as systemic IL-2 treatment for 3 days, as described previously
(Supplementary Fig 1A) (20). Luciferase intensity at the tumor site, which reflects the
accumulation of adoptively transferred pmel-1 T cells, was monitored on a daily basis.
Although the transferred pmel-1 T cells were detected by BLI in tumor sites as early as the
second day after ACT, most of the transferred pmel-1 T cells were initially found in the lung
and liver (Fig. 5A). Six days after T cell transfer, the majority of the pmel-1 T cells were
localized at the tumor site. This pattern of distribution of transferred tumor-specific T cells is
consistent with that previously reported in a murine study using a single-photo emission
computed tomography (CT)-fusion imaging method for T-cell detection (21). Therefore, we
used the luciferase results from mice on day 6 after T-cell transfer as representative data to
characterize the tumor migration of transferred pmel-1 T cells. As shown in Fig. 5B, mice
that received CXCR2-expressing T cells displayed a stronger luciferase signal at the tumor
site than mice that received control T cells on day 6 after T-cell transfer. The average
luciferase activity in all mice (n = 8-9) from each group was quantified (Fig. 5C), and
showed that treatment with CXCR2-expressing T cells induced more than two-fold higher
pmel-1 T-cell infiltration than mice treated with control T cells. By contrast, the percentage
of pmel-1 T cells in the peripheral blood remained similar between the two groups of mice
(Fig. 5D). In B16 tumors engineered to express CXCL1, we also found an increased
percentage of CXCR2-expressing pmel-1 T cells at the tumor site, but not in the spleen,
when compared with control T cells (Supplementary Fig 1B). Moreover, the percentages of
IFN-γ + pmel T-cells were comparable between mice receiving CXCR2-expressing T cells
or control T-cells, further confirming that introducing the CXCR2 gene into tumor-specific
T cells does not alter their effector function (Supplementary Fig 1B). These results
demonstrate that transduction of T cells with the CXCR2 gene resulted in their preferential
accumulation to tumor sites expressing CXCL1.

CXCR2-expressing T cells show superior anti-tumor activity in vivo
We next assessed whether CXCR2-mediated accumulation of pmel-1 T cells in tumors
would result in more potent antitumor activity. Seven days after challenge with MC38/
gp100 tumors, mice were treated with ACT and tumor growth was monitored. As described
previously, transfer of 1 × 106 pmel-1 T cells combined with DC vaccination and IL-2
resulted in a significant decrease of MC38/gp100 tumor growth (Fig. 6A) (20). More
importantly, tumor growth was significantly reduced in mice receiving CXCR2-expressing
pmel-1 T cells compared to mice receiving control (OFL only) pmel-1 T cells (Fig. 6A). The
increased tumor suppression by CXCR2-expressing pmel-1 T cells translated into a
significant increase in the survival of mice bearing MC38/gp100 tumors (Fig. 6B). In B16-
CXCL1 tumor model, tumor growth was also significantly delayed and survival was
extended in mice treated with CXCR2-expressing pmel-1 T cells compared with control
pmel-1 T cells (Fig. 6C,D), further corroborating our findings in a tumor model that
naturally expresses gp100. CXCR2-expressing pmel-1 T cells did not confer better
protection in mice bearing wild-type B16 tumors, likely due to the lack of CXCL1
expression by native B16 tumors (Fig.6E). In the B16-CXCL1 model, tumor growth in mice
receiving 1 × 106 CXCR2-expressing pmel-1 T cells was comparable to that of mice
receiving 5 × 106 control pmel-1 T cells, suggesting a 5-fold increase in antitumor activity
(Fig. 6F). These data support our hypothesis that enforced expression of CXCR2 in tumor-
specific T cells enhances their therapeutic antitumor activity.
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Discussion
Effective immunologic destruction of large and established tumors requires not only a
sufficient number of activated T cells that can recognize tumor antigens with high avidity
but also the ability of these cells to migrate to sites of malignancy (22). Several lines of
evidence support the hypothesis that impaired tumor homing of T cells is often a rate-
limiting step in antitumor immunotherapy, particularly the observation in both murine and
human studies that tumors frequently continue to grow in the presence of large numbers of
circulating, tumor-specific T cells (23, 24). This point is highlighted by the disappointing
clinical response rates resulting from immunization with cancer vaccines, despite the
successful generation of tumor-specific T cell reactivity in vivo (25). Even with ACT
approaches utilizing nonmyeloablative lymphodepletion regimens, where upwards of 75%
of the circulating CD8+ T cells can show antitumor activity, approximately half of
metastatic melanoma patients still fail to respond to the treatment (26). Monitoring of
transferred T cells have shown that the majority of infused T cells localize in the lung, liver,
and spleen, while less than 1% of the total transferred T cells migrate to the tumor (5, 27).
Finally, extensive T-cell infiltrates are commonly observed in tumors undergoing
immunologic rejection, and the presence of such infiltrates correlates well with increased
objective response rates (25). In contrast, tumors that are refractory to T cell-based
immunotherapies rarely accumulate strong immune cell infiltrates. Compared to the large
number of adoptively transferred tumor-specific T cells required for effective treatment
(1010-1011), the tumor-infiltrating T cells that presumably mediate tumor rejection in situ
represent a small fraction of the total T cells infused (4). There is also growing evidence that
suggests further proliferation of T cells in vivo is required for tumor trafficking and
regression (20, 28, 29). Collectively, these observations strongly suggest that T-cell homing
to tumors is a relatively inefficient process. Furthermore, our own unpublished data also
demonstrates that clinical response to ACT positively correlates with the total number of T
cells infused, suggesting that providing more cells to the tumor site may improve clinical
responses.

CXCR2 is one of the G protein-coupled receptors capable of binding to both CXCL1 and
CXCL8 (11). It has been shown to regulate the migration of immune effector cells. For
example, Smith et al. found that CXCR2 plays an important role in arresting the rolling of
neutrophils to inflamed sites by using CXCR2-deficient mice (30). To take advantage of the
high concentration of CXCL1 and CXCL8 in the tumor microenvironment, we transduced
pmel-1 T cells with a viral vector expressing the mCXCR2 gene. Our results demonstrated
that the expression of CXCR2 by pmel-1 T cells enabled these cells to respond to CXCL1
gradients in the tumor but did not alter their effector functions. These results are consistent
with those from our previous study using CXCR2-expressing human T cells (10). Therefore,
it is possible that inducing expression of the CXCR2 gene in human tumor-specific T cells
could lead these cells to migrate toward CXCL1 and CXCL8 gradients in the melanoma
tumor microenvironment in patients.

To further confirm this possibility in vivo, we used the newly established MC38/gp100
tumor model, which allows us to monitor trafficking of transferred tumor-specific pmel-1 T
cells in vivo. We found that tumor-specific T cell trafficking to tumor sites was improved
following CXCR2 transduction of the T cells. Enhanced trafficking of CXCR2-expressing
pmel-1 T cells resulted in delayed tumor growth and extended the survival of tumor-bearing
mice. Our results also suggest a positive correlation between increased migration of tumor-
specific T cells to the tumor and efficacy of ACT. These findings support our hypothesis
that migration of T cells to the tumor is an important and limiting factor for tumor regression
in cancer patients. Since the percentage of tumor-specific T cells among the total transferred
T cells in patients receiving ACT is much lower than that in most preclinical studies (eg,
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almost 100% of the transferred pmel-1 T cells were tumor-specific in this study), the
recruitment of tumor-specific T cells into tumor sites in the clinical setting may be even
more critical for the success of ACT. Therefore, we expect an enhancement in antitumor
immune response in patients treated with CXCR2-transduced TIL compared to patients
receiving standard ACT.

Utilizing gene-modified T cells to increase the effectiveness of ACT is challenging in cancer
patients. However, this approach is feasible. Besides our own studies (31), other groups have
also conducted clinical trials with genetically modified T cells. One group conducted a trial
using ACT of TIL cells that had been genetically engineered to produce IL-2 and found that
transferred TIL persisted better after IL-2 withdrawal (32, 33). In another clinical trial, 11
patients with neuroblastoma were infused with Epstein-Barr virus-specific CTLs transduced
with a chimeric antigen receptor that could recognize a tumor-associated antigen expressed
by human neuroblastoma cells, disialoganglioside GD2. The engagement of GD2 and these
genetically engineered receptors could trigger T-cell activation and infusion of these
genetically modified T cells was associated with tumor regression (34). These studies have
shown that infusion of genetically modified T cells is feasible and safe and may benefit
cancer patients treated with ACT.

While most current strategies to genetically modify tumor-specific T cells are aimed at
enhancing T-cell persistence or tumor recognition, our study focuses on an alternate strategy
to increase the effectiveness of ACT by promoting T cell homing to the tumor site. This
approach may provide an important new avenue in “personalized cancer therapy” to take
advantage of defined chemokine signatures within the tumor microenvironment and may
further benefit cancer patients undergoing ACT. Based on the results described above, we
are currently planning a clinical trial to treat melanoma patients with CXCR2-transduced
TILs.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

Adoptive T-cell therapy (ACT) has tremendous potential for the treatment of patients
with advanced cancers, but a major limitation is the inefficient migration of T cells to the
tumor site. In this paper, we report our success in enhancing the migratory ability of T-
cell to tumors, further improving the antitumor immune response and survival in tumor-
bearing mice in two distinct tumor models, by transduction of tumor-specific T cells with
the gene encoding CXCR2. These results suggests that transducing CXCR2 into tumor-
specific T cells provides an important avenue in “personalized cancer therapy” to take
advantage of defined chemokine signatures within the tumor microenvironment, and is a
significant step forward in the improvement of adoptive T-cell therapy. With these
results, we planed to utilize the CXCR2 receptor in our ACT-based clinical trials in the
next two years here at MD Anderson Cancer Center.
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Figure 1.
Human melanoma tumors express ligands for CXCR2, but tumor-infiltrating T cells lack
CXCR2 expression. (A) Paraffin-embedded, melanoma lymph node metastases were
analyzed by immunohistochemical staining for chemokine CXCL8 and CXCL1.
Representative staining is shown at 40X magnification. (B) CXCR2 expression on PBMCs,
as determined by flow cytometry. PBMCs from five healthy donors were stained with anti-
CD3 and anti-CXCR2. (C) FACS analysis of CXCR2 expression on tumor-infiltrating
lymphocytes (TILs). TILs isolated from four melanoma patients were stained with anti-CD4,
CD8 and CXCR2. Representative results of all stained samples were shown.
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Figure 2.
Generation of gp100-expressing MC38 tumor cell lines. (A) Schematic representation of
viral vector containing human full-length gp100, an internal ribosomal entry site, and the
mIL-4R gene. The construct was transduced into MC38 cells, which were then sorted based
on IL-4R expression, as shown in right subpanel. (B) IFN-γ secretion by pmel-1 T cells in
response to MC38/gp100 tumors. Pmel-1 T cells were cocultured with the indicated murine
tumor cell lines. Twenty-four hours later, IFN-γ concentrations in the supernatants were
detected by ELISA. B16 melanoma cells pretreated with IFN-γ were used as a positive
control. (C) Growth of MC38/gp100 tumors in C57BL/6 albino mice. C57BL/6 albino mice
were s.c. injected with 5 × 105 MC38 or MC38/gp100. Tumor sizes were measured every 3
d. (D) Treatment of MC38/gp100 tumors with pmel-1 T cells. C57BL/6 albino mice were
s.c. injected with 5 × 105 MC38 or MC38/gp100. Six days later, all mice were received
350cGy irradiation. Seven days later, 5×106 (5M) pmel-1 T cells were transferred into
tumor-bearing mice, along with 5 × 105 gp100 peptide-pulsed DC, both by intravenous
injection, and systemic IL-2 treatment. Tumor-bearing mice receiving irradiation only
served as the control group. Tumor sizes were measured every 3 d. Pmel-1 T cells
suppressed the growth of MC38/gp100 tumors, but not MC38 tumors. Data are plotted as
the mean of five mice per group + SEM. Results are representative of two experiments. (E)
Pmel-1 T cells migrate specifically to MC38/gp100 tumors. C57BL/6 albino mice were
subcutaneously injected with 5×105 MC38/gp100 in the right flank. The same number of
MC38 tumor cells was implanted on the left flank. Seven days after tumor implantation,
1×106 sorted luciferase expressing pmel-1 T cells were transferred to tumor-bearing mice.
Six days after adoptive transfer, the intensity of luciferase signaling was measured. Data
shown were representative of five mice.
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Figure 3.
Generation and functional characteristics of CXCR2-expressing pmel-1 T cells. (A)
Schematic representation of viral vector containing mCXCR2. Long terminal repeat from
the murine stem cell PCMV virus drives high-level, constitutive expression of mCXCR2 in
pmel-1 T cells. (B) FACS analysis of transduced pmel-1 T cells. Pmel-1 T cells were
transduced with modified OFL-GFP alone or OFL-GFP and mCXCR2. Cells were sorted
based on the expression of GFP or CXCR2. Sorted cells were cultured for 3 d and used for
ACT. Before transfer, the purity of transferred cells was evaluated by flow cytometry. (C)
Cytotoxic reactivity of CXCR2-expressing pmel-1 T cells against MC38/gp100 tumor. (D)
IFN-γ secretion by CXCR2-expressing pmel-1 T cells in response to MC38/gp100 tumors.
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Figure 4.
Enhanced migration of CXCR2-expressing T cells along CXCL1 gradients. (A) Migration
of CXCR2-expressing T cells along recombinant CXCL1 gradients. C57BL/6 T cells were
transduced with either OFL-GFP or OFL-GFP and mCXCR2 and placed into the upper
wells of a Transwell system, with CXCL1 in the lower wells at the indicated concentrations.
One hour later, D-luciferin was added to the lower wells. T cell migration to the lower well
was quantitated by measuring luminescent activity. (B) CXCL1 production by murine tumor
lines. Cells (2 × 106) from the indicated murine cell lines were plated in 6-well plates; 24 h
later, CXCL1 in supernatants was detected by ELISA. (C) Migration of CXCR2-expressing
T cells along tumor cell-derived CXCL1 gradients. C57BL/6 T cells were transduced with
either OFL-GFP or OFL-GFP and mCXCR2 and placed into the upper wells of a Transwell
system. Conditioned cell culture medium from tumor cells was loaded into the lower wells.
One hour after incubation, the cell number in the lower wells was counted. (D) Proliferation
of CXCR2-expressing pmel-1 T cells upon TCR stimulation in the presence or absence of
CXCL1. CXCR2-expressing T cells or OFL-expressing T cells were stimulated with anti-
CD3 and irradiated splenocytes in the presence or absence of recombinant CXCL1. T-cell
proliferation was evaluated by 3[H] thymidine incorporation assay. (E) IFN-γ secretion by
CXCR2-expressing pmel-1 T cells upon TCR stimulation in the presence or absence of
CXCL1. CXCR2-expressing T cells or OFL-expressing T cells were stimulated with anti-
CD3 and irradiated splenocytes in the presence or absence of recombinant CXCL1.
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Figure 5.
Enhanced migration of CXCR2-expressing pmel-1 T cells to tumor sites. (A) In vivo
trafficking of OFL-expressing pmel-1 T cells. OFL-expressing pmel-1 T cells (1 × 106) were
transferred into mice bearing established 7-day MC38/gp100 tumors. DC vaccine and IL-2
treatment were performed as previous described. Imaging was performed at indicated time
points after T cell transfer. (B) Increased accumulation of CXCR2-expressing pmel-1 T cells
at the tumor site. Pmel-1 T cells (1 × 106) expressing either OFL alone or CXCR2 with OFL
were transferred into mice bearing established MC38/gp100 tumors. Imaging was performed
at day 6 after T cell transfer. Data shown were from representative mice. (C) Quantitative
imaging analysis of transferred T cells in tumor-bearing mice. Intensities of the luciferase
signal at tumor sites in all tumor-bearing mice are depicted. (D) Percentage of Thy1.1+

pmel-1 T-cells of the CD8+ T cells in the peripheral blood on day 6 after T cell transfer.
Thy1.1 is a congenic cell surface marker for transferred pmel-1 T cells. Data for (C) and (D)
are plotted as the mean of eight mice per group + SEM. Results are representative of three
experiments.
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Figure 6.
Enhanced suppression of established tumors upon ACT with CXCR2-expressing pmel-1 T
cells. Groups of mice were implanted with 5 × 105 tumor cells on day 0, subjected to 350
cGy TBI at day 6, followed on day 7 by ACT with pmel-1 T cells expressing either OFL
alone or OFL and CXCR2, along with DC vaccination and systemic IL-2. (A) Tumor
growth curve of MC38/gp100 tumor-bearing mice receiving ACT. (B) Kaplan-Meier
survival curves of MC38/gp100 tumor-bearing mice treated with ACT. (C) Tumor growth
curve and (D) Kaplan-Meier survival curves of B16-CXCL1 tumor-bearing mice treated
with ACT with CXCR2-transduced pmel-1 T cells. Tumor growth was monitored every 3 d
and plotted as means + SEM. P values in panels (B) and (D) were determined by two-way
ANOVA. In both tumor models, CXCR2 transduction enhanced the ability of the T cells to
mediate tumor regression and increased survival. Similar results were obtained in repeated
experiments. In (A) and (B), N=8-9 for each treatment group; in (C) and (D), n=5 for each
treatment group. Results are representative of two experiments. (E) Tumor growth curve of
B16 tumor-bearing mice receiving ACT. N=3 for each treatment group. (F) Tumor growth
curve of B16-CXCL1 tumor-bearing mice receiving ACT using different numbers of OFL
or CXCR2 expressing pmel-1 T cells. Similar protocols for tumor challenge and ACT
treatment were followed. Tumor-bearing mice were infused with either 1 × 106 (1M), 5× 106
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(5M) OFL expressing T cells, or 1× 106 CXCR2 expressing T cells on day 7 after tumor
challenge. N= 3 to 5 mice for each treatment group.
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