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The infiltration of T lymphocytes within tumors is associated with better outcomes in cancer patients, yet current
understanding of factors that influence T-lymphocyte infiltration into tumors remains incomplete. In our study,
Temozolomide (TMZ), a chemotherapeutic drug used to treat metastatic melanoma, induced T-cell infiltration into
transplanted melanoma and into genitourinary (GU) tumors in mice developing spontaneous melanoma. In contrast,
TMZ treatment did not increase T-cell infiltration into cutaneous tumors, despite similar increases in the expression of
the (C-X-C) chemokines CXCL9 and CXCL10 in all sites after TMZ exposure. Our findings reveal that the matrix
architecture of the GU tumor stroma, and its ability to present CXCL9 and CXCL10 after TMZ treatment played a key role
in favouring T-cell infiltration. We subsequently demonstrate that modifications of these key elements by combined
collagenase and TMZ treatment induced T-cell infiltration into skin tumors. T cells accumulating within GU tumors after
TMZ treatment exhibited T helper type-1 effector and cytolytic functional phenotypes, which are important for control
of tumor growth. Our findings highlight the importance of the interaction between tumor stroma and chemokines in
influencing T-cell migration into tumors, thereby impacting immune control of tumor growth. This knowledge will aid
the development of strategies to promote T-cell infiltration into cancerous lesions and has the potential to markedly
improve treatment outcomes.

Introduction

The extent of T-cell infiltration into tumors is a known prog-
nostic factor for patient survival and outcome in several cancers
1-3, including melanomas.4,5 Such observations would imply that
T-cell immunity induced by therapeutic vaccines or T-cell adop-
tive transfer should induce melanoma regression, or at least stabi-
lization. However, data from clinical trials indicate otherwise;
while these strategies did benefit selected subsets of patients,
most individuals did not respond clinically; tumor growth often
continues unabated, despite detection of functional antitumor
T-cell responses in the peripheral blood. There are several possi-
ble explanations for this apparent paradox - a lack of specificity
of the T cells, immune suppression within the tumor local envi-
ronment and/or insufficient recruitment of T cells to the tumor

site.6,7 The present study investigates this last factor. Human
and murine studies have shown that intratumoral expression of
chemokines, including chemokine (C-X-C motif) ligands
(CXCL)-9 and CXCL10, correlates with the presence of tumor-
infiltrating lymphocytes (TILs) in melanoma lesions.8,9 There-
fore, identifying approaches to promote T-cell migration into
tumors to improve the outcome of cancer immunotherapy is a
priority.10

Most studies examining immune responses in melanoma have
been conducted in rodents bearing transplanted tumors. How-
ever, tumor cells grafted into mice are distinct from autochtho-
nous tumors originating in situ, and fail to replicate the full
complexity of tumor cell-matrix interactions and the barriers to
immune cell access imposed by the tumor stroma, which likely
contribute to the treatment resistance of cancers in vivo.11
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Indeed, transplanted tumors in mouse models often respond
readily to chemotherapy, in marked contrast to spontaneous
tumors in either mice or humans.12 Immunocompetent
RETAAD mice express the human RET oncogene in their mela-
nocytes leading to development of uveal melanomas that metas-
tasize to the skin and viscera, thus providing a unique
opportunity to study the spontaneous initiation and progression
of cancer recapitulating many features of human disease. Temo-
zolomide (TMZ), a chemotherapeutic drug commonly used in
the treatment of metastatic melanoma, has been reported to
induce T-cell infiltration into transplanted tumors in immuno-
compromised mice.9 We therefore asked whether the same effect
was evident in RETAAD mice, which recapitulate many of the
features of human spontaneous metastatic melanoma 13, and, if
so, which factors were governing T-cell infiltration into tumors
in these animals.

Our data show that TMZ treatment of RETAAD mice pro-
motes T-cell infiltration into genitourinary (GU) visceral tumors,
but not into cutaneous tumors, despite similar increases in abun-
dance of the T cell-attracting chemokines CXCL9 and CXCL10.
We found that the matrix architecture of the GU tumor stroma
and its ability to present CXCL9 and CXCL10 provided a per-
missive environment for T-cell infiltration after TMZ exposure,
a phenomenon which is not present in the cutaneous tumors.
Combining local collagenase with TMZ treatment in cutaneous
tumors modified the tumor stromal matrix architecture,
increased CXCL9 and CXCL10 presentation and induced T-cell
infiltration. TMZ treatment recruited primarily T helper (Th1)
type-1 effector and cytolytic T lymphocytes (CTLs) into tumors.
Finally, by blocking chemokine signalling to attenuate T-cell
infiltration, we showed that these T cells are critical for tumor
control after TMZ treatment.

Results

Temozolomide treatment induces T-cell infiltration into
transplanted melanoma tumors via CXCR3-signaling

Because our previous work showed treating immunocompro-
mised mice with TMZ induced T-cell infiltration into subcuta-
neously-implanted Melan-ret tumors 9, we first asked whether
similar results would be observed in WT, immunocompetent,
mice bearing transplanted melanomas. We detected significantly
higher mRNA levels corresponding to the T cell-associated mole-
cules CD3 and CD8 in tumors at 7 and 10 days post-TMZ
treatment, compared to tumors from control mice treated with
DMSO alone (Fig. 1A), indicative of T-cell infiltration. This was
confirmed by flow cytometric analysis in which higher percen-
tages of CD4C and CD8C T cells within the CD45C fraction
were detected in the tumors (Fig. 1B). Consistent with our earlier
work,9 we detected significantly higher levels of CXCL9 and
CXCL10 mRNA transcripts (Fig. 1C) and proteins (Fig. 1D) in
the tumors from TMZ treated mice compared to controls, and
this coincided with increased T-cell infiltration at 7 and 10 days
post-TMZ treatment. In addition, CXCL9 and CXCL10 mRNA
expression levels correlated closely with those of CD3 at day 7

post-TMZ treatment (Pearson’s r D 0.96 and 0.94 respectively,
r2 D 0.91 and 0.87 respectively; both p < 0.01; Fig. S1A).

To determine whether T cell infiltration following TMZ
treatment was indeed dependent on CXCL9 and CXCL10, we
utilized mice lacking the signalling receptor for these chemo-
kines, chemokine (C-X-C motif) receptor 3 (CXCR3). We
treated WT and Cxcr3¡/¡ mice bearing transplanted tumors
with TMZ or DMSO. Consistent with our earlier experiments,
elevated transcript levels of CD3, CD4 and CD8 were detected in
tumors of WT mice at days 7 and 10 after TMZ treatment. In
contrast, CD3, CD4 and CD8 mRNA levels were significantly
lower in tumors from Cxcr3¡/¡ mice at the same time-points
(Fig. 1E). Flow cytometry at day 7 after treatment demonstrated
a significant increase in the percentage of T cells in tumors from
WT but not Cxcr3¡/¡ mice given TMZ (Fig. 1F).

The kinetics of increased T cell infiltration into tumors of
WT mice following TMZ treatment coincided with increased
gene expression of CXCL9 and CXCL10. Unexpectedly, there
was no increase in gene expression of CXCL9 and CXCL10 in
tumors from Cxcr3¡/¡ mice (Fig. 1G). As these chemokines
are interferon g (IFNg) inducible ligands, we examined IFNg
transcript expression in tumors and found that while IFNg in
tumors from WT mice was elevated after TMZ treatment, its
expression remained low in tumors from Cxcr3¡/¡ animals
(Fig. 1G).

Overall, these data show that TMZ treatment increases T-cell
infiltration into transplanted melanomas, dependent on
CXCR3-signaling and up-regulation of the CXCR3 ligands,
CXCL9 and CXCL10.

Temozolomide treatment induces T-cell infiltration into GU
tumors in a model of spontaneous melanoma

Because observations arising from studies in transplanted
and spontaneous tumor models have often been discordant,
we next asked whether TMZ promoted T cell infiltration
into tumors in a model of spontaneous melanoma. To this
end, we treated RETAAD mice with either TMZ or DMSO
and assessed T-cell infiltration in tumors of the genitourinary
system, a site in which immune control has been shown to
be particularly important in controlling disease progression
and metastasis.

Analysis suggested that in comparison to control (DMSO)
treatment, TMZ treatment increased T-cell infiltration into GU
tumors by day 10, as evidenced by significantly higher mRNA
transcripts of CD3, CD4 and CD8 (Fig. 2A). Flow cytometric
analysis of day 10 dissociated GU tumors confirmed that TMZ
treatment increased T-cell infiltration by more than >2 fold rela-
tive to control (T cells comprising 35.7% versus 15.3% of
CD45C cells, TMZ treatment versus DMSO control, respec-
tively; p < 0.01) (Fig. 2B). Immunofluorescence imaging of sec-
tions from the same GU tumors revealed that T cells were
abundant in TMZ-treated but not control mice, with T cells
found in both the fibronectinC tumor stroma and S100BC mela-
noma antigen-expressing tumor nest (Fig. 2C). Altogether, these
data show that TMZ treatment consistently induced recruitment
of T cells into GU tumors.
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Temozolomide treatment of
RETAAD mice induces intratu-
moral upregulation of CXCL9
and CXCL10

Chemotherapy has been
reported to directly activate T
cells,15 a process manifesting in

an enhancement of both T cell effector functions and tumor-
infiltrating abilities. Indeed, activation of T cells in the lymph
nodes, spleen and peripheral blood, a response that can be
monitored by upregulated CD69, CD28 and CD44 expres-
sion, was detected at day 5 following treatment of RETAAD
mice with TMZ (Fig. S2). To determine whether increased
T-cell entry into GU tumors was due to T-cell activation or

Figure 1. Temozolomide
treatment induces T-cell infil-
tration into transplanted
Melan-ret tumors in a CXCR3-
dependent manner. (A-G)
C57/BL6 wild type (WT) and
Cxcr3¡/¡ mice were injected
subcutaneously in each flank
with 106 Melan-ret cells and
treated with either 2 mg
Temozolomide (TMZ) or vehi-
cle [dimethyl sulfoxide
(DMSO)] daily for 3 days once
tumors became palpable.
Tumors were dissociated and
analysed as indicated. (A)
qRT-PCR analysis of the gene
expression of CD3 and CD8 in
transplanted tumors at vari-
ous time points post- treat-
ment. (B) Flow cytometry
analysis of CD4C and CD8C T
cells in transplanted tumors
at various time points post-
treatment. (C) Gene expres-
sion of CXCL9 and CXCL10 in
transplanted tumors at vari-
ous time points post-treat-
ment. (D) ELISA analysis of
CXCL9 and CXCL10 protein
levels in transplanted tumors
at various time points post-
treatment. (E) Gene expres-
sion of CD3, CD4 and CD8 in
transplanted Melan-ret
tumors from WT and Cxcr3¡/¡

mice at various time points
posttreatment. (F) Flow
cytometry analysis for CD3C T
cells in transplanted Melan-
ret tumors from WT and
Cxcr3¡/¡ mice at day 7 after
treatment. (G) Gene expres-
sion of CXCL9, CXCL10 and
IFNg in Melan-ret tumors
from WT and Cxcr3¡/¡ mice
at various time points post-
treatment. Data from panels:
(A and C) are pooled from 2
independent experiments
with 4-5 mice per group in
each experiment (n D 6-8/
group); (B and D) consist of 5-
7 mice per group; (E-G) are
pooled from 2 independent
experiments with 3-4 mice
per group in each experiment
(n D 6-8/group). Bars repre-
sent mean § SD. Statistical
analyses were performed
using one-way ANOVA test
with Bonferroni’s post-test
analysis; *p<0.05, **p<0.01.
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changes in the tumor microenvironment, we transferred in
vitro anti-CD3 and anti-CD28-activated CD45.1 T cells into
RETAAD mice at day 10 following DMSO or TMZ treat-
ment. Recipient mice were sacrificed 5 days after T-cell trans-
fer. We reasoned that if T-cell activation status was a key
determinant of its infiltration, the total T-cell population
within GU tumors from DMSO and TMZ-treated mice
would contain similar percentages of transferred T cells. On

the contrary, we observed TMZ treatment promoted the infil-
tration of transferred T cells into GU tumors, as there was a
higher frequency of CD45.1 tumor-infiltrating T cells relative
to the control (31.5% versus 8.7% of total T cells in TMZ
and DMSO-treated mice, respectively; p<0.01) (Fig. 3A).
These findings suggest that TMZ-mediated alterations to the
GU tumor microenvironment could contribute substantially to
increased T-cell infiltration.

Figure 2. Temozolomide treatment induces T-cell infiltration into genitourinary tumors in a model of spontaneous melanoma. (A-C) RETAAD mice were
treated with Temazolomide (TMZ) only or dimethyl sulfoxide (DMSO) vehicle after they were determined to have developed genitourinary (GU) and cuta-
neous tumors by clinical examination. (A) qRT-PCR analysis was performed to examine for gene expression of CD3, CD4 and CD8 in GU tumors from
RETAAD mice following TMZ treatment. (B) Flow cytometry analysis of T cells in GU tumors from RETAAD mice at day 10 after TMZ treatment. (C) Immu-
nofluorescence imaging to detect T cells in GU tumors from RETAAD mice at day 10 after TMZ treatment. Data from (A) are pooled from 3-5 mice per
group and data from (B) are pooled from 2 separate experiments with 3-4 mice per group in each experiment (n D 6-8 in each group). Bars represent
mean § SD. Statistical analyses were performed using one-way ANOVA test with Bonferroni’s post-test analysis in (A) and the unpaired two-tailed Stu-
dent’s t-test in (B); *p<0.05, **p<0.01. Images from (C) are representative of 5 independent experiments (n D 5 in each group). Scale bars in (C) repre-
sent 200 mm.
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At day 10 post-treatment, T cells in GU tumors of TMZ-
treated mice expressed higher levels of surface and intracellular
CXCR3 as compared to control lesion-infiltrating T cells
(Fig. 3B). This implied a preferential recruitment of CXCR3C T
cells into GU tumors likely resulting from intratumoral upregu-
lation of CXCR3 ligands after TMZ treatment. Indeed, TMZ

treatment induced the up-regulation of CXCL9 and CXCL10
gene expression in GU tumors at day 10 (Fig. 3C), coinciding
with increased T-cell infiltration. Immunofluorescence imaging
and quantification confirmed that CXCL9 and CXCL10 protein
expression was quantitatively higher in GU tumors after TMZ
treatment, such that the mean fluorescence intensity (MFI) of

Figure 3. For figure legend, see page 6.
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CXCL9 was 7.5 versus 19.8 arbitrary fluorescent units (AFU)
and that of CXCL10 was 6.8 versus 16.0 AFU in DMSO and
TMZ-treated mice, respectively (all p<0.01) (Fig. 3D and E).
Moreover, we noted a linear relationship between CD3 and
either CXCL9 or CXL10 mRNA expression (Pearson’s r D 0.90
and 0.88 respectively, r2 D 0.82 and 0.8 respectively; both
p<0.05) (Fig. S1B), suggesting that the extent of T-cell recruit-
ment was determined by the amount of chemokines expressed in
the GU tumors.

Overall, the data indicate that treating RETAAD mice with
TMZ increased CXCL9 and CXCL10 expression in GU tumors
and associated with this, increased T-cell infiltration.

T-cell infiltration varies by tumor site
In the RETAAD model, visceral GU tumors and cutaneous

tumors are known to display unique responses to anti-tumor
T cells. Thus, we asked whether T-cell tumor infiltration differed
between the two sites. In contrast to GU tumors, there was no
evidence that TMZ treatment affected the RNA transcript levels
of CD3, CD4 or CD8 in skin tumors from RETAAD mice, sug-
gesting a lack of T cells in cutaneous tumors (Fig. 4A). The
observation that TMZ treatment did not induce T-cell infiltra-
tion into skin tumors was confirmed by flow cytometry analysis
(Fig. 4B) and immunofluorescence imaging (Fig. 4C), in which
T cells in the skin tumors were rarely observed. Altogether, this
shows that, unlike GU tumors, TMZ treatment did not promote
recruitment of T cells into skin tumors in RETAAD mice. How-
ever, as in the GU tumors with abundant T-cell recruitment,
both mRNA (Fig. 4D) and protein levels of CXCL9 and
CXCL10 in skin tumors were increased after TMZ therapy
(CXCL9 MFI of 9.7 versus 23.1 AFU and CXCL10 MFI of 9.8
versus 19.4 AFU in DMSO and TMZ-treated mice, respectively;
all p<0.01) (Fig. 4E and F).

T-cell infiltration into tumors is determined by both stromal
architecture and chemokine presentation

We were intrigued by this stark contrast in T-cell infiltration
into GU versus skin tumors after TMZ treatment, particularly
given the similar levels of T cell-attracting chemokines. We spec-
ulated that poor tumor vascularity or structural barriers posed by
the tumor stroma might impede T-cell access to skin tumors. To
test this, we assessed the relative composition of tumors from the

two sites, using flow cytometry to compare the percentage of
endothelial cells and associated-associated fibroblasts (TAFs),
which constitute the blood-lymphatic vessels and tumor stroma,
respectively. CD45¡ CD31C endothelial cells (Fig. 5A) were
present in similar proportions in both GU and skin tumors
(Fig. 5B), suggesting that vascular access did not account for dif-
ferences in T-cell infiltration into GU and skin tumors after
TMZ treatment. CD45¡ CD31¡ platelet derived growth factor
receptor (PDGFR)aC TAFs (Fig. 5A) were considerably
enriched in lesions of GU as compared to skin tumors (Fig. 5C),
suggesting that the amount of tumor stroma did not act as a bio-
physical barrier limiting T-cell access after TMZ treatment.

Alongside cellular composition of the tumor mass, the struc-
ture of the stroma can also be an important factor determining
immune cell access. Second harmonic generation (SHG) using a
2-photon microscope was subsequently applied to generate high-
resolution images of the collagen fibres within the stroma. These
images revealed profound differences in the matrix architecture
of GU and skin tumors. In contrast to the dense layers of inter-
woven collagen fibres in skin tumor stroma, GU tumor stroma
typically consisted of a loose network of discrete collagen fibres
aligned linearly to tumor islets and nest (Fig. 5D and Supp.
Movies 1-4). Closer examination revealed that T cells localized
on the GU tumor stroma exhibited an elongated and polarized
morphology, characteristic of cells migrating in response to a sur-
face bound gradient of chemoattractant (a process known as hap-
totaxis). The observation of T cells apparently ‘crawling’ on the
GU tumor stroma suggested that these extracellular matrix
(ECM) structures were providing contact guidance for T cells as
they migrated through the 3 dimension interstitial space
(Fig. 5E). On the contrary, T cells in the fibronectin¡ tumor
nest, farther away from the tumor stroma, had a rounded mor-
phology (Fig. 5E).

While these observations were interesting, they did not
entirely explain the counter-intuitive lack of T cells in the pres-
ence of abundant levels of T cell-attracting chemokines. We
therefore asked how the CXCL9 and CXCL10 expression
induced by TMZ treatment was involved in T-cell localization
within the tumor stroma. Assessment of intracellular chemokine
protein expression by flow cytometry revealed that TMZ treat-
ment indeed induced TAFs from skin and GU tumors to pro-
duce CXCL9 and CXCL10 (Fig. 6A and B). However, MFI and
hence levels of CXCL9 and CXCL10 produced by GU and skin

Figure 3 (See previous page). Temozolomide treatment of RETAAD mice induces intratumoral upregulation of CXCL9 and CXCL10. (A-E) RETAAD mice
were treated with Temazolomide (TMZ) or dimethyl sulfoxide (DMSO) vehicle only after they were determined to have developed genitourinary (GU)
and cutaneous tumors by clinical examination. (A) In vitro activated CD45.1 T cells were transferred into RETAAD mice at day 10 following DMSO or TMZ
treatment. Recipient mice were sacrificed 5 days after T-cell transfer. Dissociated tumor cells were immunostained and flow cytometry was performed to
detect transferred CD45.1 T cells in GU tumors. (B) CXCR3 expression on the surface of infiltrating T cells in GU tumors from DMSO or TMZ-treated mice
was examined by immunostaining and flow cytometry analysis. (C) qRT-PCR analysis of gene expression of CXCL9 and CXCL10 in GU tumors at various
time points after TMZ treatment. (D) Immunofluorescence imaging was performed to examine CXCL9 and CXCL10 protein expression in GU tumors at
day 10 after TMZ treatment. (E)Mean fluorescence index (MFI) quantification of CXCL9 and CXCL10 staining in GU tumors at day 10 after TMZ treatment.
Data from panel: (A) are pooled from 2 separate experiments with 3 mice per group in each experiment (n D 6/group); (B) is representative of 4 separate
experiments (n D 4/group); (C and E) are pooled from 4-6/group. Bars represent mean § SD. Statistical analyses were performed using the unpaired
two-tailed Student’s t-test in (A and E) and the one-way ANOVA test with Bonferroni’s post-test analysis in (C); *p<0.05, **p<0.01. Images from (D) are
representative of 4-6 independent experiments (n D 4-6/group). Scale bars in (D) represent 200 mm.
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Figure 4. For figure legend, see page 8.
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TAFs after TMZ exposure were similar (Fig. 6B). This led us to
investigate whether there was a difference in the accessibility of
the CXCL9 and 10 produced in the GU versus skin tumor
stroma after TMZ treatment. While abundant CXCL9 and
CXCL10 were detected on the fibronectinC GU tumor stroma
by immunofluorescence imaging, expression of these chemokines
on skin tumor stroma was surprisingly weak (Fig. 6C). Support-
ing the significance of this observation, T cells were observed in
close contact with the CXCL9 and CXCL10-coated GU tumor
stroma (Fig. 6C). Thus, on the basis of flow cytometry and
immunofluorescence imaging, our observations suggest that,
although TMZ treatment induces both GU and skin TAFs to
produce CXCL9 and CXCL10, these chemokines are only effi-
ciently presented and retained by the GU tumor stroma.

To test our hypothesis that the matrix architecture of skin
tumors inhibits CXCL9 and CXCL10 presentation on the
stroma, we treated select skin tumors on RETAAD mice with
topical collagenase in addition to DMSO or TMZ systemic treat-
ment. We observed that treatment with collagenase did not result
in ablation of the TAFs, evidenced by similar populations of
TAFs in both arms (1.15% versus 0.99% of CD45¡ cells in con-
trol and collagenase-treated tumors, respectively) (Fig. 7A).
However, high-resolution images of skin tumor sections revealed
that collagenase treatment induced distinct changes in the tumor
stromal matrix architecture. In contrast to the dense collagen
fibres in untreated skin tumor stroma (Fig. 7B, leftmost panel),
collagenase-treated tumor stroma devolved into a fragmented
(Fig. 7B, middle panel) or loose network of collagen fibres
(Fig. 7B, rightmost panel; Supp. Movies 5-6) indicative of degra-
dation of collagen fibres in the skin tumor stroma.

Collagenase treatment on its own did not increase CXCL9
and CXCL10 expression on the tumor stroma (Fig. 7C, leftmost
panel) and was hence insufficient to induce T-cell migration into
skin tumors (Fig. 7C and D). Consistent with earlier data, TMZ
treatment alone did not increase CXCL9 and CXCL10 presenta-
tion on the skin tumor stroma (Fig. 7C, middle panel) and had
little effect on T-cell migration into skin tumors (Fig. 7C and
D). On the contrary, combined treatment with TMZ and colla-
genase altered the matrix architecture and increased CXCL9 and
CXCL10 availability on the skin tumor stroma (Fig. 7C, right-
most panel) and in doing so, promoted T-cell migration into
skin tumors (Fig. 7C and D). In accord with these observations,
T cells exhibiting a morphology characteristic of haptotaxis were
noted to be contacting the CXCL9 and CXCL10-coated skin
tumor stroma (Fig. 7C, rightmost panel).

Altogether, our observations indicate that T-cell infiltration
into tumors is co-determined by stromal matrix architecture and
chemokine presentation. In tumors with stroma composed of
dense collagen content, interventions that alter either determi-
nant alone are in effect not sufficient to promote T-cell
infiltration.

TMZ treatment induces accumulation of Th1 effector
and cytolytic T cells in GU tumors

We next investigated the functional phenotype of the T cells
accumulating within GU tumors of TMZ-treated mice. We ana-
lyzed GU tumors by qRT-PCR and found similar GATA-3,
IL-17A and FOXP3 transcript levels after TMZ treatment
(Fig. S3). In contrast, at day 10, IFNg and Tbx21/T-bet expres-
sion was significantly higher in GU tumors from TMZ-treated
compared to control mice, suggesting a preferential accumulation
of T helper-1 (Th1) T cells (Fig. 8A). To verify this, we deter-
mined the frequency of IFNg-producing T cells within tumors,
as IFNg production is a hallmark of Th1 function. Tumor cell
suspensions were incubated with Brefeldin A for 4 h before intra-
cellular cytokine labelling for IFNg was performed. CXCR3C

IFNg-producing T cells were about 5 times more abundant in
GU tumors (3.3% of CD45C cells) from TMZ-treated as com-
pared to control mice (0.7% of CD45C cells) (Fig. 8B and C).

To assess the effector functions of T cells within GU tumors,
we next analyzed their IFNg and granzyme B expression profiles
by flow cytometry after overnight stimulation in vitro. A signifi-
cantly higher proportion of T cells in GU tumors from TMZ-
treated mice (14.8% of T cells) produced IFNg as compared to
control animals (2.7% of T cells) (Fig. 8D and E). Similarly, a
significantly higher proportion of T cells in GU tumors from
TMZ-treated mice (8.9% of T cells) produced granzyme B as
compared to control animals (1.8% of T cells) (Fig. 8F and G).

Overall, this demonstrates that TMZ treatment induced an
accumulation of T cells with Th1 effector and cytolytic pheno-
types within GU tumors.

TMZ treatment-induced T-cell infiltration is important
for tumor growth control

We next sought to determine whether increased T-cell infiltra-
tion resulting from TMZ treatment was important for tumor
growth control. Our earlier data indicates that T-cell infiltration
into tumors after TMZ treatment was inhibited in Cxcr3¡/¡

mice. As tumor growth kinetics can be more accurately
monitored in transplanted models, we treated Melan-ret

Figure 4 (See previous page). Temozolomide treatment does not induce T-cell infiltration into skin tumors from RETAAD mice despite increased CXCL9
and CXCL10 expression. Cutaneous tumor-bearing RETAAD mice were treated with Temazolomide (TMZ) or dimethyl sulfoxide (DMSO) vehicle. (A) qRT-
PCR analysis of gene expression of CD3, CD4 and CD8 in skin tumors following Temozolomide (TMZ) treatment. (B) Flow cytometry analysis of T cells in
skin tumors from RETAAD mice at day 10 after TMZ treatment. (C) Immunofluorescence imaging to detect T cells in skin tumors at day 10 after TMZ treat-
ment. (D) CXCL9 and CXCL10 gene expression in skin tumors following TMZ treatment. (E) Immunofluorescence imaging was performed to examine
CXCL9 and CXCL10 protein expression in skin tumors at day 10 after TMZ treatment. (F) MFI quantification of CXCL9 and CXCL10 staining in skin tumors
at day 10 after TMZ treatment. Data from panels: (A and D) are pooled from 3-5 mice per group; (B) are pooled from 2 separate experiments with 3-4
mice per group in each experiment (n D 6-8/group). Data from (F) are from 4-6 mice per group. Bars represent mean § SD. Statistical analyses were per-
formed using one-way ANOVA test with Bonferroni’s post-test analysis in (A and D) and the unpaired two-tailed Student’s t-test in (B and F); *p<0.05,
**p<0.01. Images from (C and E) are representative of 5 independent experiments (n D 5 in each group) and scale bars in represent 200 mm.
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Figure 5. For figure legend, see page 10.
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tumor-bearing WT and Cxcr3¡/¡ mice with TMZ or DMSO.
Tumor growth was monitored closely and the mice were sacri-
ficed 10 days after TMZ treatment. The kinetics of tumor
growth was similar in all groups between days 3 to 7 after TMZ
treatment (Fig. 9A). However, by day 10 after treatment, Melan-
ret tumors in TMZ-treated WT mice (mean volume of
926 mm3) were on average 2.5 times smaller than DMSO-
treated WT, DMSO- and TMZ-treated Cxcr3¡/¡ mice (mean
volumes of 2438, 2685 and 2408 mm3, respectively). We exam-
ined whether tumor cell death was occurring more frequently in
tumors highly infiltrated by T cells. We found significantly more
AnnexinC AQUAC CD45¡ dead tumor cells present in tumors
from TMZ-treated WT mice (15.7% of CD45¡ cells) compared
to control WT, control and TMZ-treated Cxcr3¡/¡ mice (3.3%,
6.6% and 8% of CD45¡ cells, respectively) (Fig. 9B).

Together, this suggests that recruitment of T cells into tumors
augments tumor cell killing initiated by TMZ and is critical for
maintaining control over tumor growth.

Discussion

In this study, we showed that spontaneous melanoma bearing
RETAAD mice treated with TMZ increased expression of
CXCL9 and CXCL10 within GU tumors and promoted T-cell
infiltration. Although TMZ treatment similarly increased
CXCL9 and CXCL10 expression in cutaneous tumors in
RETAAD mice, this molecular response was not accompanied
by increased T-cell infiltration. Our subsequent findings suggest
that that the matrix architecture of the GU tumor stroma com-
bined with its unique ability to present CXCL9 and CXCL10
support T-cell infiltration into GU tumors following TMZ expo-
sure, and that skin tumors lack these key elements. By combining
topical collagenase with TMZ treatment, we could modify the
skin tumor stroma matrix architecture and increase CXCL9 and
CXCL10 presentation, thereby promoting T-cell infiltration into
otherwise poorly accessible skin tumors. T cells infiltrating GU
tumors after TMZ treatment were revealed to consist primarily
of Th1 effector T cells and CTLs. By abrogating CXCR3-signal-
ing dependent T-cell infiltration into transplanted tumors, we
showed that infiltrating T cells are essential for controlling tumor
growth after TMZ treatment.

Two early studies using multi-photon microscopy provided
the first evidence that T cells migrate along stromal ECM fibres
that line tumors.27,28 More recently, T cells in human tumor

samples were observed to preferentially accumulate in regions of
the stroma composed of a loose network of collagen rather than
in collagen-dense regions.29 A similar predilection of T cells to
migrate along a loose network of collagen fibres has been
observed during inflammation.30,31 In line with these studies,
our study also suggests that a loose network of collagen fibres
makes the GU tumor stroma more permissive to T-cell entry. In
contrast, a dense network of collagen fibres characteristic of skin
tumor stroma acts as a biophysical barrier to limit T-cell infiltra-
tion. Notably, these observations were not recapitulated in trans-
planted Melan-ret tumors, which poorly reproduce the structural
complexity of naturally arising solid tumors.11,12

Our data shows that although TMZ treatment induced TAFs
from both GU and skin tumors to produce CXCL9 and
CXCL10, only the GU tumor stroma could present the chemo-
kines efficiently to activated T cells. It is currently unclear which
component(s) of the tumor stroma ECM affect immobilization
of chemokines, however, one candidate is heparan sulfate proteo-
glycans (HSPGs) known to be abundantly expressed on tumor
stroma in many malignancies.22-24 Tissue HSPGs are known to
capture a variety of chemokines including CXCL10,25 and estab-
lish a gradient of surface-bound chemokines to direct leukocyte
haptotaxis.26 Whether differences in ECM components of GU
and skin tumor stroma such as glycosaminoglycans and proteo-
glycans might be linked to their differential ability to capture
chemokines remains unresolved.

Although the dense stroma in skin tumors can act as a bio-
physical barrier to restrict access of T cells, our previous data and
others suggest that the tumor stroma does not constitute an abso-
lute barrier to T-cell recruitment, and that such structural con-
straints may be overcome by either the increased expression of T
cell chemoattractants9,29 or the modification of tumor
stroma.34,36-38 In our current study, treatment of skin tumors
with collagenase alone induced degradation of collagen fibres in
the stroma. However, in the absence of a chemokine gradient,
this was not sufficient to induce T-cell infiltration into skin
tumors. Combining TMZ with collagenase treatment induced
collagen degradation and unexpectedly, increased CXCL9 and
CXCL10 presentation on the skin tumor stroma, culminating in
increased T-cell infiltration. The exact mechanism(s) leading to
increased CXCL9 and CXCL10 presentation on the skin tumor
stroma is currently unclear. We speculate that partial degradation
of the tightly cross-linked collagen fibres in the skin tumor
stroma may expose more HSPG residues, leading to increased
capture of CXCL9 and CXCL10 by the stroma.

Figure 5 (See previous page). Matrix architecture of GU and skin tumor stroma is characterized by distinct patterns of collagen deposition.
Genitourinary (GU) and cutaneous tumors from RETAAD mice were examined for differences in stromal and matrix composition by immunostaining and
fluorescence cytometry (A-C) and high-resolution 2-photon microscopy (D-E). (A) Representative dot plots showing flow cytometry gating strategy for
CD45¡ CD31C endothelial cells and CD45¡ CD31¡ PDGFRaC tumor-associated fibroblasts (TAFs). Flow cytometry analysis was performed to quantify
(B) CD45¡ CD31C endothelial cells and (C) CD45¡ CD31¡ PDGFRaC TAFs present in GU and skin tumors. (D) High-resolution images of collagen fibres
within the GU and skin tumor stroma were generated by second harmonic generation (SHG) using a 2-photon microscope (E) Immunofluorescence
imaging were performed to examine T cells interactions with the GU tumor stroma. Data from panels: (B and C) are pooled from 2 separate experiments
with 4-5 mice per group in each experiment (n D 9-15/group). Bars represent mean § SD. Statistical analyses were performed using the unpaired two-
tailed Student’s t-test; **p<0.01. Images from (D and E) are representative of 5 independent experiments (n D 5/group). Scale bars in (D) and (E) repre-
sent 75 mm and 50 mm, respectively.
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Renal cell carcinoma (RCC)
and melanoma are prototypi-
cally responsive to immuno-
therapy. TILs in RCC or
melanoma lesions that are
regressing spontaneously or
through therapy are known to
exhibit dominant Th1-type
and CTL responses 16. In con-
trast, TILs from patients with
progressing tumors are char-
acterized by functionally
dominant Th2-type and/or
CD4C regulatory T (Treg)
responses 17-20. The role of
Th17 T cells in tumor immu-
nity is obscured by conflicting
data regarding the effects this
infiltrating-lymphocyte subset
exerts on tumor progression
21. It is noteworthy that in
our study, TMZ treatment
induced abundant infiltration
of Th1 effector T cells and CTLs into GU tumors of RETAAD
mice, while there was no indication of significant increases in
transcripts associated with Th2, Th17 and Treg cells. Therefore,
TMZ treatment induces infiltration of T cells with a functional

profile that is beneficial for tumor control. Consistent with this
notion, we observed accelerated growth of transplanted tumors
when T-cell infiltration was attenuated. Observations that intra-
tumoral CXCL9 and CXCL10 expression remains unchanged by

Figure 6. Chemokine presenta-
tion on GU tumor stroma differs
from that in skin tumor stroma.
Genitourinary (GU) and cutane-
ous tumor-bearing RETAAD
mice were treated with Tema-
zolomide (TMZ) or dimethyl
sulfoxide (DMSO) vehicle. (A)
Flow cytometry analysis to eval-
uate intracellular CXCL9 and
CXCL10 expression by GU and
skin tumor-associated fibro-
blasts (TAFs) at day 10 after
DMSO or TMZ treatment. (B)
Flow cytometry assessment of
CXCL9 and CXCL10 expression
by TAFs from skin and GU
tumors after DMSO or TMZ
treatment. (C) High magnifica-
tion immunofluorescence
images were obtained to exam-
ine CXCL9 and CXCL10 protein
expression on GU and skin
tumor stroma. Data from (A)
and (B) are representative of
and pooled from 2 separate
experiments with 3 mice per
group in each experiment (n D
6/group). Images from (C) are
representative of 5 indepen-
dent experiments (n D 5/
group). Scale bars in (C) repre-
sent 50 mm.
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TMZ treatment in Cxcr3¡/¡ mice suggests the existence of an
amplification loop in chemokine production and T-cell recruit-
ment. It is likely that TMZ acts on melanoma cells to initiate
early CXCL9 and CXCL10 expression. However, IFNg that is
likely derived from the first infiltrating CXCR3C Th1 cells is
required to sustain chemokine expression within the tumors to

enable continued recruitment of IFNg-
secreting Th1 cells and CTLs

In summary, we have shown that TMZ
alone or in combination with collagenase is
an effective strategy to induce T-cell infil-
tration into visceral and skin melanomas,
respectively. Our study provides the first
evidence that modification of the tumor
stromal matrix architecture together with
increasing CXCL9 and CXCL10 presenta-
tion promotes T-cell infiltration into
tumors with desmoplastic stromal layers.
Because tumor stromal organization may
be especially desmoplastic in certain
tumors, such as pancreatic ductal adenocar-
cinoma 37, and may also evolve with tumor
progression, our findings are likely to be
broadly applicable to many solid
malignancies.

Materials and Methods

Mice and cell lines
Generation of RETAAD mice has been previously

described.14 Cxcr3¡/¡ and CD45.1 congenic female mice on a
C57/BL6 background were obtained from The Jackson Labora-
tory (Bar Harbour, ME) and maintained under specific patho-
gen-free conditions within the institutional Biological Resource

Figure 7. Combined treatment of RETAAD skin
tumors with topical collagenase and systemic
TMZ induces T cell infiltration. Cutaneous
tumor-bearing RETAADmice were treated with
Temazolomide (TMZ) or dimethyl sulfoxide
(DMSO) vehicle with or without topical collage-
nase. (A) Flow cytometry analysis of tumor-
associated fibroblasts (TAFs) in control and
collagenase-treated RETAAD skin tumors.
(B) 2-photon high-resolution microscopic
images of collagen fibres in skin tumor stroma
following collagenase treatment. (C) High
magnification images to examine CXCL9 and
CXCL10 expression on skin tumor stroma from
mice treated with collagenase only, TMZ only
or collagenase plus TMZ. (D) Flow cytometry
analysis for T cells in skin tumors from RETAAD
mice treated with collagenase only, TMZ only
or collagenase plus TMZ. Data from panel: (A)
are derived from non-treated and collagenase-
treated skin tumors pooled from 4 mice per
group; (D) are from skin tumors pooled from 4
mice per treatment group. Bars represent
mean § SD. Statistical analyses were per-
formed using the paired two-tailed Student’s t-
test for (A) and the one-way ANOVA test with
Bonferroni’s post-test analysis for (D);
**p<0.01. Images from (B and C) are represen-
tative of 4 independent experiments (n D 4/
group). Scale bars in (B) and (C) represent
75 mm and 50 mm, respectively.
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Figure 8. T cells accumulating in GU tumors following TMZ treatment exhibit Th1 effector and cytolytic T cell phenotypes. Genitourinary (GU) tumor-bearing
RETAADmice were treated with Temazolomide (TMZ) or dimethyl sulfoxide (DMSO) vehicle. (A) qRT-PCR analysis of gene expression of interferon g (INFg) and T-
box 21 (Tbx21/T-bet) in GU tumors following TMZ treatment. (B) Representative dot plots showing intracellular cytokine labelling for IFNg. To determine frequency
of CXCR3C IFN-g-producing T cells within tumors, tumor cell suspensions were incubated with Brefeldin A for 4 h before intracellular cytokine labelling for IFNg
was performed. (C) Flow cytometry quantification to examine abundance of CXCR3C IFNg-producing T cells in GU tumors from TMZ-treated and control mice. (D)
Representative dot plots showing intracellular cytokine labelling for IFNg after an overnight stimulationwith anti-CD3 and anti-CD28 antibodies. (E) Flow cytometry
quantification to examine abundance of IFNg-producing T cells in GU tumors from TMZ-treated and controlmice. (F) Representative dot plots showing intracellular
cytokine labelling for granzyme B after an overnight stimulationwith anti-CD3 and anti-CD28 antibodies. (G) Flow cytometry quantification to examine abundance
of granzyme B-producing T cells in GU tumors from TMZ-treated and control mice. Data from panels (A) are pooled from 3-5 mice per group; data from (C, E and
G) are pooled from 2 separate experiments with 3-5mice per group in each experiment (nD 6-8/group). Bars representmean § SD.. Statistical analyses were per-
formed using one-way ANOVA test with Bonferroni’s post-test analysis in (A) and the unpaired two-tailed Student’s t-test in (C, E andG); *p<0.05, **p<0.01.
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Centre’s animal housing unit. Animal care and experimental pro-
cedures were approved by the Institutional Animal Care and Use
Committee of the Biological Resource Centre, A-STAR,
Singapore.

Generation and maintenance of the Melan-ret cell line has
been previously described 39. C57/BL6 wild type (WT) and
Cxcr3¡/¡ mice were injected subcutaneously in each flank with
106 Melan-ret cells and were treated with either 2 mg TMZ
(Sigma-Aldrich) per day, for 3 days, or control vehicle [dimethyl
sulfoxide (DMSO)] alone, once tumors became palpable. Tumor

sizes were measured using callipers and tumor volume was calcu-
lated by the formula:

VolumeD .width/2 £ length=2

RETAAD mice were treated with TMZ only after they were
determined to have developed GU and cutaneous tumors by clin-
ical examination. Both TMZ-treated mice and their DMSO-
treated controls were sacrificed on days 3, 5, 7, 10 or 30 after the
start of treatment. In addition to treatment with DMSO or
TMZ, selected skin tumors on RETAAD mice were concurrently
treated with collagenase cream (Santyl�, Smith and Nephew)
daily for 10 days till sacrifice.

T-cell activation and cell transfer
T cells were isolated from the spleen and lymph nodes of

CD45.1 mice using EasySep� Mouse T Cell Enrichment Kit
(Stem Cell Technologies) and activated overnight in vitro with
anti-CD3 and anti-CD28 antibodies. They were subsequently
maintained and expanded over 7 days in complete RPMI
medium supplemented with 30 U/mL of IL-2.

For adoptive transfers, TMZ or DMSO-treated RETAAD
recipient mice were injected intravenously with 4 x107 in vitro
activated T cells purified from CD45.1 mice. RETAAD recipient
mice were sacrificed 5 days after transfer of T cells.

Tumor dissociation, antibody staining of cell suspensions
and cytofluorimetric analysis

Single-cell suspensions of transplanted and autochthonous
tumors were obtained by digestion with 1 mg/mL Collagenase A
and 0.1 mg/mL DNase I (Roche) in RPMI for 20 min at 37�C.
After red blood cell lysis, Fc receptors were blocked with anti-
mouse CD16/CD32 before incubation with antigen-specific
antibodies at a 1:200 dilution. Antibodies were from Biolegend,
except those specific for CXCL9 and CXCL10, which were from
R&D Systems.

BD Cytofix/ Cytoperm Kit (BD Biosciences) was used for
intracellular chemokine/ cytokine labelling for fluorescence
cytometry as per the manufacturer’s protocol. Detection of che-
mokine production by cells was performed immediately post
digestion. Detection of IFNg and granzyme-B production was
performed either with or without overnight restimulation of
whole tumor cell suspensions with anti-CD3 and anti-CD28
antibodies. In both conditions, Brefeldin A was incubated with
cells for 4-6 h to block secretion of chemokines and enable their
detection by flow cytometry.

Live and dead cells were discriminated during flow cytometry
using either DAPI or a LIVE/DEAD� Fixable Aqua Dead Cell
Stain Kit (Molecular Probes, Invitrogen). Cell counts were deter-
mined during flow cytometry using Count Bright� Absolute
Counting Beads (Molecular Probes, Invitrogen). Cytofluorimet-
ric analysis was performed using a LSRFortessa (BD Biosciences)
flow cytometer and data were analyzed with Flowjo software
(Treestar).

Immunohistochemistry and microscopy
Tumors were either freshly embedded in tissue freezing

medium or fixed overnight in 2% paraformaldehyde/ 30%

Figure 9. TMZ-induced T cell infiltration inhibits tumor growth. C57/BL6
wild type (WT) and Cxcr3¡/¡ mice were injected subcutaneously in each
flank with 106 Melan-ret cells and treated with either 2 mg Temozolo-
mide (TMZ) or vehicle [dimethyl sulfoxide (DMSO)] daily for 3 days once
tumors became palpable. (A) Growth kinetics of transplanted Melan-ret
tumors in WT or Cxcr3¡/¡ mice treated with DMSO or TMZ. (B) Frequency
of tumor cell death measured by the proportion of AnnexinC AQUAC

CD45¡ tumor cells and quantified by flow cytometry analysis. Data from
panel (A) are pooled from 8-10 mice per group and data from (B) are
pooled from 5 mice per group. Bars represent mean § SD. Statistical
analyses were performed using one-way ANOVA test with Bonferroni’s
post-test analysis; *p<0.05, **: p<0.01.
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sucrose solution at 4�C before embedding. 25-30 mm thick cryo-
stat sections were cut for immunofluorescence imaging. The fol-
lowing purified primary antibodies were used (biotinylated as
indicated): anti-TCRb and anti-CD3 (BD Biosciences), anti-
fibronectin (Abcam), anti-S100B (Dako), biotinylated anti-
CXCL9 and anti-CXCL10 (R&D Systems). Secondary antibod-
ies used were Dylight647-conjugated streptavidin, Cy3-conju-
gated anti-rat IgG, Alexafluor 594-conjugated anti-Armenian
hamster IgG (all from Molecular Probes). Endogenous avidin
and biotin were quenched using the Avidin/ Biotin Blocking Kit
(Vector Laboratories).

Images were captured with a confocal microscope (Olympus
FV1000) and processed using ImageJ software (http://rsb.info.
nih.gov/ij) or Adobe Photoshop CS4 (Adobe Systems, San Jose,
CA). Mean fluorescence intensity (MFI) of CXCL9 and
CXCL10 staining were quantified on ImageJ using images from
3-4 individual fields of view per sample.

Preparation of tumor slices and multiphoton imaging
Tumor slices were embedded in 5% low-gelling-temperature

agarose (type VII-A; Sigma-Aldrich) prepared in PBS. 500 mm sli-
ces were cut with a vibratome (VT 1000S; Leica) before imaging.
Imaging derived from the second harmonic generation signals
were conducted using a LaVision TriM Scope II microscope (LaV-
ision BioTec) equipped with a 20x 1.4 NAWI objective lens and a
Coherent Chameleon pulsed infrared laser (Ti:Sa and OPO).
800 nm and 1100 nm excitation wavelength were set respectively
for the Ti:Sa and OPO. Images were acquired using a 2 mm z-
step size with a z-depth from 250 to 500 mm. Images were subse-
quently analyzed using Imaris analysis software (Bitplane).

Quantitative RT-PCR (qRT-PCR)
Total RNA was extracted from homogenized tumors using

TRIZOL� reagent (Invitrogen) and the RNeasy� mini kit (Qia-
gen). First strand cDNA was synthesized using iScriptTM

Reverse Transcription Supermix for qRT-PCR (Biorad). Real-
time PCRs were performed using iTaqTM SYBR� Green super-
mix with ROX (Biorad) on a MX300P Real-Time PCR System
(Stratagene). Expression levels of genes of interest were normal-
ized to the expression level of GAPDH. The following primers
were used: CD3 forward, 50- ATATCTCATTGCGGGA-
CAGG-30, and reverse, 50-TCTGGGTGCTGGATAGAAGG-
30; CD4 forward, 50 GCGAGAGTTCCC AGAAGAAG-30,
and reverse, 50-AAACGATCAAACTGCGAAGG-30; CD8 for-
ward, 50-TGCCAGTCCTTCAGAAAGTG-30, and reverse, 50-
TTCGGCTCCTGTGGTAGC-30; CXCL9 Forward, 50 – TCC
TCT TGG GCA TCA TCT TC – 30 and Reverse: 50 – AGT
CCG GAT CTA GGC AGG TT – 30; CXCL10 forward, 50-
CTCATCCTG CTGGGTCTGAG -30, reverse, 50-GTGGCA
ATGATCTCAACA CG -30; FOXP3 forward, 50-CACCTG-
GAAGAATGCCATC-30, reverse, 50-AGG GATTGGAGC
ACTTGTTG-30; GATA-3 forward, 50-GATGTAAGTCGAGG
CCCAAG-30, reverse, 50-AGGCATTGCAAAGGTAGTGC-30;
IFN-g forward, 50-GCCAAGTTT GAGGTCAACAAC -30,
reverse, 50-CGAATCAGCAGCGACTCC-30; IL-17A
forward, 50-GGACTCTCCACCGCAATG-30, reverse, 50-

TCAGGACCAGGATCTCTTGC-30; T-bet/Tbx21 forward,
50-GGTGTCTGGGAAGCTGAGAG-30, reverse, 50-TGAAG-
GACAGGAATGGGAAC-3 0; and GAPDH forward
5 0-GACGGCCGCATCTTCTTGTG-3 0, reverse, 5 0-
CTTCCCATTCTCGGCCTTGACTGT-30.

CXCL9 and CXCL10 ELISA
Transplanted tumors were homogenized in RIPA lysis buffer

(Sigma Chemicals) containing a protease inhibitor cocktail.
Supernatants from the homogenates were assessed using commer-
cial murine CXCL9 and CXCL10 ELISA kits (R&D Systems) as
per manufacturer’s protocols.

Statistical analysis
Statistical analysis was performed with Prism 5 (Graph-Pad

Software, Inc.). Statistical significance was determined using the
paired or unpaired two-tailed Student’s t-test. Whenever more
than 2 groups were compared, the one-way ANOVA test with
Bonferroni’s post-test was applied. For all tests, a p-value of <
0.05 was considered statistically significant.
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