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Melanoma is a common and deadly tumor that upon metastasis to the central nervous system (CNS) has median survival

duration of less than 5 months. Activation of the signal transducer and activator of transcription 3 (STAT3) has been identified

as a key mediator that drives the fundamental components of melanoma. We hypothesized that WP1066, a novel inhibitor of

STAT3 signaling, would enhance the antitumor activity of cyclophosphamide (CTX) against melanoma, including disease within

the CNS. The mechanisms of efficacy were investigated by tumor- and immune-mediated cytotoxic assays, in vivo evaluation

of the reduction of regulatory T cells (Tregs) and by determining intratumoral p-STAT3 expression by immunohistochemistry.

Combinational therapy of WP1066, with both metronomic and cytotoxic dosing of CTX, was investigated in a model system of

systemic and intracerebral melanoma in syngeneic mice. Inhibition of p-STAT3 by WP1066 was enhanced with CTX in a dose-

dependent manner. However, in mice with intracerebral melanoma, the greatest therapeutic benefit was seen in animals

treated with cytotoxic CTX dosing and WP1066, whose median survival time was 120 days, an increase of 375%, with 57%

long-term survivors. This treatment efficacy correlated with p-STAT3 expression levels within the tumor microenvironment. The

efficacy of the combination of cytotoxic dosing of CTX with WP1066 is attributed to the direct tumor cytotoxic effects of the

agents and has the greatest therapeutic potential for the treatment of CNS melanoma.

Metastasis to the central nervous system (CNS) in patients with
melanoma is associated with a dismal prognosis, with a median
survival interval of less than 5 months.1,2 Cyclophosphamide
(CTX) has been used in the treatment of patients with stage IV

melanoma3,4 and to enhance various immunotherapeutic
approaches,5–10 presumably by decreasing regulatory T cells
(Tregs),7,11,12 increasing proinflammatory cytokines8,13 or inhib-
iting immunosuppressive cytokines.14 The immunomodulatory,
metronomic (20 mg/kg/day) dosing of CTX is less toxic than
cytotoxic (150 mg/kg/day) dosing and has been shown to exert
potent and long lasting antitumor effects in a number of animal
tumor model systems;15,16 including murine metastatic mela-
noma models.17,18 The superiority of using metronomic CTX
dosing over monotherapies has been demonstrated in murine
melanoma model systems;17–19 however evaluating this type of
treatment strategy for patients with end-stage melanoma with
CNS metastasis has been neglected.

The signal transducer and activator of transcription 3
(STAT3) is a key regulator of tumor growth, metastases and
tumor-associated immunosuppression in patients with malig-
nancies, including melanoma.20–23 Upon phosphorylation, p-
STAT3 becomes activated, translocates to the nucleus and up
regulates key genes in tumorigenesis and tumor immune eva-
sion.23,24 Constitutively active p-STAT3 is frequently seen in
melanoma and is found at higher levels in metastatic mela-
noma cell lines25,26 and in melanoma brain metastases.27 The
inhibition of p-STAT3 suppresses melanoma cell invasiveness,
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inhibits proliferation and prevents metastasis in murine mod-
els.26 We have previously shown that blocking p-STAT3 with
WP1066, a novel small molecule inhibitor of p-STAT3, has
cytotoxic effects on melanoma cell lines,20 enhances T-cell
cytotoxicity against melanoma by inhibition of Tregs,21,28 and
inhibits melanoma metastasis in a syngeneic murine
model.20,21 The efficacy of combinational treatment of CTX
with p-STAT3 inhibition in a murine model with CNS metas-
tasis has not been studied. We therefore hypothesized that
combination therapy of CTX with WP1066, an inhibitor of
p-STAT3, would act additively against melanoma (including
disease within the CNS) secondary to their combined effect on
inhibiting Tregs to enhance cytotoxicity of effector T cells.

Material and Methods
Agents

WP1066 was synthesized and supplied by Dr. Priebe
(The University of Texas M. D. Anderson Cancer Center,
Houston, TX). CTX (Sigma, St. Louis, MO) was dissolved in
PBS immediately before use.

Murine models of melanoma

The B16/F10 murine melanoma has been previously
described.20 The in vivo experiments utilized 4- to 6-week-
old female C57BL/6J mice (10/group) in accordance with
Laboratory Animal Resources Commission standards and
conducted according to an approved protocol, 08-06-11831.
Induction of intracerebral B16 and to assess for the genera-
tion of immunological memory by tumor rechallenge has
been previously described.20,29,30 The intracerebral tumori-
genic dose for the B16 cells was 5 � 102 in a total volume of
5 ll. In this murine model system, median survival is typi-
cally 15 days and grossly evident tumor is not usually seen
until day 10–12 when the mice begin to manifest neurologi-
cal symptoms. To induce pulmonary melanoma, 1 � 105 cells
in a total volume of 100 ll were injected into the tail vein of
the mouse. Treatment was initiated on day 3. For mice with
intracerebral tumors, an animal was euthanized when they
were unable to reach food or water, lost greater than 20% of
its body weight, or was suffering from neurological deficits,
which historically occurs within 24 hrs of death. The etiology
of death was confirmed to be tumor progression by autopsy
of the CNS. For the mice with pulmonary lesions, the experi-
ment was terminated after 2 weeks, and the number of pul-
monary melanoma lesions were counted by two observers
blinded to the treatment conditions (independently of each
other) and tabulated.

Metronomic dosing of CTX, delivered o.g., was at a dose of
20 mg/kg every day (weekends off) until euthanasia/death or
for a maximum of 3 weeks (whichever came first) in the intra-
cerebral model and for 2 weeks in the pulmonary model. Cy-
totoxic CTX treatment, delivered i.p., was administered as two
weekly cycles separated by a 1-week interval for the intracere-
bral model and for one cycle in the pulmonary model. Each
cycle consisted of a total of three doses of CTX (150 mg/kg/

per dose) administered every other day (total dose of 450 mg/
kg, maximal tolerated dose).16 Since greater than 80% of mice
with intracerebral B16 melanoma treated with WP1066 at 40
mg/kg survive long-term,20 a subtherapeutic dose of 30 mg/kg
of WP1066 was used so an additive/synergistic effect with
CTX could be ascertained. WP1066 was administered via o.g.
in a vehicle of DMSO/polyethylene glycol (PEG) 300 (1:4
ratio) on a once every other day schedule for nine treatments
(on Mondays, Wednesdays and Fridays). DMSO/PEG 300 ve-
hicle alone was used for the negative control group.

Cell survival assay

B16 cells were seeded at a density of 2,000 cells per well in 96-
well culture plates and were treated with WP1066 at increasing
concentrations of 0, 0.156, 0.313, 0.625, 1.25, 2.5 and 5.0 lM
or at CTX concentrations of 0, 0.156 mg/ml (0.559 mM),
0.313 mg/ml (1.121 mM), 0.625mg/ml (2.239 mM) and 1.25
mg/ml (4.478 mM). The WP1066 diluent DMSO was used at
a final concentration of 0.05% including as a control with the
CTX. After 72 h of treatment, 25 ll of 5 mg/ml dimethyl thia-
zolyl diphenyl tetrazolium salt (MTT, Sigma-Aldrich, St. Louis,
MO) solution were added to each well, and the cells were cul-
tured for 3 h at 37� C in a humidified atmosphere of 5% CO2

and 95% air. The cells were lysed with 100 ll/well of lysing
buffer (50% dimethylformamide, 20% sodium dodecyl sulfate
[SDS], pH 5.6) and incubated at room temperature overnight.
Cell viability was evaluated by reading the O.D. at 570 nm,
and the IC50 was calculated.

Immunoblotting analysis

B16 cells were seeded at a density of 2 � 106 cells/well in
6-well culture plates and incubated overnight in RPMI me-
dium at 37�C in an atmosphere containing 5% CO2. After-
wards, B16 cells were cultured in the absence or presence of
WP1066 (2.5 lM, 5 lM), CTX [0.75 mg/ml (below the IC50),
1.5 mg/ml (above the IC50], or the combination of 2.5 lM of
WP1066 with CTX (0.75 mg/ml, 1.5 mg/ml) for 2 hrs. After-
wards, B16 cells were pelleted and rinsed with ice-cold PBS
at 1500 rpm for 5 minutes then placed for 30 minutes in ice-
cold lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl,
1 mM EDTA) containing 1% Triton-X-100 plus phosphatase
and protease inhibitors (Sigma-Aldrich). The lysates were
centrifuged at 14,000 rpm for 10 minutes at 4�C. The super-
natants were collected and their protein content was quanti-
fied. Equal amounts of protein (65 lg) were electrophoreti-
cally fractionated in 8% polyacrylamide gels containing SDS,
transferred to nitrocellulose membranes and subjected to
immunoblot analysis with specific antibodies against
p-STAT3 (Tyr705), STAT3 (Cell Signaling Technology, Dan-
vers, MA) and b-actin (Sigma-Aldrich). Autoradiography of
the membranes was performed using Amersham ECL West-
ern blotting chemiluminescent detection reagents (Amersham
Biosciences). The densities of the protein bands relative to
that of the b-actin protein control were measured with the
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Image J program provided by the National Institutes of
Health (http://rsb.info.nih.gov/ij/index.html).

Immune cytotoxicity assay

Spleens from 4- to 6-week-old female mice with intracerebral
melanoma (positive control), without tumor or treatment
(negative control), or with intracerebral tumors treated for 2
week were harvested and dissociated into a single cell suspen-
sion. After erythrocytes in the spleens were lysed with 1X
RBC lysis buffer (eBioscience), splenocytes were washed once
with RPMI 1640 medium and were used as effector cells to
target B16 cells in standard cytotoxicity assays.31 The ratio of
splenocyte, effector cells to 4 lM CSFE-labeled B16 target
cells was 100:1. Viability was assessed based on propidium
iodide (PI; BD Biosciences) staining of CFSE-labeled B16
cells by a FACSCaliber flow cytometer (BD Biosciences) and
data analysis was performed by using FlowJo software
(TreeStar, Ashland, OR).

Immunohistochemistry

Formalin-fixed, paraffin-embedded 4lm sections of the CNS
melanoma or lung melanoma were stained for p-STAT3
expression using a rabbit polyclonal anti-p-STAT3 (Tyr705)
antibody (1:50; Cell Signaling Technology, Danvers, MA) as
previously described.32 To detect expression of the macro-
phage-restricted cell surface glycoprotein F4/80, a purified anti-
mouse F4/80 (1:50; Biolegend, San Diego, CA) antibody was
used. To detect CD8 expression, a rat monoclonal anti-CD8
antibody (1:50; Abcam, Cambridge, MA) was used. Two inde-
pendent observers (L-YK, TW) blinded to treatment cohorts
quantitatively evaluated intranuclear staining of p-STAT3
expression by analyzing the tumors using high-power fields
(max: x400 objective and x100 eyepiece) of each specimen in
the regions with the highest relative positive staining for that
individual specimen in duplicate. Three sections of each tumor
and four fields of view of each section were analyzed. Each ob-
server recorded a total cell count and the number of cells with
positive intranuclear p-STAT3 staining. The duplicate numbers
were then averaged for the final number of cells and were
expressed as the percentage of positive cells per specimen.
The analysis was secondarily validated and reviewed by the
neuropathologist (GNF).

Determination of inhibition of immune cells in vivo

To ascertain the inhibition of the immune populations within
the spleen and peripheral blood compartments, tumor-bearing
mice were treated with CTX, WP1066, or CTX in combination
with WP1066, for 14 days as described earlier. Single-cell sus-
pensions were prepared from spleens and the peripheral blood
of mice and single cells were surface-stained with FITC-conju-
gated anti-CD4 (L3T4) or PE-conjugated anti-CD8 (53-6.7) and
were intracellularly stained with APC-conjugated-FoxP3 (clone
FJK-16s; eBioscience, San Diego, CA). The cell number of
CD4þ and CD8þ T cells in the peripheral blood was counted
based on positive surface staining of the respective markers

relative to the total cell count of PBMCs. The percentage of
FoxP3þ Tregs was calculated within the peripheral blood and
within the CD4 compartment as previously described.33

Statistics

Kaplan-Meier product-limit survival probability estimates of
overall survival were calculated34 and log-rank tests35 were
performed to compare overall survival between treatment
groups and the control arm. No multiple comparison adjust-
ment was done. All the P values are unadjusted and a value
below 0.05 was considered statistically significant. Computa-
tions were carried out in SAS version 9.2. Student’s t-test was
performed for the ex vivo and in vitro data.

Results
Blockade of p-STAT3 with WP1066 enhances the cytotoxic

effects of CTX on the tumor

To determine if CTX and WP1066 exert an additive effect on
direct tumor cytotoxicity, the IC50 of the agents, both indi-
vidually and in combination, were evaluated on the mela-
noma cell line B16. The IC50 doses of WP1066 and CTX for
B16 cells were 2.43 lM (0.865 lg/ml) and 4.04 mM (1.128
mg/ml), respectively. Using the IC50 dose of WP1066 (2 lM),
the addition of CTX enhanced tumor cytotoxicity (Fig. 1a).

B16 has both constitutive activation of p-STAT3 (Fig. 1b)
and inducible activity.36 To ascertain whether CTX exerts an
additive effect with WP1066 on the inhibition of p-STAT3,
B16 cells were cultured in the absence or presence of WP1066,
CTX, or both and the levels of p-STAT3, total STAT3 and b-
actin evaluated by Western blot analysis. Inhibition of p-
STAT3 by WP1066 was enhanced with CTX in a dose-de-
pendent manner in the B16 cells. Specifically, the combination
of either 0.75 or 2.5 mg/ml of CTX with 2.5 lM of WP1066
has a similar inhibitory effect on pSTAT3 as 5 lM of WP1066
alone. This would suggest that CTX can enhance the inhibi-
tion of p-STAT3 in conjunction with WP1066 but cannot
exert direct inhibition of p-STAT3 at these doses (Fig. 1b).

WP1066 does not further enhance the therapeutic effects

of cyclophosphamide on pulmonary melanoma lesions

To determine whether CTX and WP1066 show additive effi-
cacy against melanoma within the lung, metronomic CTX
(o.g.), cytotoxic CTX (i.p.) or WP1066 (o.g.) were adminis-
tered alone or in conjunction with one another in C57BL/6J
mice who had pulmonary melanoma. In an attempt to
observe an additive effect of STAT3 inhibition and CTX, a
subtherapeutic dose (30 mg/kg) of WP1066 was used. The
number of melanoma lesions in untreated tumor-bearing
mice was 26.8 6 11.3. Although there was no statistical dif-
ference in development of lung lesions between mice treated
with the subtherapeutic WP1066 dose (33 6 16.1) and the
untreated mice (p > 0.05), administration of CTX by both
metronomic and cytotoxic methods reduced the number of
pulmonary lesions compared with the control (7 6 3.5 p ¼
0.049 and 0.7 6 0.6; p ¼ 0.01, respectively). Reduction in the
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number of melanoma lesions was even more significant using
cytotoxic CTX dosing than using metronomic CTX dosing (p
¼ 0.03). However, no additive effect was observed in combi-
national therapy groups compared with groups treated alone
with either metronomic (7.8 6 3.6) or cytotoxic (0.5 6 0.6)
CTX dosing (Fig. 2).

WP1066 does enhance the therapeutic effects of

cyclophosphamide against CNS melanoma

To determine whether combinational therapy of metronomic
CTX dosing and WP1066 yields an additive benefit against
established CNS tumors, C57BL/6J mice with intracerebral
B16 were treated as previously described. The median overall
survival time for tumor-bearing mice treated with the
WP1066 vehicle control or PBS was 16 days (range 13–21
days; n ¼ 10). No improvement in the median survival time
was observed with the subtherapeutic WP1066 dose alone
(15 days; range 10–18 days; n ¼ 7; p ¼ 0.29) or metronomic
(o.g.) dosing of CTX alone (18 days; range 17–36 days; n ¼
10; p ¼ 0.1) compared with the control. The median overall
survival time of 21 days (range 17–75 days; n ¼ 10) was
slightly longer for mice with intracerebral melanoma treated
with the subtherapeutic WP1066 dose in combination with
metronomic CTX dosing and this was statistically significant
compared with vehicle control mice (p ¼ 0.004) and
those treated with WP1066 (p < 0.0001) alone but not with

those treated with metronomic CTX dosing alone (p ¼ 0.13)
(Fig. 3a).

We next determined the effects of cytotoxic CTX dosing
in combination with WP1066. The median overall survival
time for tumor-bearing mice treated with the WP1066 vehi-
cle control or PBS was 17 days (range 13–17 days; n ¼ 9).
No improvement in the median survival time was observed
with the subtherapeutic WP1066 dose alone (17.5 days;
range, 14–21 days; n ¼ 8; p ¼ 0.10). Survival was signifi-
cantly enhanced by cytotoxic CTX monotherapy relative to
the vehicle control (32 days; range, 24–108 days; p <

0.0001). The median survival time of mice with intracerebral
melanoma treated with a subtherapeutic WP1066 dose and
cytotoxic CTX dosing was 120 days (range 26–127 days; n ¼
7), which was significantly longer than for mice treated using
cytotoxic CTX dosing alone (p ¼ 0.03), WP1066 (p ¼
0.0001) and the controls (p ¼ 0.0002) (Fig. 3b). For the
mice treated with the combined therapy of WP1066 and cy-
totoxic CTX dosing, 57% survived long term, and there was
at least a 375% increase in median survival time compared
with the cytotoxic CTX alone group when the experiment
was terminated to perform the tumor rechallenge experi-
ments. At the time of death, CNS autopsy demonstrated
there were no significant differences in tumor burden
between treatment groups. Death was usually secondary to
leptomeningeal spread of B16 tumor and secondary

Figure 1. Cyclophosphamide (CTX) and WP1066 exert an additive cytotoxicity. (a) The combination of CTX and WP1066 exerts direct

cytotoxic effects on B16 cells. (b) Western blot analysis reveals that p-STAT3 inhibition by WP1066 was enhanced with CTX in a dose-

dependent manner in B16 cells.
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hydrocephalus. This would preclude measuring tumor size
and harvesting for Western Blot analysis.

To determine whether mice with intracerebral tumors
treated with both WP1066 and cytotoxic or metronomic dosing
of CTX were able to generate long-lasting protective immune
memory, mice were rechallenged with B16 cells implanted in
the contra lateral hemisphere. Upon rechallenge, mice treated
with the combination of the subtherapeutic WP1066 dose in
conjunction with either metronomic or cytotoxic CTX dosing,
had median survival times of 17 and 21 days, respectively, which
did not differ significantly from the median survival time of
naı̈ve, control mice. We did not see long lasting immunity after
intracerebral rechallenge experiment in any treatment groups.

WP1066 does not further enhance immune-mediated

cytotoxic effects of CTX

To determine if there was an enhancement of immunological
tumor cytotoxicity correlating with the therapeutic in vivo ef-
ficacy of the combinational therapy, we evaluated immune
cytotoxic responses directed toward B16 melanoma cells.
Splenocytes from non-tumor-bearing mice, and tumor-bear-
ing mice treated with WP1066, metronomic (o.g.) CTX dos-
ing, cytotoxic (i.p.) CTX dosing, or a combination of
WP1066 with CTX were isolated and cocultured with CFSE-
labeled B16 target cells for 48 h to assess immune cytotoxic-
ity toward B16 cells. Immune-mediated cytotoxicity decreased
by 37% in tumor-bearing mice compared with non-tumor-

bearing controls (p ¼ 0.008). The immune cells including
CD3þ T cells, natural killer (NK) cells and NKT cells (sple-
nocytes) from the tumor-bearing mice treated with WP1066,
metronomic CTX dosing and cytotoxic CTX dosing increased
cytotoxic clearance of the B16 target cells by 30%, 77% and
69%, respectively, relative to tumor-bearing control mice
(p ¼ 0.05, 0.001 and 0.006, respectively). However, combina-
tional therapy of WP1066 with either metronomic or cyto-
toxic CTX dosing did not significantly enhance immune-
mediated cytotoxic clearance of the B16 target cells in com-
parison with monotherapy (Fig. 4a).

Figure 3. Cyclophosphamide exerts an additive effect with WP1066

against intracerebral melanoma. (a) Survival data from C57BL/6J

mice treated with metronomic cyclophosphamide (CTX) dosing,

cytotoxic CTX dosing, WP1066, or in combination after B16 cells

were established in the brain. The median survival time was not

significantly enhanced with subtherapeutic WP1066 or with

metronomic CTX monotherapy; however the combination exerted

therapeutic benefit in comparison to the control (p ¼ 0.004) and

WP1066 monotherapy (p < 0.0001) but not with metronomic CTX

monotherapy (p ¼ 0.13). (b) Median survival was significantly

enhanced by cytotoxic CTX monotherapy compared with the vehicle

control (p < 0.0001) and was further enhanced with subtherapeutic

WP1066 in comparison to cytotoxic CTX dosing alone (p ¼ 0.03),

WP1066 alone (p ¼ 0.0001) and the control (p ¼ 0.0002). In mice

that survived long term, subsequent rechallenge by injection of B16

cells into the contra lateral hemisphere indicated that no

immunological memory was induced. These experiments were

repeated in their entirety with similar results.

Figure 2. Cyclophosphamide (CTX) is efficacious against pulmonary

melanoma. Subtherapeutic WP1066 did not inhibit B16 pulmonary

melanoma; however, both metronomic and cytotoxic CTX dosing

exerted a therapeutic effect compared with the control (p < 0.05).

The decrease in the number of melanoma lesions was more

significant for cytotoxic compared with metronomic CTX dosing (p

¼ 0.03). Regardless of metronomic or cytotoxic CTX dosing,

subtherapeutic WP1066 did not exert an additive effect.
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Figure 4. In vivo immune modulation does not correlate with combination treatment response. (a) There was a decrease in immune-

mediated cytotoxicity in tumor-bearing mice compared with non-tumor-bearing controls (p ¼ 0.008). The effector cells from tumor-bearing

mice that were treated with WP1066, metronomic CTX dosing, and cytotoxic CTX demonstrated increased cytotoxic clearance of the B16

target cells compared with tumor-bearing control mice (p ¼ 0.05, 0.001 and 0.006, respectively). However, therapies combining WP1066

with either metronomic or cytotoxic CTX dosing did not exert an additive tumor cytotoxic effect. (b) The number of CD8þ T cells was

enhanced with metronomic CTX dosing (p ¼ 0.007) and suppressed with cytotoxic CTX dosing (p < 0.0001). However, the CD8þ effector

cells were not further modulated with WP1066 in conjunction with CTX (p > 0.05). (c) The number of CD4þ T cells was enhanced with

metronomic CTX dosing (p ¼ 0.04) and was suppressed by cytotoxic CTX dosing (p ¼ 0.0005); however the number of CD4þ T cells

was not further modulated with WP1066 in conjunction with CTX (p > 0.05). (d) Within the CD4 compartment, metronomic CTX dosing

inhibited Tregs (CD4þFoxp3þ) (p < 0.05) compared with the tumor-bearing control; however WP1066 did not further inhibit the number

of Tregs (p > 0.05).
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WP1066 does not further modulate the influence of CTX on

the immune cell populations

To determine the in vivo effects of metronomic (o.g.) CTX
dosing, cytotoxic (i.p.) CTX dosing, WP1066 administration
and combinational therapy on the number of CD8þ, CD4þ
and CD4þFoxp3þ Tregs, tumor-bearing mice were treated
for 14 days as described earlier. Metronomic CTX dosing
enhanced the number of CD8þ (p ¼ 0.007) (Fig. 4b) and
CD4þ T cells (p ¼ 0.04) (Fig. 4c) and inhibited the number
of Tregs within the CD4 compartment (p < 0.05) (Fig. 4d)
compared with the control tumor-bearing mice. The combi-

nation of metronomic CTX dosing and subtherapeutic
WP1066 dosing did not further enhance the number of
CD8þ (Fig. 4b) or CD4þ T cells (Fig. 4c) or further inhibit
the number of CD4þFoxP3þ Tregs in the peripheral blood
(p > 0.05) (Fig. 4d). In contrast, cytotoxic CTX dosing signif-
icantly suppressed CD8þ T cells (p < 0.0001) (Fig. 4b),
CD4þ T cells (p ¼ 0.0005) (Fig. 4c) and CD4þFoxP3þ
Tregs (p ¼0.0004) (data not shown) compared with the tu-
mor-bearing control mice and this was not further modulated
with WP1066 (p > 0.05).

WP1066 exerts an additive effect to CTX inhibition of the

p-STAT3 pathway within the tumor microenvironment

To clarify why there was an additive effect of CTX with
WP1066 in the efficacy experiments against melanoma within
the CNS but to a much lesser degree than in the lung, we
investigated the levels of pSTAT3 within the local tumor
microenvironments and their modulation with combination
therapy. The intranuclear p-STAT3 expression within the
melanomas in each group was measured using immunohisto-
chemistry and expressed as the percentage of p-STAT3-posi-
tive cells. The presence of cytoplasmic melanin was not
included in the analysis. In the CNS melanoma of control
mice, p-STAT3 expression was 12.7% 6 2.3% (range 2.8–
21.8%; n ¼ 8). This was diminished to 9.2% 6 2.8% (range
2.3–18.7%; n ¼ 9; p ¼ 0.170) in mice treated with sub-thera-
peutic WP1066. Metronomic CTX did not affect p-STAT3
expression at 12.7% 6 3.7% (range 4.6–37.2%; n ¼ 8) p-
STAT3 expression. In mice with CNS tumors treated with cy-
totoxic CTX, the p-STAT3 level was 4.5% 6 1.2% (range
1.9–10.7%; n ¼ 7; p ¼ 0.011) and this was further reduced in
combination with WP1066 to 2.3% 6 0.8% (range 0–6.5%; n
¼ 7; p ¼ 0.001) (Fig. 5a). In marked contrast, in the control,
established lung melanoma, the p-STAT3 expression was low
at 2.4% 6 0.6% (range 0–3.7%; n ¼ 5). Mice treated with
sub-therapeutic WP1066 and metronomic CTX had 2.0% 6
0.4% (range 1.4–2.7%; n ¼ 4) and 1.7% 6 0.7% (range 0.8–
3%; n ¼5) p-STAT3 expression, respectively. Secondary to
the already low levels of p-STAT3, the addition of WP1066
did not provide any further additive effect to CTX in modu-
lating p-STAT3 inhibition in lung tumor model (Fig. 5b).
Although a significant difference could be found in the
p-STAT3 expression in tumors between the brain and the
lung in animals treated with the metronomic CTX, a deter-
mination of p-STAT3 levels in the cytotoxic CTX group
could not be used to provide secondary validation due to the
low incidence of lung tumors (i.e., marked efficacy of cyto-
toxic CTX in the lung). The numbers of tumor infiltrating
macrophage/microglia and CD8 T cells in the tumor micro-
environment between treatment groups was not significant
(data not shown).

Discussion
The refractory nature of melanoma and intracerebral mela-
noma in particular has been problematic in the clinical

Figure 5. Intratumoral p-STAT3 expression correlates with treatment

response. (a) The intratumoral levels of p-STAT3 in melanoma within

the CNS were significantly lower in mice treated with cytotoxic CTX

dosing than those in the control mice (p ¼ 0.011). The combination

of metronomic CTX dosing or cytotoxic CTX dosing with WP1066

also significantly inhibited p-STAT3 expression in tumors in

comparison with the control mice (p ¼ 0.052 and 0.001,

respectively). Error bars represent standard error of the mean. (b)

The intratumoral levels of p-STAT3 in melanoma within the lung

were lower than those in melanoma within the CNS. There was no

significantly difference among various treatment groups in the lung.
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setting, with typical response rates of less than 10% with sin-
gle chemotherapeutic agents.37,38 Previous reports have
shown superior effects of various combinations of metro-
nomic CTX dosing with other therapeutics over monothera-
pies in murine melanoma models.17,39 Indeed, Shiraga et al.
showed increased survival time and reduced pulmonary me-
tastasis with a metronomic CTX schedule compared with cy-
totoxic CTX dosing.19 Moreover, studies comparing the effec-
tiveness of combinational therapies of metronomic and
cytotoxic CTX dosing have shown that tumor control was
better in combinational treatment groups with a metronomic
CTX schedule than in those with cytotoxic CTX dosing.15,18

In contrast, our results indicate that the survival benefit and
number of long term survivors were greater with cytotoxic
CTX dosing plus WP1066, especially for treatment of intrace-
rebral melanoma when compared with monotherapies or the
combination of metronomic CTX dosing and WP1066. Our
findings of the superior efficacy of cytotoxic CTX dosing may
be, in part, due to our murine model not being particularly
sensitive to CTX toxicity except for slight weight loss at the
end of the first cycle of the treatment, which resolved during
the 1 week break for the treatment, and did not reoccur dur-
ing the second cycle of the treatment. Unlike our report, seri-
ous toxicity of the cytotoxic CTX schedule was reported in
the CB-17 SCID mouse tumor model15 probably attributable
to the already immunocompromised stage of this latter
model. Our study is also the first to demonstrate that CTX is
partially exerting its therapeutic activity of Treg suppression28

and inhibition of melanoma tumorigenesis25–27 by blocking
the p-STAT3 pathway. However, given the therapeutic
response of the lung melanoma to CTX despite the relatively
low levels of p-STAT3, it is likely that CTX exerts direct
anti-tumor effects independent of the p-STAT3 pathway.

To clarify the in vivo mechanism of activity, we evaluated
the immune-mediated cytotoxic responses and the inhibition
of various immune cell populations. The absolute number of
CD8þ and CD4þ cells was the highest and number of
CD4þFoxP3þ Tregs the lowest in the CD4 peripheral blood
compartment in the metronomic CTX group. These findings
are consistent with earlier reports that have shown that the
single dose of CTX or metronomic CTX schedule enhances
CD8þ, CD4þ cells and inhibits CD4þ FoxP3þ Tregs.9,10

WP1066 did not further potentiate the inhibition of Tregs
likely secondary to our use of subtherapeutic doses to evaluate
therapeutic synergy. In contrast, although there was a
decreased in the number of CD4þFoxP3þ Tregs in the CD4
peripheral blood compartment in the cytotoxic CTX group,
there was also a concordant decrease of CD4 and CD8þ effec-
tor T cells. We therefore predicted that the use of metronomic
CTX dosing and WP1066 would exert the greatest therapeutic
benefit in vivo because there was a decrease in Treg levels but
not in levels of antitumor effector cells. However, this was not
the case, and the animals that underwent cytotoxic CTX dos-
ing and WP1066, which had the greatest therapeutic benefit,
showed the lowest absolute numbers of effector T cells such as

CD4þ and CD8þ T cells and Tregs in the peripheral blood.
Furthermore, no additive immune-cell mediated cytotoxicity
was observed with the combination of WP1066 with either
metronomic or cytotoxic dosing of CTX.

Although additive efficacy was shown with cytotoxic
CTX dosing and WP1066 in the intracerebral melanoma
model, an additive effect with either the metronomic or cy-
totoxic CTX dosing in combination with WP1066 was not
seen in the pulmonary melanoma model. The observed
effect of cytotoxic CTX could be due to increased blood-
brain barrier and tumor vascular permeability to WP1066.
The active metabolite of CTX has limited permeability
across the blood-brain barrier,40 but cytotoxic CTX has
been shown to induce apoptosis in endothelial cells of the
tumor vasculature41 and increase vascular permeability
through endothelial cell damage.42 Another possible expla-
nation is that because maximal efficacy was already
obtained in the lung melanoma group treated with cytotoxic
CTX dosing, that the addition of WP1066 did not have an
additive effect in this model system; however, this would
not provide an explanation for the lung melanoma group
receiving metronomic CTX dosing because there was still
modest development of lung melanoma. The discrepancy
between in vivo efficacy and the lack of correlative synergis-
tic immune-mediated modulation could be due to the sub-
optimal selection of the immune monitoring time points
relative to tumor development. The temporal relationship of
the immune responses relative to tumor progression and
metastasis could be assessed in in vivo models that fluores-
cently labeling the melanoma and the immune subpopula-
tions.43 The incongruity did prompt a direct evaluation of
the mechanism of activity of the combination directly
within the tumor microenvironment. A marked dose-
response effect of CTX with WP1066 was observed on the
inhibition of the STAT3 pathway within the microenviron-
ment of the CNS melanoma but not within the lung mela-
nomas. This may be due to a greater induction of the
STAT3 pathway within the CNS secondary to the presence
of reactive astrocytes44 elaborating IL-645 that are not pres-
ent in the lung indicating that the intrinsic properties of the
tumor microenvironment, including inducible pathways of
tumorigenesis may render an enhanced sensitivity to
STAT3 inhibitory agents.

A limitation of the intracerebral melanoma model system
used in this study is the rapidity of tumor progression. We
would have liked to have evaluated the combinational ther-
apy in a model system of grossly evident tumor; however, in
mice with intracerebral B16, grossly evident tumor is not
apparent until days 10–12, when they are already becoming
neurologically compromised. Since median survival is 15 days
in untreated mice, the therapeutic window is restricted. Fur-
thermore, it is unclear if CTX can achieve sufficient thera-
peutic effects in patients with melanoma metastasis within
the brain parenchyma although CTX has been shown to
achieve sufficient levels in the cerebrospinal fluid of primates
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to mediate tumor cytotoxicity.46 Chemotherapeutic regimens
that include CTX have demonstrated responses in patients
with CNS medulloblastoma and germinoma47 and CNS
breast metastasis48 suggesting that CTX may exert effects
against tumors within the CNS. Determination of CNS intra-
tumoral levels of CTX could be elucidated in dogs diagnosed
with CNS melanoma or alternatively, within the context of a
clinical trial involving a small cohort of patients before initia-
tion of a larger Phase II study, by preoperative administration
of CTX, surgical resection of the CNS melanoma metastasis
and the direct determination of the intratumoral concentra-
tions of CTX.49 In conclusion, we have shown a significant

additive antitumor effect of WP1066 with cytotoxic dosing of
CTX in an established murine intracerebral melanoma model,
which suggests that further clinical testing of the combination
of a STAT-3 inhibitor with CTX appears warranted.
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