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KikGR time-course data from destination tissues and the blood,
we were able to determine the migration potential of specific cell
populations. This approach provides new insights into cell migra-
tion in vivo and builds upon previous attempts to model monocyte
tissue kinetics (14). In addition, Fucci mice provide a sensitive, real-
time indication of progress through the cell cycle with no carryover
of signal to daughter cells. Future studies might use the KikGR and
Fucci approaches to investigate the relative contributions of BM
and spleen monocytes in other inflammatory diseases.

Our findings highlight the importance of the BM as the pri-
mary hematopoietic tissue and monocyte reservoir in tumor-
bearing mice. Targeting excessive monocytopoiesis in the BM of
tumor-bearing mice may limit not only the supply of tumor-
infiltrating monocytes but also the expansion of the spleen
monocyte pool. Therapies that limit the number of monocytes
and macrophages that are available to the tumor may improve
the prognosis of patients with cancer.

Materials and Methods

Methods for cell preparation, flow cytometry, adoptive transfer, and in vitro
migration assays are provided in S/ Materials and Methods. The antibodies
used for flow cytometry are listed in Table S2.

Animals. Male C57BL/6J wild-type mice (CD45.2") were purchased from CLEA
lapan or lapan SLC. Rosa26A% kSR knockin mice (C57BL/6 background),
which express KikGR in all cell types, were generated at RIKEN. KikGR BM
chimeras were generated by lethally irradiating 6-wk-old male C57BL/6J host
mice with a split dose of 9.5 Gy (OM-150HT X-ray system; OHMiC), followed
by i.v. injection with 5 x 10° syngeneic BM cells pooled from the femurs,
tibias, and spines of Rosa26A%KikeR donors. Chimeras were used for tumor
inoculation or experiments at least 5 wk after BM transfer, at which stage
>99% chimerism was observed in monocytes from the BM, blood, and
spleen. B6.SIL-Ptprc® Pepc®/Boy) congenic mice (CD45.1%) were purchased
from The Jackson Laboratory. These mice were crossbred with C57BL/6J mice
to generate CD45.1" CD45.2* mice for adoptive transfer experiments. Fucci
double transgenic mice were generated by crossbreeding FucciG, (line no.
639) and FucciS/Go/M (line no. 474) animals (obtained from A. Miyawaki,
RIKEN BioResource Center, Tsukuba, Japan) as described previously (21).
These mice express the fusion proteins mKO2-hCdt1(30/120) and mAG-hGem
(1/110) under the CAG promoter; the no. 639 and no. 474 mouse lines
were used to overcome the poor expression in hematopoietic cells that is
observed in other Fucci lines (22). KikGR and Fucci mice were backcrossed to
C57BL/6 mice for at least 10 generations before use. Mice were 6-12 wk of
age (9-15 wk for BM chimeras) when used for tumor inoculation or
experiments. All mice were bred and maintained under specific pathogen-
free conditions in animal facilities at the University of Tokyo, and all animal
procedures were approved by and conducted in accordance with the
guidelines of the Animal Care Committee of the Graduate School of Medi-
cine, the University of Tokyo.

Tumor Inoculation. The 3LL tumor cell line (a subclone of the C57BL mouse-
derived Lewis lung carcinoma line) was obtained from F. Abe (Nihon Kayaku,
Tokyo). Mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), the
fur around the inoculation site was shaved to improve tumor visualization, and
a 50-pL suspension of 5 x 10° tumor cells was injected s.c. into the right flank.
Tumor dimensions were measured using digital calipers, and tumor volume
(in cubic millimeters) was estimated using the formula volume = length x
(width)? x 0.5, which is derived from the formula for a prolate spheroid.

Photoconversion Surgery. Photoconversion procedures were adapted from
methods developed previously (24-27) and are depicted in Fig. 1A. KikGR BM
chimeras were anesthetized with isofiurane [1-3% (vol/vol) by inhalation],
the fur around the spleen or left femur was shaved, and the skin disinfected
with 70% (vol/vol) ethanol.

For spleen photoconversion, an ~1.5-cm horizontal incision was made in
the skin on the left side of the abdomen, the spleen visualized, and an ~0.5-cm
incision was made in the abdominal wall, through which the spleen was
externalized gently. Two pieces of sterile aluminum foil (folded to remove
sharp edges that might cause injury) were arranged on either side of the
spleen, shielding the skin and abdominal cavity. The spleen was irradiated
with violet light (three sides x 3 min, 150 mW/cm?) using spot UV curing
equipment (SP9-250VB; USHIO) fitted with a 436-nm g-line band-pass filter,
fiber optic cable (SF101-NQ), and square lens (X057). Light intensity was

Shand et al.

measured with a UIT-250 digital photometer (UVD-S405 detector; USHIO), and
light source distance was set accordingly. During irradiation of the visceral
surfaces, the spleen was held in place with a piece of sterile nonadhesive plastic
film, moistened with saline, which did not affect light transmission. After
photoconversion, the spleen was replaced, the abdominal cavity was closed
with 6-0 nylon suture, and the skin was closed with 9-mm wound clips.

For femur photoconversion, an ~1.5-cm vertical incision was made in the
skin on the dorsal side of the left thigh, and jewelers forceps were used to
separate the vastus lateralis and biceps femoris muscles gently, exposing the
femur. This approach minimized interference with the sciatic nerve and
blood vessels running through the thigh. Bone reduction forceps were used
to hold the muscle clear of the femur while it was irradiated with violet
light (5 min, 500 mW/cm?). After photoconversion, the muscle surrounding
the femur was replaced, and the skin was closed with 9-mm wound clips.
Throughout and after both photoconversion procedures the spleen and
femur were irrigated with sterile saline solution. Surgery and photo-
conversion were conducted concurrently on different mice, allowing one
mouse to be photoconverted every 10 min. Mice were allowed to recover
on a heating mat (37 °C) and regained full mobility within 30 min.

Mice were subjected to either spleen or femur photoconversion, never
both. Unconverted mice (no surgery, to calibrate flow cytometry gates) and
0-h group mice (killed before photoconversion by terminal cardiac puncture
and cervical dislocation, to assess photoconversion efficiency) were included
in each experiment. Although surgery itself induced acute leukocytosis (peaking
within 3 h), sham photoconversion experiments (in which surgery was per-
formed with or without irradiation) confirmed that exposure to violet light did
not affect myeloid cell distribution, as is consistent with previous findings (25).

For in vitro photoconversion, single-cell suspensions of BM cells (2.5 x 10° cells
in 100 pL in transparent microcentrifuge tubes) were irradiated with violet light
(3 min, 150 mW/cm?). Cells either were analyzed immediately or were in-
cubated for 24 h in RPMI culture medium/10% FBS at 37 °C (5% CO, humidified
atmosphere) before analysis. In vitro photoconversion efficiency was >99%.

Calculation of Migration Probability and Residence Time for Tumor-Infiltrating
Monacytes. Monocytes enter the tumor from the blood and leave the tumor
(oy dying or by exiting back to the blood) at uniform rates. Accordingly,
migration into and exit from the tumor can be described by the differential
equation, d(Ny ry)/dt = Ng rg p — Ny rr /x (Eq. 1). p (/h) represents the prob-
ability per unit time that a cell will migrate from the blood to the tumor
(migration probability). The units of p are scalable such that, for example,
p = 0.60/h = 0.01/min. z (h) represents the average time that a cell remains in
the tumor before dying or exiting (residence time). Changes in tumor
monocyte number caused by in situ proliferation were assumed to be neg-
ligible based on the very low proportions of actively proliferating monocytes
detected in the tumors of Fucci mice. rg and ry (expressed as a function of
time) represent the proportion of KikRed" cells in the blood or tumor, re-
spectively, within the population of interest (e.g., BM-pool monocytes). Ng
and Nr represent the total number of monocytes (both KikGreen* and
KikRed™) in the blood or tumor, respectively, and are assumed to remain
constant over the duration of each 24-h experiment (Table $1). Monocyte
accumulation in the blood was modeled by the equation, rs(t) = ag [exp
(—kp10) — exp(~kg 0)] (Eq. 2). After substituting Eq. 2 into Eq. 1 and taking
m = (Ng/N)p and k = 1/, the solution of Eq. 1 under the initial condition r{0) =
0 gives re{t) = agm{lexp(~kg:t) —exp(-kt)l/(k — kg1) — [exp(—kgt) — exp(—kt)}/
(k — kg2)} (Eq. 3). Egs. 2 and 3 were fitted to blood and tumor data obtained
from KikGR mouse photoconversion experiments using weighted least
squares regression to obtain estimates for ag, kpy, kg2, m, and k, with weights
given by the reciprocal of the variance of each measurement. The SE asso-
ciated with each of the estimated parameters was determined by the law of
error propagation. Finally, m and k (+ SE) were used to calculate p and
7 (+ SE). Calculations were performed using the statistical software R
(version 3.0.1; www.r-project.org).

Data Analyses. Blood and BM cell numbers were adjusted to represent whole-
body values based on the assumptions that the total blood volume of a mouse
is 7% of its body weight and that a single mouse femur comprises 1/15 of total
body BM cells (37). Photoconversion of 100% of myeloid cells in the femur or
spleen was not possible by the procedures used in this study, and, unlike the
spleen, a single femur represents only a fraction of the whole-body BM pool.
To correct for differences in the extent of photoconversion of each myeloid
cell pool, the proportion of KikRed" cells in each tissue was multiplied by
100/(% photoconversion efficiency) and, in mice undergoing femur photo-
conversion, by a factor of 15. Thus, KikGR data represent the contribution of
the spleen or whole-body BM if all myeloid cells within these pools were
photoconverted at time 0 h. The number of KikRed* cells was calculated by
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multiplying the adjusted proportion of KikRed™ cells in each tissue by
mean cell counts from nonphotoconverted or 0-h group mice (Table 51),
thus ensuring that results did not reflect acute fluctuations in total cell
numbers following surgery. Because variations in tumor size might have
influenced infiltration by KikRed™ cells, tumor cell numbers were normalized
by tumor weight, i.e., multiplication by (mean tumor weight for experiment)/
(tumor weight for individual mouse). Finally, to correct for differences in the
whole-body abundances of spleen-pool and BM-pool cells, which could
account for differences in their redistribution after photoconversion, some
data for KikRed" cell numbers also were expressed as a proportion of their
respective source pool (% pool).

Statistics. Results are expressed as mean + SEM for n independent obser-
vations, where n represents the number of individual mice in each treatment
group per time point. All data are representative of results obtained in at
least two independent experiments. Where appropriate, data were statis-
tically analyzed using GraphPad Prism software (version 6.0b; GraphPad
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Abstract

Background: Chemoradiation therapy (CRT) has been widely used for unresectable esophageal squamous cell
carcinoma (ESCC) patients. However, many patients develop local recurrence after CRT. In this study, we hypothesized
that the immunotherapy by peptide vaccine may be effective for the eradication of minimal residual cancer cells after
CRT. This study was conducted as a phase | clinical trial of multiple-peptide vaccine therapy combined with CRT on
patients with unresectable ESCC.

Patients and methods: HLA-A*2402 positive 11 unresectable chemo-naive ESCC patients were treated by
HLA-A*2402-restricted multi-peptide vaccine combined with CRT. The peptide vaccine included the 5 peptides as
follows; TTK protein kinase (TTK), up-regulated lung cancer 10 (URLC10), insulin-like growth factor-Il mRNA binding
protein 3 (KOC1), vascular endothelial growth factor receptor 1 (VEGFR1) and 2 (VEGFR2). CRT consisted of radiotherapy
(60 Gy) with concurrent cisplatin (40 mg/m?) and 5-fluorouracil (400 mg/m?). Peptide vaccines mixed with incomplete
Freund's adjuvant were injected subcutaneously once a week on at least 8 occasions combined with CRT.

Results: Vaccination with CRT therapy was well-tolerated, and no severe adverse effects were observed. In the case of
grade 3 toxicities, leucopenia, neutropenia, anemia and thrombocutopenia occurred in 54.5%, 27.3%, 27.3% and 9.1%
of patients, respectively. Grade 1 local skin reactions in the injection sites of vaccination were observed in 81.8% of
patients. The expressions of HLA class I, URLC10, TTK, KOC1, VEGFR1 and VEGFR2 antigens were observed in the tumor
tissues of all patients. All patients showed peptide-specific cytotoxic T lymphocytes responses in at least one of the 5
kinds of peptide antigens during the vaccination. Six cases of complete response (CR) and 5 cases of progressive
disease (PD) were observed after the 8™ vaccination. The 4 CR patients who continued the peptide vaccination
experienced long consistent CR for 2.0, 2.9 4.5 and 4.6 years.

Conclusions: A combination therapy of multi-peptide vaccine with CRT can successfully be performed with
satisfactory levels of safety, and application of this combination therapy may be an effective treatment for patients
with unresectable ESCC.

Trial registration: ClinicalTrial.gov, number NCT00632333.
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Background

Esophageal squamous cell carcinoma (ESCC) is a highly
malignant disease, especially in Asia. In Japan, the
number of deaths attributable to ESCC has been slowly
increasing, and 11,345 people died in 2011 [1]. Recent
developments in surgical techniques and postoperative
management including chemotherapy and fractionized
radiation therapy, have contributed to improvements
in the surgical outcome [2,3]. Chemoradiation therapy
(CRT) has been used in Japan since 1990, especially for
unresectable ESCC patients with locally advanced disease
and/or distant metastasis, or for those who were not fit to
undergo surgery [3]. However, it has been reported that
many patients develop local recurrence soon after CRT
[4-8]. This recurrence is due to the difficulty in making a
precise clinical assessment of CRT on the treated cancer
tissues. Viable cancer cells are thought to remain at the
primary site in the majority of patients even if clinical
complete response (CR) is accomplished. Although salvage
esophagectomy was recommended in recurrent patients
after CRT, high incidences of mortality and radiation-
related post-operative complications, such as pneumonitis
and cardiomyositis, have been reported [9]. Therefore, the
development of a new approach for residual cancer cells
after CRT is necessary to improve the prognosis of
patients with unresectable ESCC.

A multimodality approach for ESCC is preferred in
order to improve prognosis of CRT, and immunotherapy
can be viewed as one rational approach for combination
therapy with CRT. Recent studies have suggested that
local irradiation elicits immunomodulatory effects and
induces tumor-specific immune responses [10-14]. Fur-
thermore, fluorouracil (5-FU) and cisplatin (CDDP), the
standard agents for the treatment of ESCC, may immuno-
modulate the anti-tumor immunological response through
the down regulation of immunosuppressive regulatory T
cells and/ or increase the expression of MHC molecules
[15-17]. In this study, we hypothesized that the CRT may
act immunogenically, and immunotherapy with peptide
vaccine may be effective for the eradication of residual
cancer cells after CRT.

By using ¢cDNA microarray technology coupled with
laser microdisection, we identified novel HLA-A*2402
(which is the most common HLA-A allele in the Japanese
population) - restricted epitope peptides as targets for
cancer vaccination [18-21]. In particular, it has been dem-
onstrated that TTK protein kinase (TTK), up-regulated
lung cancer 10 (URLC10) and insulin-like growth factor—
II mRNA binding protein 3 (KOC1) are promising targets
for cancer vaccination in advanced ESCC patients [22,23].
Furthermore, to overcome the inhibition of the antitumor
effects of cytotoxic T lymphocytes (CTL), which occur
due to the down regulation of human leukocyte antigen
(HLA), we focused on the peptide vaccine targeting the
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vascular endothelial growth factor receptor 1 (VEGFR1)
and 2 (VEGFR2). It has been reported that CTLs were
strongly induced by these peptides in various cancer
patients [24].

In this study, we attempted a phase I clinical trial of
multi-peptide vaccines in combination with CRT for unre-
sectable ESCC patients. We selected 5 peptide vaccines
(TTK, URLC10, KOC1, VEGFR1 and VEGFR2) to over-
come the immune-escape mechanisms and increase the
therapeutic potential of the cancer vaccine. The primary
endpoint of this study is an evaluation of the safety factors,
and secondary endpoints are estimation of the immune
responses and clinical responses.

Materials and methods

Study design and treatment protocol

This study was a phase I clinical trial of dose-escalated
multiple-peptide vaccine (T'TK, URLC10, KOC1, VEGFR1
and VEGFR2) combined with CRT. Each peptide vaccine
was mixed with incomplete Freund’s adjuvant (IFA)
(Montanide ISA 51; Seppic, Paris, France) separately,
and was injected subcutaneously in 11 unresectable
ESCC patients with stage II (3 cases), stage III (4 cases)
or stage IV (4 cases). All patients were chemo-naive.
Treatment consisted of 2 courses of CDDP 40 mg/m?
(dayl, 8) and 5-FU 400 mg/m2/day (days 1-5, 8-12)
combined with concurrent radiotherapy of 60 Gy in 30
fractions as described previously [7]. During the break
period of chemotherapy, 5 kinds of peptide vaccines
were administered once every week, a total 8 times
(Additional file 1: Figure S1). Dose escalation was per-
formed in 3 patients’ cohort with dose of 0.5 mg, 1 mg
and 3 mg for each peptide. For the imaging analysis,
computed tomography (CT) scan and endoscopy were
performed at pre-treatment period and every 2 ~ 3 months
after the vaccination, and every measureable legion was
evaluated by RECIST. CR patients additionally received
5 kinds of peptide vaccine, once every 2 weeks for 1 year
and then once a month until changes to the progressive
disease (PD) were observed. The primary endpoint of this
trial was to evaluate the safety of this therapy. The second-
ary endpoints were to investigate the immunological re-
sponse and clinical outcome. This study was approved by
the Ethics Committee on Clinical Investigation of Teikyo
University (Tokyo, Japan) and is registered with Clinical
Trials.gov (NCT 00632333). Written informed consent
was obtained from all individuals. The trial was carried
out in accordance with the Helsinki declaration on experi-
mentation on human subjects.

Patients eligibility

The eligibility criteria for patients participating in the
clinical trial were as follows: (1) they were unresectable
ESCC patients with widespread ESCC who refused
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surgical resection, locally advanced or metastatic disease;
(2) they have disease which is possible the evaluation of
clinical response ( no limitation with respect to the pres-
ence or absence of measurable diseases according to
RECIST ); (3) they were HLA-A*2402-positive patients by
DNA typing of HLA-A genetic variations; (4) no therapy
4 weeks prior to the initiation of the trial; (5) ECOG
performance status was 0-2; (6) their expected survival
was at least 3 months; (7) the age of the patients was
between >20 and <80 years; and (8) adequate bone-
marrow, cardiac, pulmonary, hepatic and renal func-
tions had to be present, including white blood cell
count >2000/mm?, platelet count >75000/mm°>, total
bilirubin < 1.5 times of the institutional normal upper
limits, creatinine < 1.5 times of the institutional normal
upper limits, AST/ALT/ALP <2.5 times of the insti-
tutional normal upper limits. The exclusion criteria of
patients participating in the clinical trial were as follows.
(1) pregnancy; (2) breastfeeding; (3) active or uncontrolled
infection; (4) concomitant treatment with steroids or
immunosuppresing agents; (5) other active or uncon-
trolled other malignancy; (6) disease to the central nervous
system; (7) some other form of unsuitableness as deter-
mined by the principal investigator or physician.

Toxicity assessment

Signs of toxicities were assessed by the Common Ter-
minology Criteria for Adverse Event (CTCAE) version
3. Blood count and serum chemistry tests were per-
formed every 2 weeks. The worst toxicity throughout
the treatment period (2 courses of CRT and 8™ peptide
vaccination) was investigated. Dose escalation was
performed in 3 patients’ cohort with dose of 0.5 mg,
1 mg and 3 mg for each peptide. Dose-limiting toxicity
(DLT) was defined as a hematological toxicity of grade
4 and non-hematological toxicity of grade 3 or greater.

Peptides

The peptides derived from TTK-567 (SYRNEIAYL),
URLC10-177 (RYCNLEGPPI), KOC1-508 (KTVNELQNL),
VEGFR1-1084 (SYGVLLWEIF), VEGFR2-169 (RFVPDG
NRI) that bound to the HLA-A*24 molecule were synthe-
sized by the American Peptide Company (Sunnyvale, CA,
USA). The purity (>97%) and identify of the peptides were
determined by analytical high-performance liquid chroma-
tography (HPLC) and mass spectrometry analysis, respect-
ively. The endotoxin levels and bioburden of these peptides
were tested and determined to be within acceptable levels
as GMP grade for the vaccines (NeoMPS, Inc.).

Measurement of CTL responses

An enzyme-linked immunospot (ELISPOT) assay was per-
formed to measure the peptide specific CTL response, as
described previously [23,25]. For the evaluation of CTL
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and Flow cytometry, blood samples were obtained from
the patients at the pre-vaccination period and after the 4%,
8%, 12™ and 16™ vaccinations. Briefly, peripheral blood
mononuclear cells (PBMCs) of blood samples were
cultured with respective peptide and IL-2 (Novartis,
Emeryville, CA) at 37°C for two weeks. Peptide was
added into the culture at day 0 and day 7. Following
CD4* cell depletion by Dynal CD4 positive isolation kit
(Invitrogen, Carlsbad, CA), IFN-y ELISPOT assay was
performed using Human IFN-y ELISPOT PLUS kit
(MabTech, Nacka Strand, Sweden) according to the
manufacturer’s instructions. The number of peptide
specific spots was calculated by subtracting the spot
number in the control well from the spot number of
wells with peptide-pulsed TISI cells. The positivity of
the antigen-specific T cell responses were classified into
four grades (-, +, ++ and +++), depending on the
peptide-specific spots at different responder/stimulator
ratios. When the algorithm indicated +, ++ or +++, we
judged it to be a positive case.

Flow cytometry

Expression of peptide specific T cell receptors was ana-
lyzed on FACS-Cantoll (Becton Dickinson,. San Jose,
CA) using URLC10, TTK, KOC1, VEGFR1 or VEGFR2-
derived epitope peptide-MHC dextramer (Immudex,
Copenhagen, Denmark) or tetramer-PE (Medical & Bio-
logical Laboratories Co.,Ltd., Nagoya, Japan) according
to the manufacturer’s instructions. HIV-derived epitope
peptide (RYLRDQQLL)-MHC dextramer or tetramer-PE
was used as a negative control. T cells were incubated with
peptide-MHC dextramer or tetramer-PE, treated with
FITC-conjugated anti-human CD8 mAb, APC-conjugated
anti-human CD3 mAb, PE-Cy7-conjugated anti-human
CD4 mAb, and 7-AAD (BD Pharmingen, San Diego, CA.),
and then analyzed with flow cytometry.

Immunohistchemical

Immunohistochemical (IHC) staining of HLA class I,
TTK, URLC10, KOC1, VEGFR1 and VEGFR2 antigens of
the ESCC and adjacent normal tissues were investigated
using the serial sections of formalin-fixed, paraffin-
embedded biopsy samples, as described previously [25].
The primary antibodies used in this study were as
follows: HLA class I (Cosmo Bio. Co.Ltd. Tokyo, Japan),
URLC10 (Imagenex, San Diego, CA.), TTK (Novus Bio.
LLC. Littleton, CO.), KOCI1 (Santacruz Bio. Inc. Dallas,
Texas), VEGFR1 (Novus Bio. LLC.) and VEGFR2 (R&D
Systems Inc., Minneapolis, MN). Immunoreaction was
detected using the following secondary antibody sys-
tems: Simple Stain MAX-PO kit (Nichirei Bioscience,
Tokyo, Japan) for HLA class I, URLC10, KOC1 and
TTK; and CSA-II Biotin-free Tyramide Single Amplifi-
cation System (Dako Inc., Carpinteria, CA) for VEGFR1
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and VEGFR2, according to the instructions of the
manufacturer. The intensity of staining was evaluated
using the following criteria: strong positive staining of
more than 80% (+++), positive staining of 50-80% (++);
positive less than 50% (+); and no appreciable staining
in tumor cells (-).

Statistical analysis
For the statistical analysis of data, JMP v9 software was
used (SAS Inc.).

Results

Patients’ characteristics

Between March 2008 and October 2011, 11 unresectable
ESCC patients enrolled in this study. The characteristics
of these patients are shown in Table 1. The patients
comprised 10 males and 1 female, with a median age of
65 years (range 58-71 years). All patients were positive for
HLA-A*2402. Performance status was 0 for 8 patients, 1
for 1 patient and 2 for 2 patients. The stages of ESCC
were: 3 patients with stage II (No 1, 2, 7), 4 patients with
stage III (No.4, 5, 6, 10) and 4 patients with stage IV (No.

Table 1 Patients’ characteristics
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3, 8,9, 11). These patients were unresectable by reason of
widespread ESCC (No 1, 2, 7), lymph node metastasis (No
2-11), adrenal gland metastasis (No.9) and lung metastasis
(No 11).

Adverse events

DLT of our study was evaluated by the dose escalation
schedule. The worst toxicity throughout the treatment
of 2 courses of CRT and 8" vaccination was investi-
gated in each patient (Table 2). This therapy was well-
tolerated without any serious adverse events. Major
toxicities were myelo-suppression and esophagus-
related toxicities. Grade 3 toxicities of leucopenia, neu-
tropenia, anemia and thrombocytopenia occurred in
54.5%, 27.3%, 27.3% and 9.1% of patients, respectively.
Grade 2 toxicities of esophagitis, nausea/vomiting, diar-
rhea, stomatitis/pharyngitis and hypernatremia occurred
in 18.2%, 18.2%, 9.1%, 27.3% and 27.3% of patients,
respectively. Grade 1 local skin reactions in the peptide
vaccine injection sites were observed in 81.8%. DLT of
peptide vaccine was not observed in this trial.

Patient no. Dose of peptides (mg) HLA Age (Y) Gender Stage* pS** Target organ
1 05 A2402 59 M A 0 Primary tumor
2 0.5 A2402 58 M 1B 0 Primary tumor

Lymph node
3 0.5 A2402 69 F VA 1 Primary tumor
Lymph node
4 10 A2402 64 M 1l 2 Primary tumor
Lymph node
5 10 A2402 65 M 1l 2 Primary tumor
Lymph node
6 10 A2402 61 M i 0 Primary tumor
Lymph node
7 30 A2402 70 M iIB 0 Primary tumor
Lymph ncde
8 30 A2402 63 M IVA 0 Primary tumor
Lymph node
9 30 A2402 67 M \%] 0 Primary tumor
Lymph node
Adrenal gland
10 30 A2402 71 M 1l 0 Primary tumor
Lymph node
1 30 A2402 67 M VB 0 Primary tumor
Lymph node
Lung

*Stage according to the TNM dlassification for esophageal cancer (UICC).
**pS: Performance status (ECOG).
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Table 2 Summary of adverse events
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Toxicity Peptide Total patients (n=11)
0.5 mg (n=3) 1.0 mg (n=3) 3.0mg (n=5)
Grade* Grade Grade Grade (%)
1 2 3 1 2 3 1 2 3 1 2 3

Dermatology/skin

Reaction at the injection site 2 0 0 3 0 0 4 0 0 9 (81.8) 0 (0.0 0 (C0)
Hematologjical

Leukocyte 0 0 2 0 0 2 0 1 2 0 (00 1069 6 (54.5)

Neutrocyte 0 1 1 0 1 1 0 2 1 0(0.0) 4 (364) 3(27.3)

Hemoglobin 1 1 1 1 1 1 1 1 1 3(273) 3(273) 3(273)

Platelet 1 0 0 0 0 1 3 0 0 4 (364) 0 (0.0 1(9.0)
Non-hematological

Esophagitis 0 1 0 2 0 0 2 1 0 4 (364) 2(182) 0 (0.0)

AST 1 0 0 1 0 0 0 0 0 2(182) 0 (0.0 0 (0.0)

ALT 0 0 0 0 0 0 1 0 0 1(9.) 0 (0.0) 0 (0.0)

Creatinine 0 0 0 0 0 o] 0 0 0 0 (0.0) 0 (0.0 0 (0.0)

Nausea/vomiting 1 0 0 0 1 0 0 0 0 19.1) 2(182) 0 (0.0)

Diarrhea 0 1 0 0 0 0 0 0 0 000 1090 0(0.0)
Stomatitis/pharyngitis 0 1 0 0 1 0 0 1 0 0 (0.0) 3(273) 0 (00

Hyponatremia 0 2 0 1 0 0 1 1 0 2(182) 3(273) 0 (0.0)

*Adverse events were graded according to the CTCAE v3.0.

Immunohistochemical study

We evaluated the expression levels of HLA Class I,
URLC10, TTK, KOC1, VEGFR1 and VEGFR2 antigens
in biopsy samples of the enrolled patients (Table 3).
HLA class I antigen was strong expressed in cell mem-
brane of tumor cells of all cases. The strong expressions

Table 3 Immunohistochemical staining to each antigen of
ESCC tissues

Patients no. Immunohistochemistry*

HLA class1 URLC10 TTK KOC1 VEGFR1 VEGFR2
1 +++ SR R T R +
2 +++ +++ FF+ A+t ++ ++
3 ++ + +++ 4+ A+ + +
4 +++ Pt b b4 4 ++
5 ++ + +++ +++ +H++ +
6 +++ +++ FH+ + + +
7 +++ e+ A+t ++
8 +++ +++  +4+ + 44+ + +
9 +++ RS S S S T S T S S ++
10 ++ + +++ 44+ A+ + +
11 ++ -+ R e S ++

*(+++); strong positive staining of more than 80%.
(++): positive staining of 50-80%, (+): positive less than 50%.
(=): no appreciable staining.

of URLC10, TTK and KOC1 antigens were observed in
cytoplasm of tumor cells of all patients. The expressions
of VEGFR1 and VEGFR2 were observed in tumor cells
and stromal vessels of the ESCC tissues of all patients.
Representative IHC staining of these antigens in case 6
is shown in Figure 1. Strong expressions of URLCI10,
TTK, KOC1 and MHC class I antigens were observed in
the tumor cells. Expressions of-approximately the same
intensity of VEGFR1 and VEGFR2 were observed in the
tumor cells and stromal vessels of the ESCC tissues.

In the adjacent normal esophageal tissues, no staining
of these antigens was observed (data not shown).

Peptide-specific CTL responses

An IFN-y ELISPOT assay was evaluated using PBMC
periodically obtained from patients to assess the cellular
immune responses to 5 kinds of peptides. Additional file
2: Table S1 shows the CTL responses to each peptide be-
fore and after the 4, 8, 12™ and 16™ vaccination, and
Table 4 shows a summary of the CTL positive rates at
each vaccination point. All patients showed peptide-
specific CTL responses in at least one of the 5 kinds of
peptide antigens during the vaccination. In these pep-
tides, URLC10 showed the highest CTL positive rates.
They were 70.0% at the 4™ vaccination point, 54.5% at
the 8™ vaccination point, and 100% at the 12" and 16"
vaccination points. CTL positive rates of the other
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Figure 1 Immunohistochemical staining of HLA class I, URLC10,
TTK, KOC1, VEGFR1 and VEGFR2 antigens in the ESCC tissues.

Typical expression of HLA class I, URLC10, TTK, KOC1, VEGFRT and
VEGFR2 in the primary ESCC tissues obtained from case 6 are
shown. The staining was undertaken using the serial sections of
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peptides after vaccination, were 27.3- 40.0% for TTK,
45.5-60% for KOCI1, 33.3-60% for VEGFR1, and 36.4-
80.0% for VEGFR2, respectively. Furthermore, the average
peptide numbers per patient which induced CTL on 8™
vaccinations were 0.7 in 0.5 mg, 1.3 in 1.0 mg and 3.4 in
3.0 mg peptide administration (Table 5). Three mg of
peptide induced peptide-specific CTLs more effectively
than the 0.5 mg and 1 mg,

Figure 2 shows the representative data from ELISPOT
assays against URLC10 in case 6 at the 8" vaccination
point. URLC10-specific T cell responses were observed
in PBMC derived from patient (Figure 2a, b). Moreover,
the peptide-specific CD8 (+) T cells in the cultured T
cells were confirmed by the flow cytometry, and 6.93%
URLC10 dextramer positive cells were confirmed in the
CD8CD3"CD4" T cells (Figure 2c).

Clinical outcome

The clinical responses at the time of the 8™ peptide
vaccination and latest diagnosis points were evaluated
according to the RECIST and are summarized in Table 6.
At the time of the 8" peptide vaccination in combin-
ation with CRT, 6 patients achieved CR (stage II: No. 1,
2, 7; stage III: No.5, 6, 10), and 5 patients revealed PD
(stage III: No. 4; stage IV: No. 3, 8, 9, 11). The CR rates
were 100% (3/3) in stage II, 75% (3/4) in stage III and
0% (0/4) in stage IV. Furthermore, after that, 6 CR
patients were continuously administered the 5 peptide
vaccines, once every 2 weeks for 1 year and once a
month after that until PD. Five of these 6 patients con-
tinued the CR with no evidence of disease for 4.5 years
(No. 1), 4.6 years (No. 2), 2.9 years (No. 6), 2.0 years
(No.7) and 1.1 years (No.10), and are still alive. Five
patients died within 1 year, and 1 patient died within
2 years. Figure 3 shows the representative endoscopic
appearance and computed tomography (CT) scan images
of the primary cancer and CT scan images of the lymph
node in the CR patients (case 6). Complete tumor regres-
sion of the primary tumor site (Figure 3c) and lymph node
(Figure 3d) were observed after the treatment of the 8™
peptide vaccinations with CRT.

Table 4 Summary of positive rates of CTL responses to each peptide antigen

Positive rates of CTL responses to each antigen in all patients (n=11)

Number of vaccination URLC10 (%) TTK (%) KOC1 (%) VEGFR1 (%) VEGFR2 (%) CMV (%)
Pre-vac. 273 (3/11) 364 (4/11) 40.0 (4/10) 200 (2/10) 40.0 (4/10) 100.0 (10/10)
4 700 (7/10) 273 (3/11) 455 (5/11) 333 (3/9) 455 (5/11) 1000 (11/11)
8 54.5 (6/11) 364 (4/11) 455 (5/11) 455 (5/11) 36.4 (4/11) 1000 (11/11)
12 ) 1000 (5/5) 400 (2/5) 60.0 (3/5) 40.0 (2/5) 80.0 (4/5) 100.0 (5/5)
16 100.0 (5/5) 40.0 (2/5) 60.0 (3/5) 60.0 (3/5) 80.0 (4/5) 100.0 {5/ 5)

CTL positive rates on the pre-vaccination, 4, 8™, 12™ or 16™ vaccination were examined in all patients {n=11), CR patients (n=6) and PD patients (n = 5). When
the ELISPOT Assay indicated +, ++ or +++, we judged it to be positive case. *p values.
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Table 5 Number of peptides induced CTL on 8"
vaccination

Patients no. Dose of Number of Average number
peptide (mg) peptides of peptides per
induced CTL patient
1 05 0 0.7
2 0.5 2
3 05 0
4 1.0 1 13
5 10 1
6 10 2
7 30 1 34
8 30 3
9 30 4
10 30 5
1 30 4

*Average number of peptides per patient which induced.
CTL on 8™ vaccination.
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Discussion

Our phase I clinical trial comprising a combination ther-
apy of multiple-peptide vaccine and CRT in patients with
HLA-A*2402 positive unresectable ESCC proceeded with
satisfactory safety levels in all the patients. Peptide-specific
CTL could be induced by the all peptide vaccine. In the
assessment of clinical response, 6 CR and 5 PD cases were
recognized, and 4 CR patients showed a prolonged
survival period for 2.0-4.6 years.

The immunotherapies for unresectable or advanced
ESCC patients using the peptide vaccines are of interest.
Using the NY-ESO-1 peptide mixed with Picibanil OK432
and montanide ISA-51, it has been demonstrated that this
peptide vaccine is able to elicite a CD4 and CD8 T cell
response [26]. The usefulness of peptide vaccines TTK
and URLC10 (LY6K), and KOC1 (IMP-3) have also been
investigated and antigen-specific CD8 T cell responses
successfully elicited in other studies [22,27]. However,
the effects of these studies were limited in their clinical
benefit.

In this study, we hypothesized that immunotherapy
may achieve effective clearance of residual cancer cells
after CRT and that this may improve the prognosis. It

(a) ELISPOT assay
R/S URLC10 (=)
2 -, — 38

ratio

1

0.5

0.25

0.13

(

(]
S—

(b) ELISPOT assay

300

250

2004

Specific Spots

0.5 025 0.13
R/S ratio

URLC10-Dextramer

19°

Figure 2 Representative immunological monitoring assays detecting peptide-specific CTL response. PBLs obtained from CR patient (case 6)
after the 8% vaccination were cultured with URLC10-peptide stimulation and subjected to the ELISPOT assay (a, b). The cultured lymphocytes were
analyzed by flow cytometry, and proportion of URLC10 dextramer positive cells in CD8*CD3*CD4™ cells were calculated (c).
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Table 6 Clinical responses

Patient no. Stage Clinical response* Number CR duration PFS (days) 0S (days) Outcome
8" vac. Final results of vac. period (year)
1 A CR CR 22 45 1659 1775 Alive
2 1151 CR CR 85 46 1681 1709 Alive
3 IVA PD PD 8 67 154 Dead
4 i PD PD 8 84 123 Dead
5 (i CR PD 12 127 765 Dead
6 n CR CR 69 29 1072 1234 Alive
7 B CR PD 26 2.0 733 1105 Alive
g [\ PD PD 10 176 231 Dead
9 VB PD PD 8 59 300 Dead
10 i CR CR 36 1.1 384 660 Alive
1 [\ PD PD 15 155 217 Dead

*Clinical responses of patients were analyzed after the 8" vaccination and the latest diagnosis points. CR: complete response; PD; progressive disease; PFS:
Progression-free survival; OS: overall survival.

(a) Original site : (b) Original site :
Pre-treatment Post- treatment (8" vaccination)

(¢) Lymph node metastasis : (d) Lymph node metastasis:
Pre-treatment Post- treatment (8t vaccination)

Figure 3 Computed tomography (CT) and endoscopic images of CR patient (case 6). The CT and endoscopic images of the original site
{a, b) and CT images of lymph nodes metastasis (c, d) in case 6, before (a, ¢) and after treatment by CRT with 8" vaccination (b, d) are shown.
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had been thought that the main mechanism of the
tumor reduction after irradiation is direct damage to
tumor DNA by ionizing irradiation. Recently, however,
several interesting studies have reported that local irradi-
ation of tumor tissue elicits immunomodulation effects
and inhibits tumor growth through the generation of
tumor-specific CTL [28]. This concept has been sup-
ported by the accumulating data of many investigators
based on basic and clinical studies [10-14,29]. Lugade
et al. reported that local radiation increased both the
generation of the peptide-reactive IFN-y producing
anti-tumor immune cells and their trafficking to the
tumor-draining lymph nodes [10]. The essential role of
CD8" T-cells in radiation therapy has been demon-
strated and it has been suggested that TLR4 on host
dendritic cells may be crucial role for induction of these
antitumor T cells [11,13,29]. Interestingly, Aktsu et al.
demonstrated that radiation itself not only kills the
tumor cells but can also evoke a systemic antitumor
effect (abscopal effect) by the enhancement of the heat
shock protein gp96 [30]. Furthermore, many studies sup-
port the immunomodulation effects of chemotherapy.
Hattori et al. demonstrated an increase of immunological
responses in cases of personalized peptide vaccination
combined with UFT and UZEL in metastatic colorectal
cancer patients and Sato et al. reported on the useful-
ness of the personalized peptide vaccine in combination
with TS-1 [31,32]. These results suggest that not only
radiation but also some kind of anticancer drug may
have potential could enhance the anti-tumor response
of immunotherapy.

In contrast, clinical trials of immunotherapy com-
bined with CRT have been few in number. Marten et al.
evaluated a randomized phase II trial of adjuvant ther-
apy of IFN-a combined with 5-FU/CDDP and radiation
in patients with RO or Rl pancreatic adenocarcinoma,
and concluded that this therapy had a minor impact on
the clinical response and the lowering of toxicity levels
[33]. However, no study has hitherto reported a clinical
trial of peptide vaccine combined with CRT in ESCC
patients.

In preliminary examination, we investigated the ad-
verse events of CRT standard regimens in Japan, with a
focus on the number of lymphocytes which is the key
of immunological response of tumor vaccine. Because
JCOG9906 showed the less grade of lymphopenia as
compared with that of other regimen, we selected this
regimen for our study (Additional file 3: Table S2). In
our clinical trial, we have demonstrated that our proto-
col was well-tolerated. Major toxicities were myelo-
suppression and esophagitis may be related to CRT, and
grade 3 toxicities of leucopenia, neutropenia, anemia
and thrombocutopenia occurred in 54.5%, 27.3%, 27.3%
and 9.1% of patients, respectively. With regards to the
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toxicities of unresectable advanced ESCC patients treated
with CRT, it was reported that grade 3 leukopenia, neutro-
penia, anemia and esophagitis were observed in 33.3%,
8.3%, 6.7% and 3.3% of the patients, respectively, and
grade 4 platelet, dyspnea and infection were observed in
3.3%, 1.7%, and 1.7% of the patients, respectively [8]. In
contrast to these studies, our protocol did not show any
grade 4 hematological toxicity and non-hematological
toxicity. As toxicity related to peptide vaccine, grade 1
local skin reactions at the injection sites of peptide vac-
cines were observed in 81.8% of patients, which is almost
the same results with that of previous study of peptide
vaccines for ESCC patients [25].

In the guidance of FDA for cancer vaccine, it states
that the maximum tolerated dose for a cancer vaccine
may not be identified except in very rare situations.
Furthermore it was also described that, when no DLT
is expected or achieved, optimization of other out-
comes, such as the immune response, can be useful to
identify doses for subsequent studies [34]. In our
study, DLT was not detected in any patients. However,
in a comparison of the CTL induction of 8th vaccin-
ation, we observed that the 3 mg of peptide seems to
induce peptide-specific CTLs more effectively than the
0.5 mg and 1 mg levels. Therefore, we recommend
that 3 mg be the basis for future study.

In this study, all biopsy samples of ESCC tissues col-
lected from patients showed clear expressions of HLA
class I antigen and all peptides antigens (URLC10, TTK,
KOC1, VEGFRI1, and VEGFR2). Positive rates of peptide
specific CTL reactions at the 8 vaccination were 54.5%
for URLC10, 36.4% for TTK, 45.5% for KOC1, 45.5% for
VEGFR1 and 36.4% for VEGFR2, and then increased to
40-100% at the 16™ vaccination. CTL positive levels for
URLC10, TTK and KOC1 are almost the same as those
found in previous reports which used the peptide vac-
cine in ESCC patients [22,23]. Regarding the mechan-
ism of CTL production, we speculate that the apoptosis
and necrosis of cancer cells by CRT may induce a pro-
inflammatory response in the tumor environment, and
may enhance the immunogenicity of the cancer cells
and antigen presentation of DC, and that this may result
in increased CTL production (Figure 4).

The clinical responses in our study were 6 CR (3 pa-
tients with stage II, 3 patients with stage III) and 5 PD
(1 patient with stage III, 4 patients with stage IV). It has
been reported that CRT itself showed CR at a rate of
62% (78% in the T1-2 disease and 55% in the T3 disease)
[7]. However, it is known that 30-50% of patients treated
with CRT recur within 1 year [4,5]. In contrast, our
study showed that in 4 cases out of 6 CR patients
showed a long and continuous CR period (2.0-4.6 years).
This study is a phase I trial and the primary endpoint
was toxicity. The patient number of this study is small
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Figure 4 Mechanism of peptide vaccine therapy combined with CRT.
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and we did not include the CRT patients without
peptide vaccines as a comparison group. Therefore, it is
difficult to clarify the clinical significance of these pro-
longed CR periods, at this stage. We expect that anti-
tumor effect of peptide vaccine for residual cancer cells
after CRT will become apparent in phase II trials.

Conclusions

To the best of our knowledge our study is the first cli-
nical trial of a multi-peptide vaccine combined with
CRT that has demonstrated the safety and induction of
peptide specific CTL followed by a long CR period in
unresectable ESCC patients. Our results point to the
need to move forward to the next-stage of this combi-
nation therapy in an adjuvant setting of ESCC patients.

Additional files

Additional file 1: Figure S1. Treatment protocol.
Additional file 2: Table S1. Peptide antigen-specific CTL responses in
PBLs evaluated by ELISPOT assay.

Additional file 3: Table S2. Comparison of toxicities in two regimens
of CRT.
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Natural Killer Cells Are Essential for the Ability of BRAF
Inhibitors to Control BRAFV6°°E-Mutant Metastatic
Melanoma

Lucas Ferrari de Andrade’-?, Shin F. Ngiow?, Kimberley Stannard?, Sylvie Rusakiewicz®*°,

Murugan Kalimutho®, Kum Kum Khanna®, Siok-Keen Tey’, Kazuyoshi Takeda®,
Laurence Zitvogel>*®'®, Ludovic Martinet?, and Mark J. Smyth® !

Abstract

BRAF'*™ i5 a major oncogenic mutation found in approximately 50% of human melanoma that confers
constitutive activation of the MAPK pathway and increased melanoma growth. Inhibition of BRAFV*%F by
oncogene targeting therapy increases overall survival of patients with melanoma, but is unable to produce
many durable responses. Adaptive drug resistance remains the main limitation to BRAF*"F inhibitor clinical
efficacy and immune-based strategies could be useful to overcome disease relapse. Tumor microenvironment
greatly differs between visceral metastasis and primary cutaneous melanoma, and the mechanisms involved in
the antimetastatic efficacy of BRAF'*°*F inhibitors remain to be determined. To address this question, we
developed a metastatic BRAF'***“-mutant melanoma cell line and demonstrated that the antimetastatic
properties of BRAF inhibitor PLX4720 (a research analogue of vemurafenib) require host natural killer (NK)
cells and perforin. Indeed, PLX4720 not only directly limited BRAF'***-induced tumor cell proliferation, but
also affected NK cell functions. We showed that PLX4720 increases the phosphorylation of ERK1/2, CD69
expression, and proliferation of mouse NK cells in vitro. NK cell frequencies were significantly enhanced by
PLX4720 specifically in the lungs of mice with BRAFY*°F lung metastases. Furthermore, PLX4720 also
increased human NK cell pERK1/2, CD69 expression, and IFNY release in the context of anti-NKp30 and IL2
stimulation. Overall, this study supports the idea that additional NK cell-based immunotherapy (by checkpoint

7298

blockade or agonists or cytokines) may combine well with BRA

FV*F inhibitor therapy to promote more

durable responses in melanoma. Cancer Res; 74(24); 7298-308. ©2014 AACR.

Introduction

Metastatic melanoma is a skin cancer with increasing
incidence rate and poor prognosis. The mean 5-year relative
survival rate for metastatic melanoma is only 16% (1). Until
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recently, the therapeutic options for patients with advanced-
stage metastatic melanoma were very limited and remained
largely ineffective in improving patient's survival (1). The
identification of activating point mutations of the BRAF gene
has been a major breakthrough in the management of meta-
static melanoma (2). Valine to glutamic acid substitution at
codon 600 (BRAFV*%F) ig the most common mutation present
in BRAF gene and is approximately found in 50% of all
melanoma cases (3). BRAF'**® has been shown to trigger
constitutive activation of the MAPK pathway, resulting in
increased cell proliferation and invasiveness (2). The large
proportion of patients bearing BRAF*F mutations provided
a strong rationale for the development of small-molecule—
based BRAFV*"%E_gelective inhibitors. Vemurafenib (PLX4032),
and its research analogue PLX4720, are ATP-competitive inhi-
bitors for BRAFV*** shown to reduce the kinase activity of this
protein, consequently inhibiting the MAPK pathway and cell
proliferation of BRAF'****-mutated melanoma (4, 5). Vemur-
afenib demonstrated improved overall and progression-free
survival rates in most patients with previously untreated
BRAFY*°E melanoma (3, 6) and was approved in 2011 by the
US. FDA in the treatment of late-stage or unresectable mel-
anoma (FDA Reference ID: 3001518). However, complete and
durable remissions were rarely observed and progression-free
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survival did not exceed 5 to 7 months upon treatment with
BRAF inhibitors (7). Drug resistance remains to date a major
factor that limits BRAFY**" inhibitor clinical efficacy and the
discovery of strategies overcoming adaptive resistance may
have a huge impact on a patient's clinical outcome (8, 9).

BRAFY*"F mutation contributes to melanoma immune
escape (10) and accumulating evidence indicates that the
efficacy of BRAF inhibitors relies on the activation of
immune components against cancer cells (11-14). BRAF
inhibition was associated with a decreased production of
immunosuppressive soluble factors such as 1L10, VEGF, and
L6 (12, 14, 15). An enhanced expression of melanoma-
associated antigens together with an increased infiltration
of CD8" T lymphocytes was also observed in metastases
of patients receiving BRAF inhibitors (12-14, 16). Using
resistant variants of Braf'***"-driven mouse melanoma and
melanoma-prone mice, our group recently demonstrated
that combination therapy between PLX4720 and anti-CCL2
or agonistic anti-CD137 antibodies had significant antitu-
mor activity, suggesting that immune-based therapy repre-
sents a promising strategy to overcome BRAF inhibitor drug
resistance (11, 17).

Tumor microenvironment differs greatly between visceral
metastases and primary cutaneous melanoma and may
directly affect antitumor immune reactions and the efficacy
of BRAFY*™* inhibitors (18, 19). A better understanding of
the antimetastatic effect of BRAF inhibitors is therefore
required. In this study, using the first described mouse
model for metastatic BRAFY*"® melanoma, we establish
that natural killer (NK) cells are critical for the therapeutic
effect of PLX4720 through a perforin-dependent pathway.
We show that PLX4720 treatment, in the context of IL2,
directly enhances mouse NK cell ERK1/2 phosphorylation,
proliferation, and CD69 expression and human NK cell
ERK1/2 phosphorylation, CD69 expression and IFNY release
post NKp30 ligation. Finally, we demonstrate that treatment
with a low dose of IL2 improves the antimetastatic efficacy
of PLX4720 providing a strong rationale for combining NK
cell stimulatory agents and BRAF inhibitors in metastatic
melanoma.

Materials and Methods

Cell lines

The BRAF'® SMIWT1 melanoma cell line has already
been described (11). The LWT1 cell line was derived from
SMIWT1 by the intravenous injection of 5 x 10° SMIWT1 into
C57BL/6 wild type (WT) mice (Fig. 1). Both SMIWT1 and
LWT1 cell lines were maintained in complete RPMI-1640 with
10% heat-inactivated FCS, 2 mmol/L glutamax, 100 U/mL
penicillin, and 100 pg/mL streptomycin. The genotyping for
BRAFY*™F was achieved as previously described (20). BI6F10
cells were sourced from ATCC, cultivated in complete DMEM
supplemented as above. The original B16F10 cells were short
tandem repeat DNA profiled, grown to bulk, and were never
passaged for more than 2 weeks. They were routinely tested for
mycoplasma by MycoAlert mycoplasma detection kit (Lonza,
catalog number LT07-318).

Mice

C57BL/6 WT mice were purchased either from Animal
Resources Centre or Walter and Eliza Hall Institute of Medical
Research (Parkville, Australia) and maintained at QIMR Ber-
ghofer Medical Research Institute (QIMR, Herston, Australia).
C57BL/6 Cd226™"~, Ifng""/ ~, and Pfp”/" mice have been pre-
viously described (11) and were bred, genotyped, and main-
tained at the QIMR. Seven- to 12-week-old male mice were used
according to the QIMR animal ethics committee.

In vitro treatment of LWT1 and B16F10

The ICsp of the cell lines were determined by Alamar Blue
(Invitrogen, catalog number DAL1025) assay according to the
manufacturer's instructions. MHC class I, Rae-1, and CD155
expression were analyzed on LWT1 or B16F10 cells after 24
hours in the presence of PLX4720 (10 imol/L) or an equivalent
amount of DMSO. Cells were then incubated with Fc blocking
buffer (2.4G2 antibody) and the following fluorescence conju-
gated mAbs: anti-mouse- CD155 (4.42.3), Rae-1 (186107), and
relevant IgG isotype controls, all from Biolegend or R&D
Systems. MHC class T was detected by incubation with bioti-
nylated anti-mouse H2K® (AF6-88.5) or H2D (28-14-8), with
subsequent incubation with Allophycocyanin-conjugated
streptavidin, all from BD Biosciences (catalog number
554067). All antibodies were diluted in 0.5% FCS 2 mmol/L
EDTA PBS. Samples were acquired on a LSR IV Fortessa Flow
Cytometer (BD Biosciences). Data were analyzed on Flow]Jo
V10 (Treestar).

Western blotting

LWT1 or B16F10 cells were treated with 2.5, 5.0, or
10.0 pmol/L of PLX4720 or equivalent amount of DMSO.
Purified human and mouse NK cells were cultivated with 1
nmol/L of PLX4720 or DMSO in complete RPMI supple-
mented with 300 U/mL IL2. After 24 hours, cells were
harvested and resuspended in RIPA lysis buffer with pro-
tease inhibitors (Roche Diagnostics GmbH), 1 mmol/L
sodium orthovanadate (Sigma), and 10 mmol/L sodium
fluoride. Cells were then lysed by passing them through a
25-gauge needle 10 times and centrifuged at 13,200 rpm/4°C
for 20 minutes to remove cell debris. Protein concentration
was determined using the bicinchoninic acid protein assay
reagent (Pierce, Thermo Fisher Scientific). Each protein
sample (30 pg) was resolved on SDS-polyacrylamide gels
and transferred to a PROTRAN BA 83 nitrocellulose mem-
brane (Whatman Schleicher & Schuell; Sigma). Immunode-
tections were performed using anti-pERK1/2Thr202/204
(D13.14.4, #4370) and ERK1/2 (137F5,#4695, Cell Signaling
Technology), anti-c-MYC (Y69, #1472-1, Abcam) rabbit poly-
clonal antibodies were used in conjunction with an horse-
radish peroxidase-conjugated anti-rabbit secondary antibody
(Amersham, GE Healthcare). Equal loading was assessed using
B-actin (Sigma) mouse monoclonal primary antibodies. The
Super Signal chemiluminescent system (Pierce, Thermo Fisher
Scientific) or ECL-plus (Amersham) was used for detection.
Quantification of protein-band intensities by densitometric
analysis was performed using NIH Image] software (NIH,
Bethesda, MD).
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Figure 1. LWT1 is amodel of metastatic BRAF"**°F melanoma sensitive to PLX4720 inhibition. A, metastatic BRAF***E-mutant cell line LWT1 was generated

by intravenous injection of 5 x 10° SM1WT1 cells into C57BL/6 WT mice. After 30 days, the lungs with tumor nodules were meshed through a 70-pum cell
strainer and cultured as described in Materials and Methods. B and C, the indicated doses of LWT1 or SM1WT1 parental cell lines were injected intravenously
in WT mice. After 14 days, lungs were harvested, perfused with india ink, and the number of metastases was counted under a microscope. B, representative
pictures of lungs from each group of mice. C, graph representing the mean & SEM number of lung metastases in the indicated group of mice. Each symbol
represents one individual mouse. ND, not detected. D and E, LWT1 or B16F10 melanoma cells were treated in vitro with the indicated doses of PLX4720 or
equivalent amount of DMSO. D, graph showing the mean == SEM proliferation (Alamar Blue assay) of the LWT1 and B16F10 cell lines after 48 hours of culture
with the indicated dose of PLX4720. Data are representative of three independent experiments. E, representative Western blot analysis with the indicated
antibodies. Data are representative of three independent experiments. Fold increase in pERK1/2 relative to no PLX 4720 control is recorded above the lane. F
and G,5 x 10° LWT1 (F)or 2 x 10° B16F10 (G) were injected i.v. in C57BL/6 WT mice. Mice were treated with 20 mg/kg or equivalent amount of DMSO daily
from day 1 to 7. After 14 days, lungs were harvested and representative picture of lungs from each group of mice and graph representing the mean + SEM
number of lung metastases in the indicated groups of mice are shown. Pooled data from two independent experiments are shown. Each symbol representing
one individual mouse. ***, P < 0.001 Mann-Whitney test.

Transplant model and treatments from day 1 to day 7 relative to tumor cell inoculation by i.p.

Pulmonary metastasis assays were performed by tail vein injections. To examine IL2 immunotherapy of metastases,
injection of 5 x 10° LWT1 cells or 2 x 10° B16F10 cells. PLX4720 some groups of mice received either PBS or recombinant IL2
(20 mg/kg) or equivalent amount of DMSO was given daily (10,000 or 100,000 U, Chiron Corporation) from day 1 to 5.
Cancer Res; 74(24) December 15, 2014 Cancer Research
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Autibody depletions were performed by i.p. injections of 100 p1g
of control rat TgG (HRPN - BioExcell), anti-CD4 (GK1.5 -
BioExcell), anti-CD8pB (53.5.8 - BioExcell), anti-NK1.1 (PK136
- BioExcell), anti-IFNy (H22 - prepared in house), anti-NKG2D
(C7 - prepared in house), or anti-asialo(as)GM1 (Wako Che-
micals) on days —1, 0, and 7, relative to tumor challenge. The
in vivo immune modulatory effects of PLX4720 on spleen NK
cells were tested by daily treatment with 20 mg/kg of PLX4720
or an equivalent amount of DMSO for 3 days followed by
euthanasia and analysis of NK cells from spleens by flow
cytometry. To visualize the LWT1 metastasis, lungs were
intratracheally perfused with 30% India Ink PBS, followed by
PBS wash and 24-hour incubation with Fekete's Solution.
Lung photographs and metastasis counts were both performed
with a Nikon SMZ745T microscope and NIS-Elements (F4)
software.

Cells preparation and flow cytometry

Spleens were meshed, filtered at 70 um, and washed in PBS.
Red blood cells were lysed by ACK buffer incubation for 1
minute. Single-cell suspensions were incubated for 15 minutes
in Fc blocking buffer (2.4G2 antibody) and stained with the
following fluorescence-conjugated mAbs, all diluted at 0.5%
FCS 2 mmol/L EDTA PBS: anti-mouse- CD3¢ (145-2C11), TCRB
(H57-597), and NK1.1 (PK136). All mAbs were purchased from
Biologend or eBioscience. Samples were acquired on a LSR IV
Fortessa Flow Cytometer (BD Biosciences). Data were ana-
lyzed on FlowJo V10 (Treestar).

In vitro activation of mouse and human NK cells

C57BL/6 spleen NK cells were purified by flow cytometry
(Beckman Coulter MoFlo High Speed Cell Sorting) after stain-
ing with anti-CD3e (145-2C11) and NK1.1 (PK136). NK cells
were stained with 1 pumol/L Cell Trace Violet (Invitrogen) for 10
minutes at 37°C followed by FCS and PBS wash. Human
peripheral blood mononuclear cells (PBMC) were prepared
on a Ficoll-Paque density gradient (Amersham Biosciences
AB) by centrifugation (800 x g, 30 minutes at room temper-
ature) and human CD37CD56" NK cells were negatively
selected by magnetically activated cell sorting (NK cell isola-
tion kit II, Miltenyi Biotec) according to the manufacturer's
instructions.

Mouse or human NK cells were then cultured with the
indicated concentrations of PLX4720 or an equivalent
amount of DMSO in complete RPMI-1640 supplemented
with 300 U/mL of human recombinant IL2. The analysis of
ERK phosphorylation was performed after 24 hours in both
species. Mouse NK cell activation and proliferation were
assessed by flow cytometry by CD69 staining (H1.2F3) and
Cell Trace Violet dilution after 3 days of cultures. Human NK
cell activation was analyzed by CD69 expression after 6 days
of culture.

In some experiments, purified NK cells (from 9 different
donors) were cultured overnight (20 hours) in complete medi-
um (RPMI 10% plus Human AB serum, 1% penicillin/strepto-
mycin, 2 mmol/L glutamine, 2 mmol/L sodium pyruvate) with
DMSO, PLX (0.3-3.0 tmol/L) with or without IL2 (300 U/mL).
NK cells were recovered, counted, and plated (5 x 10*/well)ina

96-well MAXISORB cross-linking plate (Nunc) precoated with
2.5 ug/ml anti-NKp30 (clone 210847, R&D Systems) or the
IgG2a isotype control. NK cells were incubated at 37°C for an
additional 20 hours and the supernatants were harvested and
IFNY measured by ELISA (BD Biosciences).

SICr release cytotoxicity assay

NK cells were stimulated with 10 ng/mL of IL15/IL15R
complex (eBioscience; #14-8152-80) for 48 hours in com-
plete RPMI and used as effector cells. LWT1 or B16F10 cells
were treated with 10 pmol/L of PLX4720 or equivalent
amount of DMSO for 24 hours and used as target cells.
The target cells were incubated with *'Cr for 60 minutes,
washed in PBS, and 1,000 cells dispensed in 96-well V
bottom plates. Effector cells were plated at an effector:
target ratio of 1:1, 5:1, and 10:1, and incubated at 37°C for
4 hours. When indicated rat IgG (HRPN - BioExcell, 10
ug/mL), or anti-CD226 (480.1 ~ BioExcell, 10 ug/mL) was
used in the assay. "'Cr release in the supernatant was
determined by reading on a Wallac 1470 WIZARD Gamma
Counter and the % of killing calculated by the following
equation: % specific killing = (sample cpm — spontaneous
release)/(maximum release — spontaneous release) x 100.

Statistical analysis

Statistical analysis was achieved using GraphPad Prism 6
software. Unpaired Mann-Whitney test or Student £ test was
used for comparison between groups with statistical signifi-
cance when Pvalues were below or equal to 0.05 (*), 0.01 (**), or
0.001 (***).

Resuits

LWTI1 is a model of metastatic BRAF'**°F melanoma
sensitive to PLX4720 inhibition

In the absence of immune-competent BRAFY*** melano-
ma models, the mechanisms involved in antimetastatic effi-
cacy of BRAFY*“E.gpecific inhibitor PLX4720 remain
unknown. We therefore derived an experimental metastatic
cell line from the previously described BRAF'**™ SM1WT1
melanoma (11, 20) by intravenous passage through the lungs
of a wild-type (WT) mouse (Fig. 1A). This metastatic mela-
noma cell line, termed LWTI, induced in 2 weeks the con-
sistent formation of metastatic colonies restricted to the
lungs in a dose-dependent manner, whereas the injection of
an equal number of parental cell line SM1WT1 did not (Fig. 1B
and C). Consistent with previous results obtained with the
parental cell line SMIWT1 (11), we found that PLX4720 had
modest activity against LWT1 (somewhat PLX4720 resistant;
ICsp = 15.5 pumol/L), whereas PLX4720 had little detectable
effect on BRAF"" melanoma cell line B16F10 (ICs, = 69.2
umol/L; Fig. 1D). ERK1/2 was constitutively phosphorylated
in the LWT1 BRAFV**F cell line and treatment with PLX4720
for 24 hours produced a dose-dependent reduction in the
phosphorylation of ERK1/2 (Fig. 1E). This was associated with
a decrease in c-Myc expression, a downstream target of
ERK1/2 involved in cell proliferation (4), confirming the
inhibition of the MAPK pathway by PLX4720 (Fig. 1E). In
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contrast, the basal level of ERK1/2 phosphorylation was
very low in BRAF* B16F10 tumors but low concentrations
of PLX4720 slightly increased the phosphorylation of
ERK1/2 and had no impact on c-Myc expression (Fig. 1E).
These data confirm the findings of previous reports showing
that PLX4720 promotes the phosphorylation of ERK in
BRAFWT melanoma cells (21, 22). We then tested the anti-
metastatic effect of PLX4720 in vivo and it was able to reduce
the quantity of pulmonary metastatic foci of LWT1 by
approximately 50% (Fig. 1F), while it did not affect the
number of B16F10 metastases (Fig. 1G). PLX4720 was super-
ior to either anti-CTLA-4 or anti-PD-1 treatment alone and
enabled enhanced survival in this model (Supplementary
Fig. S1). These results show in a metastatic context that
PLX4720 has specific antimetastatic effects against BRAF'5*F
melanoma cell lines.

PLX4720 control of pulmonary LWT1 metastasis is NK
cell dependent

Given the accumulating evidence showing the ability of
BRAF inhibitors to modulate antimelanoma immune reac-
tions, we analyzed the role of immune components in PLX4720
antimetastatic properties in vivo. PLX4720 greatly reduced the
number of metastases in the lungs of Ig-treated mice as
compared with DMSO-treated group (Fig. 2A and B). Similar
reduction with PLX4720 was observed in mice depleted with
both CD4 and CD8 mAbs (Fig. 2B). In contrast, we found that
this drug had no detectable antimetastatic effect in NK cell-
depleted mice (Fig. 2A and B). The role of NK cells in PLX4720
efficacy was subsequently validated using another antibody to
deplete NK cells (anti-NK1.1; PK136; Fig. 2B). The antimeta-
static effect of PLX4720 was lost in mice depleted of NK cells
even at a lower dose of LWT1 tumor cells (Supplementary
Fig. S2). These results demonstrated that the antimetastatic
effects of PLX4720 relied not only on the intrinsic inhibition of
melanoma cell proliferation, but also required the action of
host NK cells.

Antimetastatic effect of PLX4720 depends on NK cell-
mediated cytotoxicity

‘We next evaluated the importance of effector pathways in
PLX4720-driven NK cell-mediated control of LWT1 lung
metastasis. We observed that PLX4720 was still effective in
mice neutralized for IFNY or in mice deficient for IFNy (_/ ),
suggesting that the IFNy pathway was not required for
PLX4720 efficacy in vivo in this mouse tumor model (Fig.
3A). In contrast, mice deficient in perforin (pr—/ ~) alone or
additionally neutralized for IFNY were unable to control LWT1
metastasis when treated with PLX4720 (Fig. 3A). These results
suggested that in the LWT1 tumor model, perforin played a
major role in controlling the antimetastatic efficacy of
PLX4720.

NK cell release of cytotoxic granules is controlled by the
integration of signals received by a wide set of activation and
inhibitory receptors (23, 24). We could not detect Rae-1 family
ligands while CD155 was highly expressed on LWT1 cells (Fig.
3B). In contrast, the expression of MHC-I molecules H2-K® and
H2D® was low at the cell surface of LWT1 cells (Fig. 3B). In
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Figure 2. Antimetastatic effects of PLX4720 require NK cells. C57BL/6
WT mice were injected with the indicated depleting antibodies and
were challenged intravenously with 5 x 10% LWT1 melanoma cells.
Mice were subsequently treated with 20 mg/kg or equivalent amount
of DMSO daily from day 1 to 7. After 14 days, lungs were
harvested and perfused with India ink and lung metastases were
counted under a microscope. A, representative pictures of lungs from
the indicated group of mice. B, graph representing the mean + SEM
numbers of lung metastases in the indicated group of mice.

Pooled data from two independent experiments are shown. Each
symbol represents one individual mouse. NS, nonsignificant, P > 0.05;
", P <0.05; ***, P < 0.001 Mann-Whitney test.

accordance with the low density of MHC-I and the presence of
CD226 ligands, we found that LWT1 was well killed by acti-
vated NK cells in 4-hour classical *'Cr assays (Fig. 3C). Inter-
estingly, the presence of anti-CD226 antibodies in the assay
was able to limit LWT1 killing, suggesting that the CD226
interaction with CD155 is important for NK cell recognition of
LWT1 (Fig. 3C).

Therefore, using gene-targeted mice for CD226 (Cd226™'7),
we tested the role of these receptors in PLX4720-driven NK cell-
mediated control of LWT1 lung metastasis. We found that the
effect of PLX4720 was partially compromised in Cd226~/~ mice
(Fig. 3D). Additional neutralization of NKG2D did not further
abrogate the activity of PLX4720 (Fig. 3D). Altogether, our
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Figure 3, PLX4720 requires perforin and CD226 for optimal antimetastatic activity. A and D, the indicated strains of mice were challenged intravenously
with 5 x 10° LWT1 melanoma cells and subsequently treated with 20 mg/kg or equivalent amount of DMSO daily on days 1 to 7. Antibody neutralization was
performed on days —1, 0, and 7 relative to tumor challenge. After 14 days, lungs were perfused with India ink and metastases were counted under a
microscope. A and D, the mean 1 SEM number of lung metastases in the indicated groups of mice are shown. Data are pooled from two
independent experiments. Each symbol represents an individual mouse. B, LWT1 cells were stained with antibodies against the indicated extracellular
proteins and analyzed by flow cytometry. The gray histograms represent isotype controls, whereas the black lines represent the test staining. C, LWT1 cells
were ¥ Cr-labeled followed by 4 hours of coculture with activated NK cells in the presence of Ig control or anti-CD226 antibodies. Graph represents
the mean =+ SD of experimental replicates. Data are representative of three independent experiments. E and F, LWT1 and B16F10 cells were treated in vitro
with 10 umol/L of PLX4720 or equivalent amount of DMSO for 24 hours. Cells were either labeled S'Cr and used as target in a cytotoxicity assay (E) or
analyzed by flow cytometry for Rae-1 and CD155 expression (F). E, NK cells were activated in vitro for 48 hours with media supplemented with 10 ng/mL
1L15/IL15Re followed by 4 hours of incubation with PLX4720 or DMSO-treated B16F10 or LWT1 cells. Data are representative of three independent
experiments. Graphs show mean % SD of three experimental replicates. NS P > 0.05; *, P < 0.05; **, P < 0.01; Mann-Whitney test.

results show that the antimetastatic effects of PLX4720 require
both perforin-mediated cytotoxicity and in part, tumor recog-
nition via CD226.

To test whether PLX treatment of tumor cells increased
LWT1 sensitivity to NK cell-mediated killing, LWT1 or B16F10
was cultured in vitro in the presence of 10 mol/L of PLX4720
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