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Xenografts derived from patients with head and neck
cancer recapitulate patient tumour properties
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Abstract. Rodent models mimic the heterogeneity of head
and neck cancer (HNC) malignancies and are used to
investigate HNC-associated biomarkers and evaluate drug
responses. To assess the utility of patient-derived xeno-
grafts (PDXs) as an HNC model, 18 tumour samples were
obtained from surgical specimens of patients with HNC and
implanted into non-obese diabetic severe combined immu-
nodeficient mice. The histological features of PDXs and
corresponding patient samples were compared. Furthermore,
the present study investigated how PDX responses to anti-
cancer drugs mimic patient clinical responses, as well as
the expression of adenosine triphosphate-binding cassette
transporters through chemotherapy in an HNC-PDX model.
A total of five PDXs from patients with HNC exhibiting
high correspondence with histopathological features of the
original patient samples were established (establishment
rate, 28%). The responses of three PDXs to cisplatin were
associated with clinical responses of the patients. ABC
transporter expression was augmented in one PDX model
after anticancer drug treatment, but not in PBS-treated
passaged PDXs. PDX models exhibited similar biological
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and chemosensitive characteristics to those of the primary
tumours. PDXs could be a useful preclinical tool to test
novel therapeutic agents and identify novel targets and
biomarkers in HNC.

Introduction

During the treatment of head and neck cancer (HNC),
chemotherapy plays an important role, in addition to
surgery and radiotherapy. However, the response rate
to current drugs is not sufficient. To overcome this, the
development of new, more effective anti-cancer agents and
proper preclinical animal models to recapitulate patient
disease is required. Rodent models have been convention-
ally used for translational cancer research, which ranges
from the biological understanding of HNC to the evaluation
of pharmacokinetics. Cell line-derived xenograft (CDX)
models have been established by injecting cell lines, which
were generated using tumour cells isolated from patients
with HNC, subcutaneously into immunodeficient mice, and
these are widely used for in vivo experiments. However,
even though CDX models can suggest effective novel drug
candidates, a significant number of these drugs fail in
clinical trials, especially those for solid tumours (1). This
limited predictive power is attributed to the CDX models'
inability to capture the diverse heterogeneity of human
malignancies as well as their differences from the actual
patient tumours (2). To overcome the limitations of CDX
models, patient-derived xenograft (PDX) models have been
introduced to reflect the original patient tumours (2). PDX
models have been established by transplanting tumour
specimens directly into immunodeficient mice, and these
retain the tumour heterogeneity observed in primary tumour
specimens. In previous reports, PDX models of HNC were
shown to recapitulate the histology of the original tumour
and generate stable gene expression patterns (3); however,
the therapeutic responses of HNC PDXs relative to those
of the corresponding patient tumours have not been suffi-
ciently evaluated. Here, we aimed to confirm that PDX
models of HNC accurately replicate clinical outcomes for
patients. To investigate the change in biomarker expression
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by administration of a target drug in a PDX model, we
evaluated the expression of adenosine triphosphate-binding
cassette (ABC) transporters, a group of membrane trans-
porters that translocate different molecules through the
cellular membrane, mainly to the extracellular space,
using ATP as an energy source (4). The expression levels
of ABC transporters on exposure to anti-HNC drugs have
been evaluated in vivo using HNC cell lines (5). Moreover,
previous studies showed that ABC transporters are involved
in intrinsic and acquired drug resistance and are associated
with worse prognosis for HNC (6). Thus, in this study, we
also assessed the relationship between ABC transporter
expression and chemosensitivity in PDXs that reflect
original patient tumours.

Materials and methods

Patient samples. Eighteen resected HNC tumour specimens
obtained at the Division of Otolaryngology and Head and
Neck Surgery at Kanazawa University were implanted for the
establishment of PDXs. TNM classification of the patients was
compliant with the UICC TNM classification, 8th edition (7).
This study complied with the Declaration of Helsinki and was
approved by the investigational Review Board of Kanazawa
University (no. 2015-125). All patients included in this study
provided written informed consent.

Establishment and passage of patient-derived xenografts.
Non-obese diabetic severe combined immunodeficient
(NOD-SCID) mice (Charles river laboratories Japan, INC.,
Kanagawa, Japan) were used to implant tumour fragments
from patients (FO generation). Five tumour pieces (1-2 mm
in diameter) were suspended in Matrigel and subcutane-
ously transplanted into NOD-SCID mice within 24 h of
tumour excision. Tumour fragments were implanted into
~4 mice on the basis of patient tumour volume. Additional
tissue samples were stored at -80°C with Cell Reserver One
(Nacalai Tesque) and DMSO for further experiments. About
2-3 months post-transplantation, engrafted tumours of
approximately 1 cm? corresponding to F1 generations were
surgically excised and small fragments were retransplanted
into another NOD-SCID mouse. Xenograft tumours larger
than 1 cm3 were not observed in this study. Tumours were
passaged no more than five times. Tumour collection date
[X(year)/(month)/(day)], time to harvest (days), and last
passage are shown in Tables SI, SII, and SIII. All animal
procedures were approved by the Ethical Committee of
the Laboratory for the Animal Experiments, Graduate
School of Medical Science, Kanazawa University (permit
number: AP-173861) and were performed in compliance
with the guidelines of this committee. A flow rate of
30% chamber volume displaced/min with CO, was used
for euthanizing the animals that had completed the experi-
ment.

Hematoxylin and eosin (H&E) staining of primary tumours and
xenografts. To compare xenografts to the original specimens,
tissues from patient tumours and PDXs were formalin-fixed
immediately after collection, paraffin-embedded, and stained
with H&E according to standard protocols.

Short tandem repeat (STR) profiling. The profiles of 10 core
STR markers (THO1, D21S11, D5S818, D13S317, D7S820,
D16S539, CSF1PO, AMEL, vWA, and TPOX) were examined
to determine the relatedness of patient tumours to a series of
their PDXs (BEX Co., Ltd.). All frozen tissue specimens were
used in this experiment.

Immunohistochemistry (IHC). The original patient tumours
and PDXs were embedded in paraffin and used for the
immunohistochemical analysis of the expression of Ki-67,
epidermal growth factor receptor (EGFR), p53, multiple drug
resistance-1 (MDR-1), and multidrug resistance-associated
protein-2 (MRP-2). MDR-1 and MRP-2 are ABC transporters
that were reported to be prognostic markers for HNC (6).
Three-micrometer-thick sections were prepared from each
block of tissues embedded in paraffin. Deparaffinized
sections were treated with 3% hydrogen peroxide for
10 min to inactivate endogenous peroxidase activity. The
sections were then incubated with a protein blocker (Dako)
for 20 min and incubated at 4°C overnight with anti-Ki-67
(rabbit monoclonal, ab16667, RRID:AB_302459, 1:200,
Abcam), anti-EGFR monoclonal (rabbit monoclonal,
ab40815, RRID:AB_732110, 1:250, Abcam), anti-p53 mono-
clonal (rabbit monoclonal, ab33889, RRID:AB_776988,
1:200, Abcam), anti-MDR-1 polyclonal (rabbit polyclonal,
bs-0563R, RRID:AB_10856233, 1:100, BIOSS Inc., Boston,
USA), and anti-MRP-2 polyclonal (rabbit polyclonal,
bs-1092R, RRID:AB_10856413, 1:100, BIOSS Inc) primary
antibodies. The sections were then washed three times with
phosphate-buffered saline (PBS, pH 7.2). After washing, the
sections were exposed to Envision + System-HRP Labelled
Polymer Anti-Rabbit secondary antibody (Dako) for 60 min.
The reaction products were developed by immersing the
sections in a 3,3'-diaminobenzidine tetrahydrochloride solu-
tion. Sections were counterstained with hematoxylin. The
Ki-67 index is calculated as the percentage of positive cells
per 1,000 counts of the total cells.

Chemosensitivity testing. F2 generation PDXs obtained from
NOD-SCID mice were engrafted into BALB/c-nu/nu mice
(Charles River Laboratories, Inc.), and small fragments were
retransplanted into new BALB/c-nu/nu mice for drug admin-
istration tests. When tumours were palpable, F3 generation
PDX tumour-bearing BALB/c-nu/nu mice were randomized
to treatment or control groups consisting of six mice each.
BALB/c-nu/nu mice were chosen because passaged tumours
would continue to grow in less immunocompromised mouse
strains and to ensure the comparability of results because the
appropriate doses were previously assessed in this strain by
our group. PDX tumour-bearing BALB/c-nu/nu mice were
treated for two consecutive weeks with weekly paclitaxel
(20 mg/kg; Nippon Kayaku Co., Ltd.), weekly cisplatin
(2.5 mg/kg; Nippon Kayaku), or weekly PBS (as a control)
intravenous injections. Two-dimensional tumour measure-
ments were performed with a sliding calliper once weekly.
Individual tumour volumes were calculated using the formula:
V (mm?3) = 1/2xaxb? (where ‘a’ was the longest tumour diam-
eter and ‘b’ was the shortest tumour diameter). We could test
drug response of P-2, P-3 and P-5 in vivo, but not of P-1 and
P-4, because we only had frozen PDX specimens of P-1 and
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P-4 and could not make PDX models for this examination
from these samples.

Scoring of ABC transporter protein expression. The sections
were observed using the ECLIPSE Ni upright microscope
(Nikon). Positive ratio scores were based on the percentage of
positive cells in a high-power field, as follows: Score 0 (0-10%);
score 1 (11-25%); score 2 (26-50%); score 3 (51-75%); and
score 4 (76-100%). The investigator also ranked the expression
intensity from O (no expression) to 3 (very strong expres-
sion). The positive ratio score and expression intensity score
were multiplied, and each tumour score was then calculated
as the mean of five high-power fields. For F3' (F3 after drug
treatment), the final scores were averaged from six mice.
Consequently, the lowest score was 0, and the highest score
was 12. Tissues slides from healthy liver sections were used
as positive controls. We could examine the expression of ABC
transporters expression in P-2, P-3 and P-5, not P-1 and P-4, as
mentioned above.

Statistical analysis. All analyses were performed with
SPSS statistical software (Version 23; RRID:SCR_002865,
IBM Corp.). Inter-relations between engraftment rates
and patient characteristics were examined by performing
Fisher's exact tests or unpaired Student's t-tests. The
in vivo effects of paclitaxel or cisplatin vs. the control were
evaluated using a mixed two-way analysis of variance with
Bonferroni's test as a post hoc test to compare the tumour
volumes. The protein expression scores of MDR-1 and
MRP-2 in FO, F3, and F3' (F3 at the end of chemotherapy)
groups were evaluated by performing a Kruskal-Wallis test,
using Mann-Whitney tests and a Bonferroni correction as
a post hoc test [F3 or F3' (treated with PBS, paclitaxel, and
cisplatin) vs. FO]. A P-value of <0.05 was considered statisti-
cally significant.

Results

Establishment of PDXs and patient characteristics. The
primary lesions of tumours are shown in Table I. Oral cancers
comprised six cases and were the most common. Of all 18
resected HNC tumours that were implanted into NOD-SCID
mice for PDX establishment, five (28%) engrafted and could
be passaged. The characteristics of patients are shown
in Table II. PDX establishment was significantly associ-
ated with surgical margin-positive cases, but not with sex,
smoking status, pre-treatment, histologic type (squamous
cell carcinoma or other), Ki-67 index, TNM, staging,
or recurrence at 6 months after surgery. When surgical
margin-positive cases were retrospectively evaluated from
the pathological report, extranodal infiltration was identified
in three PDX-failed cases and in two PDX-established cases;
excision margin positive primary lesions were identified in
two PDX-failed cases and in three PDX-established cases.
The positivity of infiltration features (e.g. vein, lymphatic,
and perineural invasion) was also determined according
to the pathological report. Because 3 of 5 PDX-succeeded
cases did not have any information regarding infiltration
patterns, the sample number included in our study was too
small to perform any statistical analysis. Moreover, all five
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Table I. Primary tumour lesions.

Primary lesion Patients, n (n=18)

Oral cancer
Tongue
Floor of mouth
Gums
Hypopharynx
Oropharynx
Larynx
Salivary gland
Paranasal Sinus
Nasopharynx

—_— e = NN N W = = NN

Thyroid (papillary carcinoma and
squamous cell carcinoma)

patients from whom PDX tumours were developed were
treated with concurrent cisplatin radiation therapy (CCRT)
after surgery. The detailed patient profiles accompanying
the five models (P-1, P-2, P-3, P-4, and P-5) are shown in
Table III. P-1 and P-2 were cisplatin-non-responder PDX
models according to the definition of recurrence within
6 months post-CCRT. In contrast, P-3, P-4, and P-5 were
cisplatin-responder PDX models according to the definition
of recurrence 6 months or later or complete remission for
more than 6 months post-CCRT. Further, the H&E staining
of primary tumours and xenografts is shown in Fig. 1. The
tissue type and degree of differentiation were consistent
between primary tumours and xenografts. The histopatho-
logic features of human HNC tumours were also retained
in mice. The Ki-67 index was passed down from all patient
samples to the PDXs (Table SIV). We confirmed the unique-
ness between the patient tumours and each PDX (P-1, P-3,
P-4, and P-5) or two generations of PDXs (P-2) using STR
profiling (Figs. 2 and 3; Table IV). Except P-1, which had
an evaluation value (EV) of 0.53 [EV = (number of coinci-
dental peaks) x 2 /( total number of peaks in tissue A + total
number of peaks in tissue B)], all sample pairs showed an
EV of 0.8 or higher, indicating that the tissues were almost
identical (8).

Chemosensitivity testing. To compare chemotherapy
efficacies between patients and PDX models, chemo-
sensitivity testing was performed using three models
(P-2, P-3, and P-5). For P-2, bone metastasis appeared
2 months post-CCRT, and thus, this case was considered a
cisplatin-non-responder. For P-3 and P-5, complete remis-
sion continued for 6 months post-CCRT; therefore, these
cases were considered cisplatin-responders. The tumour
growth curves for these models are shown in Fig. 4. For
P-3, cisplatin and paclitaxel treatment resulted in significant
decreases in the tumour sizes at days 35 and 42 compared
with those in the control (PBS). For P-5, cisplatin and
paclitaxel treatment resulted in significant decreases in the
tumour sizes at day 42 compared with those in the control
(PBS). In contrast, for P-2, a cisplatin non-responder HNC
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Table II. Patient characteristics.

Characteristics XG (n=5) No XG (n=13) Total (n=18) P-value
Age, years (mean; range) 58.4 (43-69) 65.9 (53-84) 0.096
Sex,n 0.522
Male 5 10 15
Female 0 3 3
Smoking status, n 0.533
Yes 3 11 14
No 2 2 4
Origin, n 0.583
Primary 3 10 13
Lymph node 2 3 5
Histology, n 0.278
SCC 5 9 14
Other 0 4 4
Surgical margin, n 0.036
Positive 5 5 10
Negative 0 8 8
Ki-67 index, % (mean; range) 7 (5-10) 5 (0-25) 0.178
Postsurgical treatment, n 0.002
CDDP+RT 5 2 7
Only RT 0 3 3
TS-1 0 2 2
No treatment 0 6 6
Primary/recurrent, n 0.583
Primary 3 10 13
Recurrent 2 3 5
T,n 0.596
TO-2 1 6 7
T3-4 4 7 11
N,n >0.999
NO 2 7 9
N1-3 3 6 9
M,n >0.999
MO 5 13 18
Ml 0 0 0
Stage, n >(0.999
I-11 0 2 2
I-1v 5 11 16
Recurrence at 6 months after surgery, n >0.999
Yes 2 4
No 3 8 11
Other* 0 1 1

“The patient died due to disease other than head and neck cancer prior to the 6-month mark following surgery. XG, PDX established;
No XG, failed to form PDX; SCC, squamous cell carcinoma; CDDP, cisplatin; RT, radiation therapy; PDX, patient-derived xenograft.

PDX model, there were no significant differences in tumour  and was not significantly different in the paclitaxel group
size between the PBS and cisplatin-treated groups. For  based on day 28. On the contrary, for P-2, the tumour size
P-3 and P-5, the tumour size decreased significantly in the  was significantly increased in the cisplatin and PBS groups
cisplatin group, increased significantly in the PBS group, based on day 28.
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Table III. Detailed profiles of patients in the five models.

Site of Age,

Tumour ID tumour origin ye%lrs Sex Primary/recurrent TNM, Stage Histology Progress after CCRT

P-1 Tongue 43  Male Recurrent T4aNOMO, SCC Neck and armpit lymph node
Stage IVA metastases appeared at 1 month

P-2 Hypopharynx (LN) 68 Male Primary T2T2bMO, SCC Bone metastasis appeared at
Stage IVA 2 months

P-3 Hypopharynx (LN) 57 Male Primary T3N3MO, SCC CR at 14 months
Stage IVB

P-4 Laryngeal 55 Male Recurrent T4aN2bMO, SCC Lung metastasis appeared at
Stage IVA 11 months

P-5 Paranasal sinus 69 Male Primary T4bNOMO, SCC CR at 6 months
Stage IVB

CCRT, concurrent chemoradiation therapy (cisplatin); LN, lymph node (neck metastasis); CR, complete remission; SCC, squamous cell carcinoma.

Table I'V. STR profiling of tumour samples.

Tumour samples THO1 D21S11 D5S818 DI13S317 D7S820 DI16S539 CSFIPO AMEL vVvWA TPOX EV
P-1 (FO) 6,7 29332 9,13 11 10,12 10,12 7,12 X, Y 16,17 8,11 053
P-1 (F3) 6,93 30 11 11 10,12 9 11 X, Y 16,17 9,11

P-2 (F1) 79 31.2 13 11 11 9,11 11,12 X, Y 14,17 8,10 1
P-2 (F3) 79 312 13 11 11 9,11 11,12 X, Y 14,17 8,10

P-3 (FO) 69 2931 11,13 8,12 10,11 10 10,12 X, Y 17 8.9 0.88
P-3 (F3) 69 2931 13 12 10,11 10 12 X 17 8.9

P-4 (FO) 6,93 29,30 11,13 8,11 10,12 9 11,12 X, Y 16,17 9,11 0.88
P-4 (F1) 6,93 30 11 11 10,12 9 11 X, Y 16,17 9,11

P-5 (FO) 79 30 10,11 8,11 10,11 9,11 11,12 X, Y 18 8,11 094
P-5 (F2) 79 30 10,11 8,11 10,11 9,11 11 X 18 8,11

THO1,D21S11,D5S818,D13S317,D7S820,D16S539, CSF1PO,AMEL, vWA, and TPOX are 10 core STR markers. Alleles are shown for each
STR marker. The rightmost column shows the EV between the patient tumours and each PDX (P-1, P-3, P-4 and P-5) or two generations of PDXs
(P-2). P-1,P-2, P-3, P-4, and P-5 are tumour IDs. FO, Patient tumour. F1, F2, and F3; generation (1, 2, and 3 passages). EV, evaluation value.

Tumor ID Patient tumor Xenograft

R

Well differentiated
squamous cell carcinoma

Moderately differentiated
squamous cell carcinoma

Moderately differentiated
squamous cell carcinoma

Moderately differentiated
squamous cell carcinoma

e Well differentiated
4 squamous cell carcinoma

Figure 1. Histological features based on haematoxylin and eosin staining
revealing excellent similarity between patient-derived xenografts and the
corresponding head and neck tumours from patients. Scale bar, 100 gm.
Magnification, x200. The xenografts are: P-1, F5 generation (5 passages); P-2,
F3 generation; P-3, F3 generation; P-4, F1 generation; and P-5, F1 generation.

Evaluation of ABC transporter response to chemotherapy.
To evaluate the expression of ABC transporters, MDR-1
and MRP-2 levels were compared between tumours from
drug-treated mice and patient samples (F0). The expression
intensity scores are shown in Fig. 5. Averages of the final
scores are shown in Fig. 6. In P-3, the protein expression scores
of MDR-1 were 5.6 for FO, 7.8 for F3' (treated with cisplatin),
and 10.4 for F3' (treated with paclitaxel), and the scores
for MRP-2 changed from 5.6 for FO to 10.4 for F3' (treated
with cisplatin) and 8.85 for F3' (treated with paclitaxel). The
scores after drug administration, except for those of MDR-1
in F3' (treated by cisplatin) samples, significantly increased
compared with those in FO samples for P-3. For P-5 and P-2,
the protein expression scores in F3' (treated by paclitaxel and
cisplatin) samples were not significantly different from those
in FO samples. In all three models, the MDR-1 and MRP-2
expression scores in F3 and F3' (treated by PBS) samples were
not significantly changed compared with those in FO samples.
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[al1y -ﬁ --

P-3 (FO)

P-3 (F3)

Figure 2. Electropherogram showing the unique profile of each tumour to compare patient tumours (FO) and their PDXs (P-1 and P-3) or different generations
of each PDX to another (P-2). The top panel (blue) shows the graphs for THOI and D21S11, the middle panel (green) shows the graphs for D5S818, D13S317,
D7S5820, D16S539 and CSF1PO, and the bottom panel (black) shows the graphs for AMEL, vWA and TPOX. P-1, F3 generation (3 passages); P-2, FI and F3

generation; P-3, F3 generation; PDX, patient-derived xenograft.

Discussion

In this study, we established PDXs from the tumours of
patients with HNC. H&E staining, Ki-67 index, and STR
profiling demonstrated the consistency between the patient
tumours and xenografts. We showed the genomic stability of
PDXs (P-2, P-3, P-4, and P-5) and identified genotypic changes
through serial propagation (P-1). Further, the protein expres-
sion patterns of EGFR and p53 were passed down from all

patient samples to the PDXs (Fig. S1). Although the sample
size of this study was relatively small, our PDX models may
be capable of recapitulating the complexity of HNC malig-
nancy remarkably well. In cancers other than HNC, histologic
and immunohistochemical analyses have already revealed
a high degree of pathologic similarity (9). Of the 18 tumour
samples obtained from surgical specimens, five (28%) PDX
models were established. The rate of PDX establishment
was significantly associated with the presence of positive
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Figure 3. Electropherogram showing the unique profile of each tumour to compare patient tumours (FO) and their PDXs (P-4 and P-5). The top panel (blue)
shows the graph for THO1 and D21S11, the middle panel (green) shows the graph for D5S818, D13S317, D7S820, D16S539 and CSF1PO and the bottom panel
(black) shows the graph for AMEL, VWA and TPOX. P-4, F1 generation; and P-5, F2 generation. PDX, patient-derived xenograft.
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Figure 4. P-3 and P-5 PDXs derived from patients with head and neck cancer respond to cisplatin and those from P-2 do not. Tumours from patients were
transplanted into non-obese diabetic severe combined immunodeficient mice and serially transplanted into new animals upon tumour growth. Xenografts were
treated with cisplatin and tumour growth curves were compared. PDX models mirrored the patients' clinical responses to cisplatin. The error bars indicate the
standard error. P<0.05 was considered to indicate a statistically significant difference. "P<0.05 as indicated. For comparisons by administration date (day 28,
35 and 42), the PBS group was the control. For comparisons by drug (PBS, cisplatin and paclitaxel), day 28 was the control. PDX, patient-derived xenograft.
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A score=1 B score=2 C score=3 D rositive

E score=1 F Score 2 G Score =3 H Positive

[ Negative

Figure 5. MDR-1 and MRP-2 immunostaining images. (A-D) Expression intensity scores of MDR-1 based on IHC staining. Intensity scores were (A) 1, (B) 2
and (C) 3. (D) MDR-1 positive control. (E-H) Expression intensity scores of MRP-2 based on IHC staining. Intensity scores were (E) 1, (F) 2 and (G) 3.
(H) MRP-2 positive control. (I) Negative control (FO of P-3, no primary control for secondary antibody). Scale bar, 100 gm. Magnification, x400. IHC, immu-
nohistochemical; MDR-1, multiple drug resistance-1; MRP-2, multidrug resistance-associated protein-2.
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Figure 6. MDR-1 and MRP-2 expression score graphs. Average final (A) MDR-1 and (B) MRP-2 expression scores of FO patients compared with those of other
in vivo passage numbers. Tumours from patients were transplanted into non-obese diabetic severe combined immunodeficient mice and serially transplanted
into new animals upon tumour growth. Immunohistochemistry was used to compare MDR-1 and MRP-2 expression among the groups. The error bars indicate
the standard error. P<0.05 was considered to indicate a statistically significant difference. ‘P<0.05 vs. FO. CDDP, cisplatin; PTX, paclitaxel; PBS, phosphate
buffered saline (control); MDR-1, multiple drug resistance-1; MRP-2, multidrug resistance-associated protein-2.

surgical margins and CCRT after surgery. Previous data
regarding the engraftment rate of HNC PDXs suggest vari-
ability, from 17 to 85% (3,10,11). The success rates of PDX are
influenced by several factors (2). First, the patient tumour char-
acteristics might be related to the success rate. With regard to
clinical parameters, PDX engraftment was previously found to
be associated with poor disease free and overall survival (12)
and an increased risk of metastasis (13). Histologically,
lymphovascular invasion (14) and perineural invasion (15) are
associated with increased PDX formation. Prince et al (16)
reported that engraftment bias may occur because of the stem
cell-like property (CD44* cells). Theoretically, tumours with
massive invasion have more frequent positive surgical margins.
In this study, the positivity of infiltration features (e.g., vein,

lymphatic, and perineural invasion) was determined based on
the pathological records. We undertook statistical analysis for
the case based on comments from the pathologists. However,
more than half of the succeeded cases did not have any infor-
mation regarding invasion patterns. It was thus inappropriate
to perform statistical analysis for the entire cohort. Although
we cannot mention the direct relationship between the positive
surgical margins and PDX engraftment in this study alone, we
suggest that patient tumour characteristics such as invasive
ability or stem-cell like property around the tumour could
be considered as factors that influence the success rates of
PDX. Second, the degree of immunodeficiency in mice might
influence the success rate. NOD-SCID mice do not contain
functional T and B cells; however, NK cells are somewhat
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functional. In contrast, NOD/Scid/IL2Rynull (NSG) mice do
not have functional T, B, or NK cells (2). Therefore, NSG mice
have recently become preferred, compared with other mouse
strains, for the development of PDXs. Third, the location of
implantation might affect the success rate (2). We implanted
primary tumours subcutaneously, the most common site of
implantation; however, implantation in the renal capsule has
been found to maintain the original tumour stroma and the
equivalent host stroma, making this approach more likely to
succeed (2).

Although not yet investigated in HNC, correlations have
been observed in clinical outcomes between drug responses
in PDXs and other organs of patients with cancer (12,17). Our
study also showed an association between the anti-tumour
effect of cisplatin in three PDX models (P-2, P-3, and P-5) and
that observed in corresponding patients. PDX tumour sizes in
P-3 and P-5 models, for which a positive response to CCRT
was noted in corresponding patients, were ultimately reduced
to 29% (P-3) and 21% (P-5) of respective PBS-treated tumour
sizes upon cisplatin treatment. In contrast, PDX tumour sizes
in the P-2 model, derived from a tumour refractory to CCRT,
showed no differences between PBS and cisplatin treatment
groups. We considered the following two reasons for the rapid
drug response in P-3 and P-5 PDX models. First, the rapid
tumour reduction rate in PDX models reflected the chemo-
sensitivity of the original tumour that was categorized as
platinum-sensitive. In many clinical studies on recurrent/meta-
static HNC, patients with recurrence after platinum-containing
therapy within 6 months were platinum resistant and those after
6 months were platinum sensitive. This classification based on
ovarian cancer studies (18,19) was used in this study. Because
the correlation of drug responses between the original tumours
and PDXs in various cancers has been reported, similar
platinum sensitivity was observed in this study. In a clinical
study on taxane, regardless of previous platinum sensitivity
in recurrent/metastatic patients with HNC, approximately
half of the patients responded to docetaxel plus cetuximab
combination treatment (20). Similarly, platinum-sensitive P-3
and P-5 PDXs were sensitive to taxane in this study. Second,
the characteristic drug reaction rate in PDX models may affect
the rapid drug response. Based on previous studies (12,17),
the drug responses in PDX models were relatively rapid and
were observed about 2 weeks after drug administration where
the corresponding patients were clinical responders. This
rapid tumour size reduction may thus be a feature of drug
responsiveness in PDX model. Despite limited sample size,
these results suggest that drug responses in HNC PDXs reflect
tumour response to the candidate drugs and that PDXs could
be utilized for drug screening.

Because decrease of drug absorption and increase of
drug efflux are common mechanisms of drug resistance,
we focused on ABC transporters, which transport a large
variety of drugs and mediate drug resistance. In this study,
the expression of ABC transporters in three PDX models did
not change even upon passage. However, the expression was
increased by paclitaxel and cisplatin treatments in the P-3
PDX model, whereas the expression scores did not signifi-
cantly change in P-2 and P-5 PDX models. The baselines of
MDR-1 and MRP-2 expressions seems to be higher in P-5
tissue than in P-2 and P-3 tissues. Because P-5 patients and
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PDXs were cisplatin responders and had higher expression of
two ABC transporters, not only MDR-1/MRP-2 but also other
ABC transporters might be involved in pharmacokinetics (4).
In addition, the evasion of tumour cell apoptosis, other
than drug efflux, may have an effect. Although the number
of observations was limited and the association between
cisplatin resistance and overexpression of ABC transporters
was not determined, PDXs can be used in animal models
to observe changes in target biomarker expression on drug
administration. For example, ABC transporter-expressing
PDXs might be used as an in vivo model to verify the effect of
ABC transporter blocker.

Based on previous reports, we suggest three applica-
tions for PDX models in cancer research. First, they are a
promising option for drug screening and biomarker develop-
ment. The relationship between drug efficacy and molecular
characteristics could be easily studied using PDX models,
and previously, excellent biomarkers have been discovered
for melanoma (21). Second, co-clinical trials could be
performed. Co-clinical trials denote clinical trials that are
conducted in parallel with PDX model experimentation. This
type of trial provides a more useful platform than conven-
tional trials to investigate biomarkers of drug response and
resistance and can also be used to advance new drug devel-
opment and clinical introduction (2). Third, these models
could be used for precision medicine. Oncology research
has evolved on the basis of the improved understanding of
cancer genotypes and phenotypes, which has led to a new
era of precision medicine. The patient could thus be treated
with an appropriate drug that elicits the best response in
corresponding PDXs (2). The increased use of PDXs will
accelerate HNC research to investigate biomarkers and
responses to new drugs.
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