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cells implanted in the flank or sciatic nerve showed simi-
lar rates of growth (p = 0.9748). Lapatinib, nilotinib and 
RT significantly reduced tumor growth rate versus controls 
in the in vivo flank model (p = 0.0025, 0.0062, and 0.009, 
respectively) whereas bevacizumab and everolimus did 
not. The best performers were tested in the in vivo sciatic 
nerve model of NF2 associated PNST, where chemoradia-
tion outperformed nilotinib or lapatinib as single agents 
(nilotinib vs. nilotinib + RT, p = 0.0001; lapatinib versus 
lapatinib + RT, p < 0.0001) with no observed toxicity. There 
was no re-growth of tumors even 14 days after treatment 
was stopped. The combination of either lapatinib or nilo-
tinib with RT resulted in greater delays in tumor growth 
rate than any modality alone. This data suggest that concur-
rent low dose RT and targeted therapy may have a role in 
addressing progressive PNST in patients with NF2.

Keywords Lapatinib · Nilotinib · Radiation · Peripheral 
schwannoma

Introduction

Neurofibromatosis type 2 (NF2) is a rare neurogenetic syn-
drome inherited in an autosomal dominant fashion [1]. It 
manifests with multiple nervous system tumors, includ-
ing schwannomas, meningiomas, and ependymomas [1]. 
The causative mutation is in the NF2 gene on chromosome 
22q11.2, which leads to inactivation of the tumor suppres-
sor protein merlin [2–4]. The absence of normal merlin has 
been shown to decrease apoptosis, lead to abnormal angio-
genesis, and increase proliferation indices in Schwann cells 
[5, 6].

The majority of therapeutic discovery efforts for NF2 
associated tumors have focused on vestibular schwannomas 
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(VS) as these are pathognomonic for the syndrome and 
often result in early deafness [7, 8]. However, patients 
with NF2 develop progressive neurologic morbidity from 
other peripheral schwannomas as well. Current treatment 
of symptomatic sporadic peripheral nerve sheath tumors 
(PNST) such as schwannomas consists of surgical resection 
and in some cases, focal radiation therapy (RT) [9]. In the 
setting of NF2, there is concern that RT may have a risk of 
malignant conversion and often the number of PNST make 
surgery impractical. There are no known effective drug 
therapies for these tumors.

Recent clinical experiences with bevacizumab for VS 
indicate that just under 40% of NF2-associated VS respond 
to bevacizumab [10]. Everolimus (RAD001), an inhibitor 
of the mammalian target of rapamycin (mTOR), has been 
used clinically to treat cancer subtypes such as metastatic 
renal cell carcinoma [11], neuroendocrine tumors [12], and 
breast cancer [13]. It has also been shown to delay tumor 
growth in a xenograft model of malignant peripheral nerve 
sheath tumors and in NF2 associated schwannomas [14]. 
Based on this encouraging pre-clinical data, everolimus 
was advanced to clinical studies for NF2 associated pro-
gressive VS where it has been shown to delay tumor pro-
gression for a subset of patients. For example, in one study 
5 out of 9 patients had a decrease in the median annual 
growth rate from 67%/year before treatment to 0.5%/year 
during treatment, suggesting that everolimus is having a 
biologic effect on VS despite lack of radiographic or hear-
ing response [15–17]. Similarly, lapatinib, an inhibitor of 
the epidermal growth factor receptor (EGFR) and down-
stream effector proteins ErbB2 and ErbB3, has been used 
extensively to treat breast cancer in humans [18] and has 
demonstrated inhibition of human schwann cell prolifera-
tion in vitro [19, 20]. It was therefore tested in children and 
adults with progressive NF2 associated VS and resulted in 
partial tumor reduction in 4 out of 17 patients (24%) [21]. 
PNST response was not evaluated. Finally, nilotinib, which 
inhibits the Bcr/Abl pathway, is a platelet derived growth 
factor C-kit cascade inhibitor and has demonstrated efficacy 
in the treatment of chronic myeloid leukemia (CML) [22] 
and gastro-intestinal stromal tumors [23]. Nilotinib has also 
demonstrated efficacy in vitro against NF2 related schwan-
noma cell lines [24] and is a well-tolerated oral agent that 
is being considered for clinical trials for NF2 associated 
tumors.

The role of RT in treating peripheral schwannomas is 
unclear. Although it is advocated by some for the treat-
ment of sporadic PNST, there is a lack of data about tox-
icity or efficacy for NF2 associated PNST. The available 
data regarding RT for NF2 associated VS indicates that 
there are lower rates of tumor control or maintenance of 
hearing and higher rates of complications in the setting of 
NF2 associated VS versus sporadic VS [25, 26]. A recent 

pre-clinical study demonstrated improved tumor control 
with anti-VEGF treatment plus RT compared to either 
modality alone for intracranial schwannomas [27]. This 
raises the possibility that chemoradiation may have benefit 
for NF2 associated PNST as well.

The treatment agents discussed above have mechanisms 
of action and targets pertinent to NF2 associated tumors, 
have shown activity (pre-clinical or clinical) in NF2 asso-
ciated VS, and have the potential to be rapidly translated 
to the clinical setting. However, none has been evaluated 
for their efficacy against NF2 associated PNST and there is 
very little data available regarding the toxicity or efficacy 
of these agents used in combination with RT. This study 
evaluated each of the most promising therapies for NF2 VS 
as single agent therapy for NF2 associated PNST. We then 
advanced the most promising compounds for combination 
testing with RT in an effort to identify therapies that may 
be effective against non-vestibular PNST in people with 
NF2.

Materials and methods

Animals and materials

All research protocols were approved by the Institutional 
Animal Care and Use Committee of Johns Hopkins Uni-
versity. Nu/nu mice were acquired from Harlan BioProd-
ucts (Indianapolis, Indiana). The animals were housed in 
the Johns Hopkins University research animal facility, with 
12 h sleep/wake cycles and free access to food and water. 
Bevacizumab, purchased from Genentech, Inc. (San Fran-
cisco, CA), was tested as described previously in other 
rodent models [28–30]. Everolimus was acquired from 
Novartis Pharmaceuticals Corporation (East Hanover, NJ) 
and nilotinib and lapatinib were purchased from Euroasian 
Chemicals Pvt. Ltd (Mumbai, India).

NF2 related schwannoma cell line

The origin of the SC4 cell line is a mouse adult Schwann 
cell line from Nf2-/loxP mice, with the second allele 
deleted in  vitro using adeno-cre resulting in Nf2−/− geno-
type. These cells were obtained through a Material Transfer 
Agreement with House Research Institute (Los Angeles, 
California). Cells were transfected with a plasmid encod-
ing a fusion EGFP luciferase gene under the control of 
the CMV promoter. Cells were maintained in Dulbecco’s 
modified eagle medium, supplemented by 10% fetal bovine 
serum, 1% penicillin/streptomycin, and 1% l-Glutamine 
and cultured at 37 °C in a 5%  CO2 environment.
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In vitro irradiation study

Cells were plated in a monolayer in 6-well plates at a cell 
density of 100,000 cells/well. 4 days after plating, follow-
ing confirmation by microscope of partial confluence of the 
cells, each plate was treated with a single dose of RT at 1 of 
6 doses: 0, 1, 2, 5, 10 and 20 Gy (Gammacell 40 irradiator, 
Best Theratronics, ON, Canada). This dosing regimen was 
intended to mimic clinically-utilized stereotactic RT. 5 days 
later cells were trypsinized and counted in an automated 
cell counter [Vi-Cell XR Cell Viability Analyzer (Beckman 
Coulter, Indianapolis, IN)]. Data acquired was calculated 
and analyzed as a percent of the untreated control plate and 
a radiation dose response curve was obtained. The dose of 
RT that killed half of the cells in these studies was defined 
as the IC50.

In vitro cytotoxicity

SC4 cells were plated in 96 well plates, at 2500 cells per 
100  µL media. 4 days after plating, following confirma-
tion of partial confluence, lapatinib and nilotinib were 
individually added in escalating doses with logarithmic 
scaling, from  10−3 to  10−7 M. There were at least 6 repli-
cates of each drug dose. Bevacizumab and everolimus were 
not tested for in vitro cytotoxicity as there are established 
doses in NF2 models in vivo for both. All media solutions 
(including controls) contained 1% dimethyl sulfoxide solu-
tion (DMSO) solution. The optic density (OD) was meas-
ured using an Alamar blue assay (Thermo Fisher Scientific, 
Waltham, MA) for cell proliferation [31]. The OD results 
for each dose were compared in logarithmic scale to the 
OD of the untreated control wells.

In vivo peripheral Schwann cell models

Two in  vivo models of tumor cell implantation were uti-
lized: a subcutaneous flank model and a sciatic nerve 
model, descriptions of implantation techniques for each are 
described below.

Flank tumor model

Tumor development

Following intraperitoneal anesthesia as described above, 
the right rostral flank was injected with 1 × 105 cells SC4 
cells, trypsinized from cell culture and concentrated in 
100 µl Matrigel (Corning Life Sciences, Tewksbury MA). 
A long subcutaneous tract was made between the needle 
penetration and the skin, as well as a purposeful delay in 
needle withdrawal to prevent tumor cell egress through 
the needle site. After tumor cell injection the mice were 

allowed to recover from anesthesia and were observed daily 
for toxicity and tumor growth.

Tumor volume/growth assessment

Beginning 3 days after tumor injection the animals were 
checked daily for palpable tumors. When the tumors were 
visible and palpable, measurements were recorded in three 
dimensions—length (L), width (W), and height (H) with 
manual calipers by a single operator. The formula used to 
calculate for tumor volume was (L × W × H)/2. For every 
experiment, when a significant number of the animals had 
palpable tumors, allocation to study groups was performed 
to ensure that animals with no palpable tumor or with 
tumors larger than two standard deviations from the overall 
mean were removed from the experiment. After group allo-
cation, treatment was started. Following the onset of exper-
imental treatment, flank tumor measurements occurred on 
alternate days and volume and growth rate for each tumor 
was calculated.

Monotherapy: drug treatment

40 nu/nu mice were implanted with SC4 flank tumor 
as described above. After 5 days, 37 mice had palpable 
tumors, and these were allocated to groups. Bevacizumab, 
everolimus, lapatinib and nilotonib were tested in this 
experiment. Average tumor volumes for all groups were 
within one standard deviation from each other at baseline. 
The five groups included: untreated controls (n = 7); nilo-
tinib, 75  mg/kg, p.o. daily (n = 8); lapatinib, 100  mg/kg, 
p.o. 6 days a week (n = 7); bevacizumab, 5 mg/kg, injected 
intravenously twice weekly (n = 7); and everolimus (n = 8). 
Multiple dosing and dosing schedules of everolimus have 
been reported in the literature, ranging from daily and 
weekly dosages of 0.05 to 15 mg/kg [32–34]. O’Reilly et al. 
assessed everolimus pharmacokinetics in mice and rats and 
found that high, intermittent doses may be more efficacious 
for the treatment of brain tumors [35]. We therefore, deliv-
ered everolimus at a 5 mg/kg, p.o. once weekly dose. Flank 
tumors were measured and analyzed as described above. 
Mice were observed daily for drug toxicity. When tumor 
dimensions exceeded 2 cm in any dimension in one mouse, 
then all the mice in the group were euthanized. The tumors 
were then removed from the flank, weighed, and fixed in 
formaldehyde.

Monotherapy: in vivo RT dose response study and toxicity 
assessment

11 nu/nu mice were injected with SC4 cells in the flank. 5 
days after the injection, following tumor volume measure-
ment the mice were allocated to groups and received one 
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of five possible RT doses: 0 Gy (n = 2), 2 Gy (n = 2), 5 Gy 
(n = 3), 10 Gy (n = 2), and 20 Gy (n = 2). To receive RT, ani-
mals were anesthetized, placed at a fixed distance from the 
radiation source, and shielded with a square primary collima-
tor (1 cm in diameter) centered over the tumor implantation 
site. The radiated animals received external beam single-
dose radiation treatment using a Cesium Mark 1 model 68 
rodent irradiator (J.L. Shepherd, San Fernando, California). 
Tumors were measured with manual calipers every second 
day. Tumor growth, expressed as final tumor volume divided 
by tumor volume at randomization, was plotted against the 
dose of radiation. When tumor dimensions exceeded 2  cm 
in any dimension, all the mice in the group were eutha-
nized. The tumors were then removed, weighed, and fixed in 
formaldehyde.

Mice were observed daily for focal or systemic radia-
tion toxicity. RT toxicity was assessed for focal factors such 
as implantation wound breakdown, local necrosis or skin 
erosion, and for systemic symptoms such as diarrhea, and 
decreased alertness. This assessment was performed daily 
by the laboratory and animal facility veterinarian staff. Tox-
icity assessment was continued for the duration of each 
experiment.

Treatment: in vivo combination modalities—RT+ drug 
treatment

SC4 cells were injected into the flank of 45 anesthetized nu/
nu mice. 6 days later tumors were measured, tumor volumes 
were calculated and animals were placed in groups. In this 
experiment we focused on lapatinib or nilotinib combined 
with radiation based on their performance as a monother-
apy. The dose of radiation was 3 Gy, which was found in the 
radiation monotherapy experiment to delay tumor growth 
rate and not to induce toxicity. All tumor sizes were within 
one standard deviation of the overall mean at baseline. The 
experiment included the following six groups: untreated con-
trol (n = 7); RT only, 3 Gy (n = 7); nilotinib only, 50 mg/kg, 
p.o. daily (n = 7); lapatinib only, 50 mg/kg, p.o. 6 days a week 
(n = 7); nilotinib, 50 mg/kg, p.o. daily and RT, 3 Gy (n = 7); 
and lapatinib, 50 mg/kg, p.o. 6 days a week and RT, 3 Gy 
(n = 7). Optimal doses of drugs and RT were based on the 
results from the monotherapy experiments described above. 
Manual caliper measurements were performed for tumor vol-
ume every second day. Mice were assessed daily for drug and 
radiation toxicity—both systemic and focal.

Sciatic nerve model

Tumor development

45 nu/nu mice were anesthetized with an intraperitoneal 
(IP) injection of a stock solution containing ketamine 

hydrochloride, 75  mg/mL (Ketathesia, Butler Animal 
Health Supply; Dublin, OH); xylazine 7.5  mg/mL (Lloyd 
Laboratories; Shenandoah, Iowa), and 14.25% ethyl alcohol 
in 0.9% NaCl. The animal was placed in a prone position 
and restrained with the hind legs positioned at 90 degree 
angles. A horizontal skin incision was made rostral to the 
tail stem. The gluteal muscles were dissected to isolate the 
sciatic nerve. SC4 cells trypsinized from cell culture and 
concentrated at 1 × 105 cells/100  µl in Matrigel (BD Bio-
sciences, San Jose, CA) were injected in and around the 
exposed sciatic nerve. The fascia and adjoining muscles 
were closed with absorbable suture and the skin was closed 
with stainless steel autoclips. The animals were observed 
daily for surgical recovery and toxicity.

Tumor volume/growth assessment

Five days after tumor cell injection animals received an IP 
injection of luciferin, 0.1 mg per mouse (Gold Biotechnol-
ogy, St. Louis, MO). 8 days after tumor cell injection the 
animals were imaged using the IVIS Xenogen Imaging 
System (Xenogen Corporation, Alameda, CA) to confirm 
presence of tumor. Treatment was started when there was 
visible tumor in at least 80% of the animals.

Treatment: drug treatment

In vivo combination modalities: RT+ drug treatment 45 
nu/nu mice were injected with SC4 tumor in the sciatic 
nerve. In this experiment we tested the most efficacious 
chemo-radiation pairs in order to confirm the accuracy of 
the flank model. Luciferase imaging conducted 8 days after 
tumor injection showed tumor growth in 37/45 animals. 
These animals were randomized to the following groups: 
an untreated control (n = 6); RT only, single fraction, 3 Gy 
(n = 5); nilotinib only, 50 mg/kg, was p.o. daily (n = 6); lapa-
tinib only, 50 mg/kg, was p.o. 6 days a week (n = 6); nilo-
tinib, 50 mg/kg, was p.o. daily, and RT, single fraction, 3 Gy 
(n = 7); lapatinib, 50 mg/kg, was p.o. 6 days a week and RT, 
single fraction, 3 Gy (n = 7). On the ninth day of treatment 
the mice were imaged again using the IVIS imaging system 
to document tumor change. Mice were assessed daily for 
toxicity, including wound breakdown, local necrosis or skin 
erosion, diarrhea, and decreased alertness. Toxicity assess-
ment was continued for the duration of each experiment. 
After 15 days of treatment the animals were euthanized and 
the tumors were resected from the sciatic nerve, weighed 
and fixed in formaldehyde, paraffin embedded, and stained 
with hematoxylin and eosin, to confirm PNST morphology. 
Specimens were reviewed by both a certified neuropatholo-
gist (FJR) and a neurosurgeon (IP).
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Statistical analysis

Tumor volume at day 15 of treatment was the primary 
endpoint. A generalized linear model was used for among 
group comparison for tumor volume difference at a time 
point. Two sample T-test and a paired T-test were used for 
between group and within group comparison. The tumor 
growth rate over time was estimated using a linear regres-
sion model. Results with a p value <0.05 were considered 
statistical significantly different. All statistical tests are 
two-sided.

Short‑term treatment versus extended treatment

To assess the growth of PNST after cessation of thera-
peutic treatment, 5 days after SC4 cells were injected into 
the flanks of 23 nu/nu mice, the mice were allocated to 
treatment groups in the manner described above and ran-
domized to: untreated controls (n = 8); short term nilo-
tinib (50 mg/kg, p.o. daily for 8 days, n = 7) and long term 
nilotinib (50  mg/kg, p.o. daily for 21 days, n = 8) with 
RT (3  Gy). Tumor volumes were measured every second 
day and animals were euthanized when the tumor volume 
exceeded 2 cm in any dimension. Mice were assessed daily 
for drug toxicity. After the animals were euthanized, the 
tumors were removed, weighed, and fixed in formalin.

Pathology and immunohistochemistry

At the conclusion of all experiments, mice were eutha-
nized, and tumors dissected from either the sciatic compart-
ment or the subcutaneous compartment and weighed. All 
tumors were then fixed in formalin, embedded in paraffin, 
and sectioned into 10 µm sections. Hematoxylin and eosin 
(H&E) stains were performed to verify nerve sheath tumor 
histology. S100 staining was performed on paraffin embed-
ded unstained slides using a commercial antibody (4C4.9, 
prediluted; Ventana Medical Systems, Tucson, AZ). This 
stain has been shown to be directed against S100 for confir-
mation of PNST pathology [36]. All pathology and immu-
nohistochemistry results were reviewed by a blinded neuro-
pathologist (FJR).

Results

Cytotoxicity results

The SC4 cell line was sensitive to external beam radia-
tion treatment, and a consistent dose–response curve was 
reached (Fig.  1a). The concentration of a single dose of 
radiation, lethal to 50% of the SC4 cells  (LC50), was 6.6 Gy. 
The SC4 schwannoma cell line also showed sensitivity to 

both lapatinib and nilotinib (Fig. 1b, c, respectively) result-
ing in a 50% inhibition of proliferation  (IC50) at 3.1  µM 
lapatinib and 1.45 µM nilotinib.

In vivo tumor models: flank versus sciatic nerve

The two in  vivo models of tumor cell implantation that 
were utilized, the flank tumor model and the sciatic nerve 
model, were compared to each other and did not show a 
statistical difference in tumor growth rate or size within 14 
days of implantation (p = 0.9748). Average tumor weights 
upon excision were 0.3082 ± 0.061  g (95% CI 0.23–0.38) 
for those injected in the sciatic nerve and 0.306 ± 0.137 g 
(95% CI 0.14–0.48) for those injected in the flank.

Radiation monotherapy: flank model

Flank tumor volume measurements following single expo-
sure to an external beam radiation dose of 2 Gy resulted in 
tumors that grew by over 17-fold. Single exposure to a dose 
of 5  Gy nearly completely arrested tumor growth. There-
fore, a radiation dose of 3 Gy was used for the therapeutic 
combination studies in order to allow observation of pos-
sible additive or synergistic effects with chemoradiation. 
No toxicity was observed from the focal irradiation at any 
dose.

Drug monotherapy: flank model

Both nilotinib and lapatinib significantly reduced tumor 
growth rate when compared to the untreated control 
group (p = 0.0062 and p = 0.0025, respectively) (Fig.  2). 
Tumor volume on Day 13 was 227  mm3 ± 125.0  mm3 
for the untreated control, 45.62  mm3 ± 41.5  mm3 after 
lapatinib, and 57.8  mm3 ± 37.8  mm3 after nilotinib. The 
other two compounds tested, bevacizumab and everoli-
mus, showed a trend toward decreasing tumor volume 
with final tumor volumes of 147.3  mm3 ± 84.2  mm3 and 
157.8  mm3 ± 90.3  mm3, respectively. However, they were 
not statistically better than the untreated control group 
(p = 0.14 for bevacizumab and p = 0.17 for everolimus), nor 
were they better at reducing tumor volume than nilotinib 
(p = 0.018 vs. bevacizumab, p = 0.017 vs. everolimus) or 
lapatinib (p = 0.02 vs. bevacizumab, p = 0.015 vs. everoli-
mus). We did not observe any toxicity of the drugs tested in 
this in vivo model.

In vivo combined radiation and drug efficacy: flank 
tumor model

There was a statistically significant difference of flank 
tumor growth rates among the groups that received RT, 
lapatinib, or nilotinib and with either drug in combination 
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with RT (p = 0.0006) (Fig.  3). Treatment with nilotinib 
alone resulted in a significantly slower rate of tumor growth 
than untreated control, p < 0.05. A significantly slower 
growth rate was also seen with both lapatinib plus radiation 
and nilotinib plus radiation, as compared to the untreated 
controls (p < 0.05). Tumor growth rate was also signifi-
cantly slower in the combination groups as compared to 
the groups receiving either RT or drug alone (Fig. 3). With 
radiation alone, lapatinib alone, or nilotinib alone, tumors 
were 54% smaller at day 15 compared to the control group. 
The average reduction in tumor growth rate was 92% in 
the RT+ lapatinib and 92% in the RT+ nilotinib groups 
as compared to the control. We observed no toxicity from 
either of the drugs or the radiation in this experiment.

Short‑term treatment versus extended treatment

In a sub-experiment, animals with flank tumors were 
treated with radiation and nilotinib, with nilotinib treat-
ment given for either 8 days (n = 8) or until the end of the 

experiment at 21 days (n = 8). Throughout the experiment, 
the short term (8 day) treatment group and the long term 
(21  day) treatment group remained statistically similar, 
p = 0.82 for rate of tumor growth over 21 days, and p = 0.89 
for final tumor size on Day 21 at the end of the experi-
ment. Similarly, average tumor volumes on Day 19 were 
20.9 mm3 for the short term nilotinib + radiation group and 
23.3  mm3 for mice in the long term nilotinib + radiation 
group (Fig.  4). In comparison, the average tumor volume 
on day 13 for the untreated control group was 279 mm3. We 
observed no toxicity of any of the drugs or the radiation in 
this experiment.

Sciatic nerve model

Combined radiation and drug efficacy In order to confirm 
the results in the flank model, we tested the best performers 
(lapatinib and nilotinib) in the sciatic nerve model. Continu-
ous measurement was not possible in the deep compartment 
of the sciatic nerve tumor model. Therefore a single meas-

Fig. 1  In vitro cell viability. In vitro SC4 cell dose response curves after treatment with escalating (a) radiation doses, (b) lapatinib, and (c) nilo-
tinib. All data presented as cell viability (% of control) per treatment as assessed by Alamar blue assay
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urement of the excised tumor weight was used to calculate 
final tumor volume after radiation and drug treatment. Treat-
ment of the sciatic nerve tumor with nilotinib alone, lapat-
inib alone, or radiation alone all led to a significant reduc-
tion in tumor growth rate versus control (p < 0.05, Fig. 5). 
The average tumor weights upon tumor excision on Day 15 
were: control 2.44 ± 0.98  g; radiation only 1.11 ± 0.44  g; 
lapatinib only 1.07 ± 0.40  g; nilotinib only 1.11 ± 0.44  g; 

lapatinib + radiation 0.56 ± 0.46  g; nilotinib + radiation 
0.20 ± 0.07 g.

Luciferase-based immunofluorescence of the sci-
atic nerve tumors was observed for each treatment group 
(data not shown). There were no differentiating features of 
aggressive pathology between the histological sections of 
untreated control tumors and tumors from animals treated 
with any modality, as determined by a neuropathologist 
(FJR). We observed no toxicity of any of the drugs or the 
radiation in this experiment.

Fig. 2  In vivo monotherapy in SC4 implanted flank tumors. Average 
tumor volume over time following exposure to different treatments: 
untreated control (black circle n = 7), everolimus (red square n = 8), 
bevacizumab (green triangle n = 7), nilotinib (blue diamond n = 8), 
and lapatinib (purple inverted triangle n = 7)

Fig. 3  Chemoradiation in the SC4 flank tumor model. Averages flank 
tumor volume over time following exposure to combination therapy: 
untreated control (blue circle n = 7), lapatinib only (green triangle 
n = 7), radiation only, 3 Gy (red square n = 7), nilotinib only (purple 
inverted triangle n = 7), lapatinib + radiation, 3 Gy (orange diamond 
n = 7) and nilotinib + radiation, 3 Gy (black circle n = 7)

Fig. 4  Long term versus short term nilotinib treatment in the SC4 
flank model. Tumor volume growth over time following flank tumor 
implantation and exposure to different treatments: untreated control 
(black triangle), short term (8 days) nilotinib treatment + radiation 
(blue inverted triangle) and long term nilotinib (21 days) + radiation 
(red square)

Fig. 5  Chemoradiation in the SC4 sciatic nerve model. Animals 
implanted in the sciatic nerve with SC4 cells received one of the fol-
lowing treatments: untreated control, radiation only, lapatinib only, 
lapatinib + radiation, nilotinib only, and nilotinib + radiation. On Day 
15, tumors were excised and weighed (g)



54 J Neurooncol (2017) 135:47–56

1 3

Pathology and immunohistochemistry

Since the SC4 tumor had not previously been characterized 
in vivo, pathological and immunohistochemical evaluations 
were conducted. Histological sections demonstrated well 
circumscribed spindle cell neoplasms with hypercellular-
ity and brisk mitotic activity. Necrosis with a pseudopali-
sading quality was present in two of the ten specimens. All 
tumors expressed S100 protein consistent with a Schwann 
cell lineage. Extent of expression varied from strong (+++) 
(n = 4) to partial (++) (n = 4) or rare cells (+) (n = 2). These 
findings are consistent with a cellular spindle cell neoplasm 
with an immunophenotype consistent with Schwann cell 
lineage. There were no differences in the histological phe-
notype between the irradiated tumors and those that had not 
been irradiated.

Discussion

Therapeutic options for the treatment of peripheral schwan-
nomas are limited [37]. Patients with either NF2 or schwan-
nomatosis have significant morbidity due to peripheral 
nerve sheath tumors. NF2 associated schwannomas and 
schwannomatosis are genetically unique and result in vary-
ing anatomic distribution of lesions, clinical presentation, 
medical management, and patient outcomes [38]. Schwan-
nomatosis rarely results in vestibular schwannomas or men-
ingiomas [38]. The current treatment schemes consist of 
management of tumor associated symptoms, resection, or 
rarely, RT for tumors not amenable to resection [39]. RT 
has also been used for the treatment of VS, however, with 
overall less efficacy and concerns for a higher rate of long-
term toxicity in the setting of NF2 [40]. Several drug thera-
pies have been considered potentially beneficial in growth 
restriction of schwannomas, based on their potential to 
inhibit tumorigenic targets. These trials have focused on VS 
and not peripheral schwannomas.

Recently, Giovannini et al. [15] demonstrated a decrease 
in the size of paraspinal schwannomas when tumors were 
treated with rapamycin, an MTORc1 inhibitor. Our efficacy 
results with a rapalog, everolimus, and SC-4 cells were 
not as impressive. The mechanism of tumor implantation, 
method of tumor measurement, the use of a different agent, 
dosing, and scheduling protocols (weekly instead of daily) 
all may account for this difference in efficacy.

In our studies we employed two in  vivo models of 
peripheral schwannoma: one located in the murine flank 
and one injected into the murine sciatic nerve. Both mod-
els have benefits as well as limitations. The main advan-
tage of the in vivo flank model is that the tumor is readily 
accessible for continuous measurement. The availability 
for quantification enables allocation of animals to equal 

tumor-volume treatment groups and repeated tumor vol-
ume measurements throughout the experiment in real-time, 
allowing quantification of tumor volumes for therapeutic 
dose response studies. However, a limitation of this model 
is that it is not as physiologically relevant as the sciatic 
nerve model. The sciatic nerve model more closely mod-
els PNST growth, the impact of the microenvironment, 
and allows for functional assessments such as neurologic 
morbidity related to tumor growth, similar to that observed 
clinically. The disadvantage of sciatic compartment tumor 
localization is that it is not amenable to continuous meas-
urements and is more technically challenging which can 
impact reproducibility.

Since both models have benefits and limitations, we 
compared the two models directly, testing the combined 
treatment of drugs and radiation (Figs. 3 and 5). We showed 
that the growth of the tumors in the flank closely resembles 
tumor growth on the peripheral nerve sheath, and that the 
results in both models, using various treatment conditions, 
are similar.

The SC4 cell line is a genetically modified mouse 
model of NF2 related Schwann cell lineage line with an 
Nf2−/− genotype, derived from a mouse adult cell line that 
has been studied extensively as a model for NF2 schwan-
nomas [15, 41–45]. The tumors produced in vivo from SC4 
cells had several features consistent with classical benign 
schwannoma, however, they also had some histological 
features suggestive of a more aggressive nature, including 
high mitotic activity and necrosis in some of the specimens. 
Hence, we conclude that this cell line is a reproducible 
model for peripheral schwannomas with NF2 deletion with 
feasible utility in the lab but with some more aggressive 
growth features characteristic of mouse PNST [46]. The 
relatively brief doubling time of these cells was also use-
ful for straightforward experimental design and reproduc-
ibility. We found no difference in the histological pheno-
type which may have been suggestive of radiation-induced 
malignant transformation in lesions followed for 100 days 
after treatment.

Interestingly, although bevacizumab and everolimus 
have the greatest amount of evidence for activity in VS 
in clinical trials, their efficacy was equivalent to control 
in our flank tumor model. Some technical limitations 
may have affected the efficacy of these drugs. The limited 
efficacy of bevacizumab may be attributed to specificity 
to human VEGF, and may thus have resulted in reduced 
efficacy in this nude mouse model. The efficacy of uti-
lizing an anti-angiogenic agent is unclear. Furthermore, 
although the dose and dosing schedule of both bevaci-
zumab and everolimus are based on previous data, these 
dosages are not as established for rodents. Multiple doses 
and dosing schedules have been described in the lit-
erature. In contrast, both nilotinib and lapatinib showed 



55J Neurooncol (2017) 135:47–56 

1 3

activity as monotherapy and then enhanced activity when 
given concordantly with RT. Lapatinib has also been 
tested clinically for NF2 associated VS, but the activity 
against extracranial PNST was not assessed.

An important finding of this study was that there was 
no acute radiation toxicity observed from RT at doses 
up to 20  Gy. As described, the form of radiation given 
was focal and single dose, and the untreated areas in 
the mouse body were appropriately shielded from radia-
tion. This factor may explain the lack of systemic radia-
tion toxicity, however, we observed no focal toxicity 
either. There was no skin injury, atrophy of the area, or 
focal necrosis. Additionally the area of previous surgery 
seemed unaffected by radiation in the doses tested. We 
also noted no toxicity attributable to the drugs given in 
the doses described. Our results suggest that there may be 
better efficacy for NF2 associated PNST than may have 
been expected based on the existing data regarding activ-
ity in NF2 associated VS. However, the relatively short 
experimental window of our preclinical models can-
not fully predict the range of toxicity that may be expe-
rienced when applying RT for NF2 associated PNST, 
including late risk of malignant conversion. Neverthe-
less, there were no such cases during an observation win-
dow of up to 100 days in this study. The combinations of 
lapatinib and RT and nilotinib and RT were impressive 
in our two independent in  vivo models. In future stud-
ies, due to this combinatorial increased effect, it might 
be possible to decrease the dosage of chemotherapy when 
combined with RT to achieve a similarly impressive 
effect. To achieve similar control rates for NF2 vestibular 
schwannomas compared to sporadic vestibular schwan-
nonas, increased dosage of RT is necessary which leads 
to increased complications [47, 48]. Concomitant effec-
tive targeted therapies may result in lower dosages of RT 
delivered, thereby decreasing their associated toxicities. 
Future studies could be aimed at verifying this possible 
benefit.

Also, nilotinib had sustained activity even after cessa-
tion of treatment. If this effect is replicated in human sub-
jects, then treatment may potentially be given short term 
or in “pulse doses” to improve tolerance while maintain-
ing efficacy. In this model for PNST in NF2, nilotinib 
and lapatinib, both in combination with radiation and as 
monotherapy were significantly better at reducing tumor 
growth than untreated controls. Monotherapy with lapa-
tinib or nilotinib was also better than bevacizumab or 
everolimus for these PNST. These results suggest that 
concurrent low dose RT and targeted therapy with agents 
such as nilotinib and lapatinib should be considered as 
possible candidates for treatment options in addressing 
progressive PNST in patients with NF2.
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