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Morphologic and immunohistochemical
features of malignant peripheral nerve
sheath tumors and cellular schwannomas

Melike Pekmezci!, David E Reuss?, Angela C Hirbe®?, Sonika Dahiya*, David H Gutmann?®,
Andreas von Deimling?, Andrew E Horvai® and Arie Perry®’

IDivision of Neuropathology, Department of Pathology, University of California San Francisco,

San Francisco, CA, USA; ?Department Neuropathology, German Cancer Consortium (DKTK), CCU
Neuropathology German Cancer Research Center (DKFZ), Institute of Pathology, University of Heidelberg,
Heidelberg, Germany; ®Division of Medical Oncology, Department of Medicine, Washington University
School of Medicine, St Louis, MO, USA; *Department of Pathology and Immunology, Washington University
School of Medicine, St Louis, MO, USA; °Department of Neurology, Washington University School of
Medicine, St Louis, MO, USA; ®Department of Pathology, University of California San Francisco,

San Francisco, CA, USA and “"Department of Neurological Surgery, University of California San Francisco,
San Francisco, CA, USA

Cellular schwannoma is an uncommon, but well-recognized, benign peripheral nerve sheath tumor, which can
be misdiagnosed as malignant peripheral nerve sheath tumor. To develop consensus diagnostic criteria for
cellular schwannoma, we reviewed 115 malignant peripheral nerve sheath tumor and 26 cellular schwannoma
cases from two institutions. Clinical data were retrieved from the electronic medical records, and morphologic
features, maximal mitotic counts, Ki67 labeling indices, and immunohistochemical profiles (SOX10, SOX2,
p75NTR, p16, p53, EGFR, and neurofibromin) were assessed. Several features distinguish cellular schwannoma
from malignant peripheral nerve sheath tumor. First, in contrast to patients with malignant peripheral nerve
sheath tumor, no metastases or disease-specific deaths were found in patients with cellular schwannoma. More
specifically, 5-year progression-free survival rates were 100 and 18%, and 5-year disease-specific survival rates
were 100 and 32% for cellular schwannoma and malignant peripheral nerve sheath tumor, respectively. Second,
the presence of Schwannian whorls, a peritumoral capsule, subcapsular lymphocytes, macrophage-rich
infiltrates, and the absence of fascicles favored the diagnosis of cellular schwannoma, while the presence of
perivascular hypercellularity, tumor herniation into vascular lumens, and necrosis favor malignant peripheral
nerve sheath tumor. Third, complete loss of SOX10, neurofibromin or p16 expression, or the presence of EGFR
immunoreactivity was specific for malignant peripheral nerve sheath tumor (P<0.001 for each). Expression of
p75NTR was observed in 80% of malignant peripheral nerve sheath tumors compared with 31% of cellular
schwannomas (P<0.001). Fourth, Ki-67 labeling indices >20% were highly predictive of malignant peripheral
nerve sheath tumor (87% sensitivity and 96% specificity). Taken together, the combinations of these
histopathological and immunohistochemical features provide useful criteria to distinguish between malignant
peripheral nerve sheath tumor and cellular schwannoma with high sensitivity and specificity. Additional
retrospective and prospective multicenter studies with larger data sets will be required to validate these
findings.
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Malignant peripheral nerve sheath tumors are
malignant neoplasms arising from peripheral nerve
or extraneural soft tissue that display evidence of
nerve sheath differentiation.! However, due to the
lack of sensitive and specific diagnostic markers, the
differential diagnosis is often extensive, including


http://dx.doi.org/10.1038/modpathol.2014.109
mailto:melike.pekmezci@ucsfmedctr.org
http://www.modernpathology.org

Malignant peripheral nerve sheath tumor versus cellular schwannoma

188

M Pekmezci et al

various sarcomas and benign peripheral nerve
sheath tumors, each with different clinical out-
comes and therapeutic options. For individuals
harboring a malignant peripheral nerve sheath
tumor, despite adjuvant chemotherapy and radi-
ation, the overall prognosis is poor, with 5-year
disease-specific survival ranging between 35 and
50%.27* In a large cohort, 41% of patients who
initially presented with a localized malignant peri-
pheral nerve sheath tumor developed distant meta-
stasis in a median time of 12 months.?

Cellular schwannoma initially described by
Woodruff et a’ is an wuncommon, but well-
recognized, benign nerve sheath tumor that often
presents diagnostic challenges. Cellular schwannoma
accounts for 2.8-5.2% of all peripheral nerve sheath
tumors,®® and worrisome features commonly include
increased cellularity, frequent mitoses, and locally
destructive growth.” Despite these alarming features,
cellular schwannoma lacks metastatic potential and
local recurrence is variable (8-23.4%).819 Never-
theless, an erroneous diagnosis of malignancy, most
commonly malignant peripheral nerve sheath tumor,
is established in 16-28% of reported cases.®1°

Given dramatically different prognostic and thera-
peutic implications, distinguishing cellular schwan-
noma from malignant peripheral nerve sheath tumor
is critical. The presence of foamy macrophages,
a well-formed capsule containing lymphoid aggre-
gates, diffuse strong S100 protein staining and
pericellular collagen IV expression support a diag-
nosis of cellular schwannoma.'’ Other potentially
useful markers, such as SOX10 (SRY-related HMG
box 10) and p16, have only been studied in the
setting of malignant peripheral nerve sheath tumor
versus other sarcomas,'?~'* whereas putative neural
stem cell markers (SOX2 and p75 neurotrophin
receptor (p75NTR)) have not been systematically
explored.’® Similarly, the neurofibromatosis type 1
protein product (neurofibromin), p53 and EGFR
expression, implicated in malignant peripheral
nerve sheath tumor pathogenesis, have only rarely
been examined in cellular schwannoma.?% In the
current study, we evaluated the utility of SOX10,
SOX2, p75NTR, p16, p53, EGFR, and neurofibromin
expression by immunohistochemistry in the
differential diagnosis of malignant peripheral
nerve sheath tumor versus cellular schwannoma,
additionally assessing their prognostic roles in the
setting of malignancy.

Materials and methods
Case Selection

This study was performed under approved Human
Studies Protocols at the University of California,
San Francisco (The Committee on Human Research;
UCSF) and Washington University in St Louis
(Institutional Review Board; WUSTL). UCSF cases
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were identified using a pathology database search
for the diagnoses of malignant peripheral nerve
sheath tumor and cellular schwannoma between
June 1990 and June 2012. All cases with diagnoses
of ‘malignant peripheral nerve sheath tumor,’
‘malignant schwannoma,” ‘malignant neurilem-
moma,” ‘neurofibrosarcoma,” ‘nerve sheath sarcoma,’
‘cellular schwannoma,” and ‘cellular neurilemmo-
ma’ were reviewed. In addition, all cases of
‘schwannoma,” and ‘neurilemmoma’ with mention
of ‘cellular’ in the comment or discussion sections
were reviewed to identify additional cellular
schwannoma cases. Clinical data were retrieved
from electronic medical records. Three pathologists
(MP, AEH, and AP) independently reviewed all
cases with available material for diagnostic con-
firmation, and achieved a consensus diagnosis.
Schwannomas composed almost exclusively of
Antoni A areas with increased cellularity were
diagnosed as cellular schwannoma, and those with
>10% Antoni B areas and well-defined Verocay
bodies were excluded. Outside consultation cases,
cutaneous tumors in which melanoma was a
consideration, neoplasms in which other sarcoma
diagnoses (eg, leiomyosarcoma and fibromyxoid
sarcoma) remained in the differential diagnosis,
and nerve sheath tumors with equivocal features of
malignancy were excluded. The search thus yielded
a cohort of 40 malignant peripheral nerve sheath
tumor and 12 cellular schwannoma from UCSF. All
study cases were negative for SS18 gene rearrange-
ment by fluorescence in situ hybridization.

Cellular schwannoma cases from WUSTL were
identified using a pathology database search, and
three pathologists (MP, SD, and AP) independently
reviewed the cases with available material using the
same criteria as above. A consensus diagnosis
was achieved in 14 cellular schawannoma cases,
which were included in the study. In addition, a
tissue microarray block containing 75 malignant
peripheral nerve sheath tumor cases (previously
confirmed by AP) was included in the study. The
tissue micro array was created using 0.6 mm cores in
duplicate or triplicate from areas of greatest interest
from each case, and was previously validated.!”

Histological Features and Grading

Cases with whole slide sections were reviewed for
histologic features including the presence of a peri-
tumoral capsule, whorls, fascicles, inflammatory
cells, perivascular hypercellularity, herniation of
tumor into vessels, necrosis, and mitotic activity.
For the quantification of mitotic activity, once a
mitotic figure is identified, we counted mitotic
figures in 10 consecutive high-power fields
(0.24 mm?). This was repeated in up to 10 different
regions as tumor size permits, and the highest
number was recorded. Malignant peripheral nerve
sheath tumors were stratified into low and high



grades based on the previously published criteria'®
with ‘high grade’ corresponding to tumors with
hypercellularity, cytologic anaplasia, and a maximal
mitotic index greater than 6/10 high-power fields,
often accompanied by necrosis. Previously perfor-
med grading was used for malignant peripheral
nerve sheath tumors from WUSTL, and mitotic
activity was not calculated.

Immunohistochemistry

A representative block was chosen for immuno-
histochemistry from all UCSF cases and WUSTL
cellular schwannoma cases, and 5-micron paraffin
sections were stained using standard techniques
(Table 1). Whole section slides were not available for
malignant peripheral nerve sheath tumor cases from
WUSTL; therefore 5-micron sections from the tissue
microarray were used for immunohistochemistry.
Due to limited amount of tissue only selected stains
could be performed on these cases. Expression in
90% or more of the tumor cells was considered as
diffuse positivity, while expression in <5% was
considered as negative for all stains except Ki-67.
Each tissue microarray core was independently
evaluated and assigned a percent-staining value.
Cases with significant variation from one to core the
other were re-evaluated, and average staining per-
centage was calculated. The number of cases that
would potentially be misclassified (as negative/
positive or patchy/diffuse) if we had a single core
due to heterogeneity in staining was limited to two
cases for S100, three cases for SOX10, two cases for
p16, and one case for EGFR. Ki-67 labeling index
was estimated as percent positive nuclei in the area
of highest labeling using online software (Immu-
noRatio®, version 1.0c, Tampare, Finland), Ki-67
stain was not performed for malignant peripheral
nerve sheath tumors from WUSTL.

Statistical Analyses

Statistical analyses were performed using the SPSS
22.0.0 software package (SPSS, Chicago, IL, USA).

Table 1 Conditions for immunohistochemical stains

Malignant peripheral nerve sheath tumor versus cellular schwannoma
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Descriptive data were presented as medians with
ranges. Comparisons among categorical variables
were performed with the Fisher’s exact test, and
comparisons of continuous variables were per-
formed with Mann—Whitney U test. Survival ana-
lyses were performed using Kaplan—Meier analysis,
with the log-rank (Mantel-Cox) method to compare
survival curves. Receiver operating characteristics
curves were created to assess the performance of
each stain. Bonferroni correction was applied for
seven stains evaluated in this study, and a P-value of
<0.0071 was set as significant.

Results

In total, 115 malignant peripheral nerve sheath
tumor cases (50 males, 44%) and 26 cellular
schwannoma cases (12 males, 46%; P=0.83) were
included in this analysis. Median age at initial
diagnosis was 38.2 years (range: 0.1-81.6) for
malignant peripheral nerve sheath tumor and 44.9
years (range: 13.8-70.3) for cellular schwannoma
(overall 39.4; range: 0.1-81.6; P=0.212).

Fifty-one malignant peripheral nerve sheath tu-
mor patients had a clinical diagnosis of neurofibro-
matosis 1 based on the established diagnostic
criteria.’® After review of all available clinical
and pathology reports, 24 malignant peripheral
nerve sheath patients were classified as sporadic,
while the remaining 40 cases were excluded from
neurofibromatosis status-related analyses due to
lack of sufficient clinical information for accurate
classification. One cellular schwannoma patient
was diagnosed with neurofibromatosis 2, while
another was diagnosed with familial schwanno-
matosis. There was an additional patient with
cellular schwannoma, who was reported to have
some form of neurofibromatosis; however, it was
unclear from the available clinical notes whether
this represented neurofibromatosis 1 or 2. Median
ages at diagnosis were 33.8 years (range: 11.2—77.5)
and 41.7 years (range: 9.4-81.4) for malignant
peripheral nerve sheath tumor patients with and
without clinical diagnosis of neurofibromatosis 1,

Marker Clone Source Dilution Antigen retrieval
S100 S100 Rabbit polyclonal Ventana 1:2 CC1-120 min
SOX10 SOX10 Rabbit polyclonal Cell Marque 1:50 CC1-60 min
Neurofibromin NFC Mouse monoclonal DKFZ 1:4 CC2-56 min
SOX2 AB5603 Rabbit polyclonal EMD Millipore 1:200 CC1-32min
p75NTR NGFR5 Mouse monoclonal Abcam 1:100 CC1-32min

p16 JC8 Mouse monoclonal Santa Cruz 1:50 CC1-32min

P53 DO-7 Mouse monoclonal Dako 1:50 CC1-32min
EGFR 3C6 Mouse monoclonal Ventana 1:2 CC1-32min
MIB1 30-9 Rabbit monoclonal Ventana 1:1 CC1-32min

Abbreviations: CC1, Cell conditioner 1 (pH 9), Ventana (Ventana Medical Systems, Tucson, AZ, USA); CC2, Cell conditioner 2 (pH 6), Ventana

(Ventana Medical Systems); min, minutes.
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respectively (P=0.04). In general, patients with
malignant peripheral nerve sheath tumor had
larger tumors (8.8 cm, range: 0.5—26) than patients
with cellular schwannoma (4.8cm, range: 1-9.8;
P=0.005), although the ranges overlapped consid-
erably. In all, 3 cellular schwannomas (12%) and 34
malignant peripheral nerve sheath tumors (31%)
were located in the extremities, while the remaining
were found in paraspinal sites, brachial/sacral
plexi, and intracranial locations (P=0.053). Median
follow-up was 15.4 (range: 1.1-180) months for
malignant peripheral nerve sheath tumor and 16.4
(range: 0.1-202.5) months for cellular schwannoma
(P=0.495). There was no significant difference bet-
ween tumors resected at the two institutions with
respect to clinical features (P> 0.05 for all; Table 2).

Among malignant peripheral nerve sheath
tumors, 13 (11%) were low grade and 102 (89%)
high grade, including 20% diagnosed as malignant
Triton tumors. The extent of resection was extracted
from operative reports and imaging, demonstrating
that 26 malignant peripheral nerve sheath tumor
patients (65%) underwent gross-total resection. The
microscopic surgical margin status was available in
36 cases, of which 13 were negative (36%). Rates for
adjuvant radiation, chemotherapy, and combined
chemo-radiation were 28, 15, and 13%, respectively.
There were 10 (17%) patients who had metastasis at
the time of initial diagnosis, and 12 additional
patients who developed metastases during follow-
up (median 16.8 months, range: 5.3-57.1). The most
common site of metastasis was lung (12 patients,
55%). Thirty-six patients suffered from recurrent/
progressive disease with a median time of 10.3
months (range: 1.4—105). Sixty-five patients died as
a result of their malignant peripheral nerve sheath
tumor, one patient died of high-grade lymphoma,
and 49 patients were alive at the last visit (median
32.6 months, range 1.1-180 months). Median time to
death for those who died of disease was 16 months
(range: 0.4-129.3).

Table 2 Clinical features of UCSF and WUSTL case cohorts

Among the patients with diagnosis of cellular
schwannoma, seven (27%) were originally diag-
nosed as low-grade malignant peripheral nerve
sheath tumor. Ten (83%) patients underwent gross-
total resection and surgical margins were micro-
scopically negative in four of the nine patients
(44%) with available data. Twenty-five percent of
the patients received adjuvant radiation treatment.
None of the patients had metastasis during the
follow-up period, and one patient (4%) had a
recurrence 10 years after initial resection. Twenty-
five patients (96%) were alive with no evidence of
disease at their last visit (median 16.9 months, range
0.1-202.5), while one patient died of metastatic
pancreatic adenocarcinoma 16 months later. Over-
all, cellular schwannoma patients had significantly
better progression-free and disease-specific survival
times than malignant peripheral nerve sheath tumor
patients (P<0.001, for both; Figure 1a and b). Five-
year progression-free survival rates were 17.7% for
malignant peripheral nerve sheath tumor and 100%
for cellular schwannoma, and 5-year disease-specific
survival rates were 31.9% for malignant peri-
pheral nerve sheath tumor and 100% for cellular
schwannoma. There were no differences between the
two institutions regarding progression-free survival
and disease-specific survival (P>0.05, for both).

Common morphologic features for malignant
peripheral nerve sheath tumor and cellular schwan-
noma are illustrated in Figure 2 and summarized in
Table 3. In brief, the presence of Schwannian
whorls, a peritumoral capsule, subcapsular lympho-
cytes, macrophage-rich infiltrates, and an absence of
fascicles favor the diagnosis of cellular schwannoma
(P<0.005 for all). In contrast, the presence of
perivascular accentuation of cellularity, tumor her-
niation into vascular spaces, and necrosis favor
malignant peripheral nerve sheath tumor (P<0.004
for all). The median values for maximal mitotic
counts per 10 consecutive high-power fields were 25
(range: 1-90) and 2.5 (range: 1-10) for malignant

UCSF cohort WUSTL cohort

Malignant peripheral Cellular Malignant peripheral Cellular

nerve sheath tumor schwannoma pa nerve sheath tumor  schwannoma pa pb
Gender; male (%) 17 (43%) 6 (50%) 0.75 33 (44%) 6 (43%) 0.83 0.55
Age, years® 37.5 (11.2-71.8) 44.7 (13.8-70.3) 0.14 38.3 (0 1-81.6) (16—70) 0.6  0.52
<40 years old (%) 23 (58%) 5 (42%) 0.51 9 (52%) 6 (43%) 0.57 0.73
NF 1 (%) 25 (64%) 0 <0.0001 2 (82%) 1d (7%) <0.0001 0.074
NF 2 (%) 0 1 (8%) 0 149 (7%)
Size (cm)° 8.8 (0.5-26) 4.8 (1-9.8) 0.005
Site; extremity (%) 12 (30%) 0 0.047 22 (31%) 3 (21%) 0.75  0.55

Abbreviations: NF, neurofibromatosis; UCSF, University of California San Francisco; WUSTL, Washington University in St Louis.

P-values in bold are statlstlcally significant.
aP value belongs to comparlsons between MPNSTs and CSs.
bp_value belongs to comparisons between two institutions.
®Values are median (range).
Type of neurofibromatosis is unclear from medical records.

MODERN PATHOLOGY (2015) 28, 187-200
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Figure 1 Survival characteristics of malignant peripheral nerve sheath tumors and cellular schwannomas. Kaplan—Meier curves
demonstrate significant difference between malignant peripheral nerve sheath tumors and cellular schwannomas for progression-free

survival (a) and disease-specific survival (b).

peripheral nerve sheath tumor and cellular schwan-
noma, respectively (P<0.0001). A cutoff value of
>10 mitoses per 10 high-power fields yielded
82.5% sensitivity and 96.1% specificity for malig-
nant peripheral nerve sheath tumor (area under
curve =0.920 (95% confidence interval: 0.853—
0.986)). There was only one cellular schwannoma
with 10 mitoses per 10 high-power fields and that
patient was free of disease at the end of the study
(59 months follow-up).

Immunohistochemical features of malignant per-
ipheral nerve sheath tumor and cellular schwanno-
ma are listed in detail (Table 3), and selected stains
illustrated in Figures 3 and 4. In brief, S100 and
SOX10 expression was focally positive in all
cellular schwannomas, but in only a fraction of
malignant peripheral nerve sheath tumors (41 and
18%, respectively, P<0.001). When positive, S100
immunoreactivity was usually patchy in malignant
peripheral nerve sheath tumors and was usually
diffuse in cellular schwannomas. In addition,
diffuse SOX10 expression was limited to cellular
schwannoma cases. All cellular schwannomas re-
tained neurofibromin expression, whereas 25 of 37
(68%) malignant peripheral nerve sheath tumors
tested showed complete loss of expression in tumor
cells (P<0.001). Intratumoral macrophages served
as an internal positive control for neurofibromin-
negative tumors. In addition, there were five cases of
neurofibromatosis 1-associated malignant periph-
eral nerve sheath tumor with patchy expression
(Figure 5). In one of these cases, while the high-
grade component was entirely negative, the low-

grade component retained diffuse expression. One
case composed entirely of high-grade tumor and
showed distinct areas of complete loss and scattered
foci of retained expression. Three other cases, one
low grade and two high grade, showed an expres-
sion pattern of highly intermingled positive and
negative cells. A similar intermingled expression
pattern was also identified in a cellular schwanno-
ma. In all, 7 sporadic malignant peripheral nerve
sheath tumor (18.9%) and 24 cellular schwannoma
(96%) retained diffuse neurofibromin expression
(P<0.001).

The p16 immunostain was positive in all cellular
schwannoma cases, and the majority of these cases
contained patchy expression, while p16 was com-
pletely lost in 82 (73.2%) malignant peripheral
nerve sheath tumor cases (P<0.001). EGFR expres-
sion was present in 31% of malignant peripheral
nerve sheath tumors, while all cellular schwanno-
mas were immunonegative (P<0.001). Expression of
p75NTR was present in 80% of malignant periph-
eral nerve sheath tumors and 30.8% of cellular
schwannomas (P<0.001). The median Ki-67 prolif-
eration index was 40.3% (range: 1-84) and 7.6%
(range: 2—36) for malignant peripheral nerve sheath
tumor and cellular schwannoma, respectively
(P<0.001). A cutoff value of >20% for Ki67 labeling
index for the diagnosis of malignant peripheral
nerve sheath tumor yielded 87.2% sensitivity and
96.2% specificity (area under curve=0.914 (95%
confidence interval: 0.840-0.988)). Additionally,
Ki67 labeling was often heterogeneous with ‘hot
spots’ in cellular schwannoma, while a high labeling

MODERN PATHOLOGY (2015) 28, 187-200
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Figure 2 Selected histologic features evaluated in the study. (a) Malignant peripheral nerve sheath tumor with intersecting fascicles;
(b) cellular schwannoma demonstrating numerous whorls. These whorls are strongly S100 positive (not shown) and named as
‘Schwannian’; (¢) malignant peripheral nerve sheath tumor exhibiting perivascular hypercellularity; (d) malignant peripheral nerve
sheath tumor shows nodules of tumor cells herniating into vascular lumens.

index was typically diffuse in malignant peripheral
nerve sheath tumors. The sensitivities and specifi-
cities of these immunohistochemical stains for the
diagnosis of malignant peripheral nerve sheath
tumor are summarized in Table 4.

Complete loss of neurofibromin expression was
more common in neurofibromatosis 1-associated
tumors (79%) relative to sporadic malignant periph-
eral nerve sheath tumors (46%); however, this did
not reach statistical significance (P=0.067). On the
other hand, diffuse expression with neurofibromin
was only seen in seven (53.9%) sporadic malignant
peripheral nerve sheath tumors, and none of the
neurofibromatosis 1-associated malignant periph-
eral nerve sheath tumors (P=0.001). S100 immuno-
reactivity was seen in 58% of sporadic and 44%
of neurofibromatosis 1-associated tumors (P=0.18).
On the other hand, diffuse expression was seen in
22% of neurofibromatosis 1-associated tumors, and
none of the sporadic tumors (P=0.009). The results
of the remaining immunohistochemical stains did

MODERN PATHOLOGY (2015) 28, 187-200

not differ significantly between sporadic and neuro-
fibromatosis 1-associated malignant peripheral
nerve sheath tumor (P> 0.05 for all).

Malignant peripheral nerve sheath tumors diag-
nosed by whole section (UCSF cases) were more
likely to be positive for EGFR as compared with
those diagnosed by tissue microarray (WUSTL
cases) (73 and 8%, respectively; P<0.001). Immu-
nohistochemical frequencies of S100 and SOX10
positivity were slightly more common among malig-
nant peripheral nerve sheath tumors diagnosed on
whole section (53 and 25%, respectively) as com-
pared with tissue microarray (35 and 15%, respec-
tively); however, this did not reach statistical
significance (P=0.072 and P=0.21, respectively).
Frequencies of SOX2 and p16 expression were
slightly more common among malignant peripheral
nerve sheath tumors diagnosed on tissue microarray
(32 and 87%, respectively) as compared with whole
section (18 and 78%, respectively; P=0.18 and
P=0.29, respectively). Due to limited number of



Table 3 Morphologic and immunohistochemical findings
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Malignant peripheral nerve sheath tumor Cellular schwannoma p
Morphologic findings

Fascicles 38 (95%) 16 (62%) 0.002
Schwannian Whorls ) 14 (54%) <0.001
Thick-hyalinized vessels ) 8 (31%) 0.010
Intravascular bulging 20 (50%] 4 (15%) 0.004
Perivascular hypercellularity 19 (48%) 2 (8%) 0.001
Capsule ) 15 (62%) <0.001
Subcapsular lymphocytes ( ) 11 (42%) 0.003
Macrophages 0 7 (27%) 0.001
Necrosis 31 (78%) 4 (15%) <0.001
Mitoses/10HPF; Median (range) 25 (1-90) 2.5 (1-10) <0.001

>10 Mitoses/10HPF 33 (83%) 1 (4%) <0.001

Immunohistochemical stains

$100; positive 47 (41%) 26 (100%) <0.001

Diffuse 16 (14%) 25 (96%) <0.001
SOX10; positive 21 (18%) 26 (100%) <0.001

Diffuse 0 17 (65%) <0.001
Neurofibromin; positive 12 ( ) 25 (100%) <0.001

Diffuse 7 (19%) 4 (96%) <0.001
p16; positive 30 ( ) 26 (100%) <0.001

Diffuse 13 ( ) 3 (12%) 0.992
EGFR; positive 35 ( ) O <0.001

Diffuse ) 0.348
p75NTR; positive 32 ( ) 8 (31%) <0.001
SOX2; positive 95 ( ) 25 (96%) 0.123
p53; positive 30 (75%) 20 (85%) 0.766
Ki67, %; median (range) 40.3 (1-84) 7.6 (2—36) <0.001

>20% 34 (87%) 1 (4%) <0.001

Abbreviation: HPF, high-power fields.
P-values in bold are statistically significant.

available slides, immunohistochemical stains for
neurofibromin, p53, and p75NTR were not per-
formed on WUSTL malignant peripheral nerve
sheath tumors.

Clinical and Immunohistochemical Features of
Malignant Peripheral Nerve Sheath Tumor and Their
Association with Survival

Among malignant peripheral nerve sheath tumor
cases, progression-free survival and disease-specific
survival were similar for males versus females,
neurofibromatosis 1 versus non-neurofibromatosis
1 patients, extremity versus non-extremity sites,
sub-total resection versus gross-total resection, and
negative versus positive margin status (P>0.05
for all). Patients younger than 40 years of age
had shorter median progression-free survival
(10.6 months) compared with older patients (57.2
months); however, this did not reach statistical
significance (P=0.01). There was no difference
between younger (<40 years old) and older patients
for disease-specific survival (P=0.524).

Five-year disease-specific survival rates for low-
grade and high-grade tumors were 80 and 27.2%,
respectively (P=0.007). Corresponding 5-year pro-
gression-free survival rates were 51.4 and 11.6%,
respectively (P=0.097). Five-year disease-specific
survival rates were 31.3 and 37.5% for patients with

and without recurrence, respectively (P=0.883).
On the other hand, patients without metastasis
had better 5-year disease-specific survival (38.3%)
relative to those with metastasis (5.1%, P=0.003).
There was no difference in progression-free survival
or disease-specific survival between cases with
positive and negative expression for any of the
proteins analyzed by immunohistochemistry
(P>0.0071 for all). Detailed data regarding univari-
ate survival analysis are presented in Tables 5 and 6.

Discussion

Cellular schwannoma is composed almost exclu-
sively of compact spindle cells with variable hyper-
chromasia and pleomorphism, and the absence of
Verocay bodies. In some, destructive growth, in-
creased mitotic activity, and/or foci of necrosis lead
to an overdiagnosis of malignancy, most commonly
malignant peripheral nerve sheath tumor.5:920
In this regard, more than a quarter of our cellular
schwannoma cases were initially misdiagnosed as
malignant peripheral nerve sheath tumor, compa-
rable to previous reports.®1? The significance of
malignant peripheral nerve sheath tumor misdiag-
nosis is underscored by the relative benign nature
of cellular schwannoma, which have essentially
no metastatic potential and tumor-associated
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Figure 3 Immunohistochemical expression patterns of S100, SOX10, and Ki67 among malignant peripheral nerve sheath tumors and
cellular schwannomas. (a) Diffuse S100 positivity in cellular schwannoma; (b) S100 highlights occasional cells within a malignant
peripheral nerve sheath tumor, which are potentially entrapped Schwann cells; (¢) diffuse SOX10 expression in cellular schwannoma;
(d) SOX10 is negative in malignant peripheral nerve sheath tumor; (e) Ki67 stain demonstrates variable labeling indices throughout a
cellular schwannoma with hot spots; inset shows high-power image of a hot spot with labeling index of 36%; (f) Ki67 stain demonstrates
diffusely increased labeling in a malignant peripheral nerve sheath tumor; inset shows high-power image with a labeling index of 39%.

mortality.®1? As such, we found no metastases or  of patients with malignant peripheral nerve sheath
disease-related deaths in patients with cellular = tumors had metastases and the 5-year disease-
schwannoma. However, in striking contrast, 37.3% specific survival rate was 31.9%.
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Figure 4 Immunohistochemical expression patterns of neurofibromin, p16, and EGFR among malignant peripheral nerve sheath tumors
and cellular schwannomas. (a) Neurofibromin stain is retained diffusely in cellular schwannoma; (b) neurofibromin is lost in tumor cells
in malignant peripheral nerve sheath tumor, and is retained in vasculature and inflammatory cells; (c) p16 stain is diffusely positive in
cellular schwannoma; (d) p16 expression is lost in malignant peripheral nerve sheath tumor, and is retained in vasculature; (e) EGFR
stain is negative in cellular schwannoma; (f) diffuse EGFR expression in malignant peripheral nerve sheath tumor.

Our study confirmed previously proposed mor-
phologic features of cellular schwannoma inclu-
ding well-defined capsules, macrophage-rich areas,
cellular ‘Schwannian whorls’ and hyalinized
thick blood vessels.?>1% By contrast, thick intersec-

ting bundles, intravascular herniation, increased
perivascular cellularity, and necrosis were features
of malignant peripheral nerve sheath tumors.
Importantly, however, our data showed that most
morphologic findings were not exclusive to either
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cellular schwannoma or malignant peripheral nerve
sheath tumor. Most notably, increased mitotic
activity was found in both tumor types, but mitotic

counts of >10 mitoses per 10 high-power fields
served as a diagnostic feature with high specificity
for malignant peripheral nerve sheath tumor. Simi-
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larly, malignant peripheral nerve sheath tumor cases
had higher Ki67 proliferation indices, although they
overlapped significantly with cellular schwannoma.
Data regarding the mitotic activity of cellular
schwannomas are variable in the literature, with
most cases having <4 mitoses per 10 high-power
fields.'® We had only one patient with a cellular
schwannoma containing >10 mitoses per 10 high-
power fields. This individual had undergone a
complete resection with negative margins, and was
disease free after 59 months of follow-up.

Immunohistochemical analysis revealed that sen-
sitivities of S100 and SOX10 expression for the
diagnosis of malignant peripheral nerve sheath
tumor were 41 and 18%, respectively. These results
are comparable to previous reports and suggest
downregulation of Schwannian markers in malig-
nant peripheral nerve sheath tumor.'>?! Although
the absence of S100 and SOX10 expression certainly
raises the concern for other sarcomas, it is relatively
specific for malignant peripheral nerve sheath
tumor in the setting of cellular schwannoma versus
malignant peripheral nerve sheath tumor. Similarly,
diffuse expression with either S100 or SOX10 would
strongly suggest cellular schwannoma. Since diffuse
S100 expression can also be seen in rare malignant
peripheral nerve sheath tumors, this immunostain
should only be used in context with other
morphological and immunohistochemical features.
In agreement with previous reports, survival out-
comes were similar for tumors with and without
S100 or SOX10 expression.?
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We found that EGFR expression and/or complete
loss of neurofibromin or p16 expression was seen
exclusively in malignant peripheral nerve sheath
tumor, and combined use of these markers would
further increase the sensitivity of malignant periph-
eral nerve sheath tumor diagnosis. A recent study
showed that neurofibromin expression was lost in
both neurofibromatosis 1-associated and sporadic
malignant peripheral nerve sheath tumors, while it
was retained in other spindle cell tumors.'® The
current study is the first study to partially validate
these results, albeit focused specifically on the
differential diagnosis with cellular schwannoma.
Focal loss of neurofibromin was previously des-
cribed in three sporadic malignant peripheral nerve
sheath tumors,'® while this pattern was observed in
five neurofibromatosis 1-associated malignant peri-
pheral nerve sheath tumors in our series. One of
these cases had retained neurofibromin expression
in the low-grade malignant peripheral nerve sheath
tumor component with neurofibromin loss in the
high-grade malignant peripheral nerve sheath tumor
component. This pattern may suggest a second event
during progression to high grade, which would
lead to the loss of protein expression. Loss of neuro-
fibromin expression does not have 100% corre-
lation with NF1 mutations, raising the possibility
of other molecular or epigenetic regulation of
its expression.'®22 We also found one case of
cellular schwannoma with patchy neurofibromin
expression. The significance of this expression
pattern in an otherwise typical cellular schwan-

Table 4 Sensitivity and specificities of selected stains and combination of stains

Sensitivity Specificity Area under curve Confidence interval (95%)
S100 (—) 58.3 100 0.757 0.639-0.875
SOX10 (—) 75 100 0.878 0.790-0.967
Neurofibromin (—) 68.4 100 0.838 0.738-0.938
p16 (=) 73.2 100 0.919 0.846—-0.992
EGFR (+) 69 100 0.878 0.790-0.967
p75NTR (+) 80 69.2 0.765 0.639-0.892
EGFR (+) or Neurofibromin (—) 83.8 100 0.919 0.846—-0.992
EGFR (+) or p16 (—) 89.2 100 0.946 0.885—1.006
p16 (—) or Neurofibromin (—) 89.2 100 0.946 0.885-1.006
EGFR (+) or p16 (—) or Neurofibromin (—) 91.9 100 0.959 0.907-1.012
Ki67>20% 87.2 96.2 0.9142 0.840-0.988

(—), diffuse loss, expression in <5% of tumor cells; (+), positive, expression in 5% or more of the tumor cells.

8Continues variables (percentage of positive cells) were used to create receiver operating characteristics curve and 20% was chosen as cutoff.

<

Figure 5 Patterns of patchy neurofibromin expression. (a, b) High-grade neurofibromatosis I (NF1)-associated malignant peripheral nerve
sheath tumor demonstrating focal areas of diffuse neurofibromin expression (a) and other areas of neurofibromin loss (b). (¢, d) NF-1
associated malignant peripheral nerve sheath tumor with low-grade component diffusely positive for neurofibromin (c¢) and high-grade
component completely negative for neurofibromin (d). Inset pictures are hematoxylin and eosin stained sections of corresponding
components. (e) High-grade NF1-associated malignant peripheral nerve sheath tumor with intermixed positive and negative cells on
neurofibromin stain. (f) Low-grade NF1-associated malignant peripheral nerve sheath tumor with intermixed positive and negative cells
on neurofibromin stain. (g, h) Cellular schwannoma with intermixed positive and negative cells on neurofibromin stain, moderate (g) and
high power (h).
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Table 5 Associations of clinical features and the survival results
among malignant peripheral nerve sheath cases

Table 6 Associations of immunohistochemical profile and the
survival results among malignant peripheral nerve sheath cases

Progression-free Disease-specific

survival survival
1-year 5-year 1-year 5-year
(%) (%) P* (%) (%) P?
Gender
Male 56 14.4 0.966 68.9 24 0.13
Female 55.5 21.4 81.2 37.3
Age
<40 years 46.4 10 0.01 78.8 31.9 0.524
>40 years 74.6 34.1 72.3 31.5
NF1
Yes 49.4 19.2 0.88 78.4 37.9 0.393
No 57.1 NA 75.9 17.3
Site
Extremity 70.7 13.9 0.917 71.7 37.8 0.6
Non-extremity  49.3 19.5 77.3 31.1
Extent of resection
Sub-total 37.4 0 0.422 66.7 0 0.146
Gross-total 51.6 30.6 80.1 42.3
Margins
Negative 59.7 39.8 0.191 66.7 38.1 0.834
Positive 33.1 NA 76.5 11.5
Grade
Low 85.7 51.4 0.097 100 80  0.007
High 51.4 11.6 73.4 27.2
Metastasis
No 47.2 35 0.43 76.4 38.3 0.003
Yes 46.3 NA 65.9 5.1
Recurrence/Progression
No 57.8 37.5 0.883
Yes 84.8 31.3

Abbreviation: NA, not available, all cases were censored.
8All P-values were calculated from Kaplan—Meier analysis by Log-
rank method, and P-values in bold are significant.

noma is unclear, although it suggests that some
interpretive caution is required when loss of
neurofibromin expression is not complete.

Loss of p16 expression in malignant peripheral
nerve sheath tumor compared with retained expres-
sion in neurofibromas was previously reported in
the setting of NF1.23 These authors also showed the
homozygous deletion of CDKN2A/p16 gene by PCR.
Later, we reported homozygous deletion of pi16
by FISH exclusively in malignant peripheral nerve
sheath tumor relative to other morphologically-
similar spindle cell neoplasms.'® Other groups
reported that decreased CDKN2A gene dosage was
associated with metastases and poor survival among
malignant peripheral nerve sheath tumors.?* More
recently, Endo et al?® reported decreased (<50%)
p16 expression by immunohistochemistry in a
group of malignant peripheral nerve sheath
tumors, which was associated with poor prognosis.

MODERN PATHOLOGY (2015) 28, 187-200

Progression-free survival —Disease-specific survival

1-year 5-year 1-year 5-year
(%) (%) pa (%) (%) pa

S100
Positive 65.2 22.1 0.318 85.1 33.3 0.463
Negative 47.2 12.9 70.7 31.1
SOX10
Positive 65.6 35 0.372 83.3 46.4 0.495
Negative  52.7 13.7 74.3 28.9
Neurofibromin
Positive 54.5 29.1 0.43 83.3 21.9  0.019
Negative  36.5 NA 69.6 15
pl6
Positive 67.7 36.3 0.218 82.9 44 0.185
Negative 50.9 10.7 74 30.4
EGFR
Positive 40.1 21.9  0.228 75 25.4 0.2
Negative 67.3 17.8 77.4 35.9
p75NTR
Positive 46.6 28.7 0.981 75.8 24.9 0.897
Negative 50 NA 75 18.8
SOX2
Positive 54.2 22.3 0.507 73.8 32.3 0.421
Negative  61.4 NA 88.9 32.4
pb3
Positive 55.6 26.5 0.255 81.2 26.4 0.246
Negative  16.7 NA 60 NA
Ki67, %
<20 80 NA 0.199 80 NA 0.048
>20 42.9 21.2 74.2 9.1

Abbreviation: NA, not available, all cases were censored.
2All P-values were calculated from Kaplan—-Meier analysis by Log-
rank method, and P-values in bold are significant.

They have reported 5-year survival rates of 34 and
69% in tumors with decreased p16 versus tumors
with intact p16 expression. In our data set, retained
p16 expression did not have a survival benefit even
using a 50% cutoff (data not shown).

EGFR appears to be an important factor in the
development of malignant peripheral nerve sheath
tumor, and EGFR expression by immunohisto-
chemistry was reported in 29-62% of malignant
peripheral nerve sheath tumors.?426:27 A gseparate
study showed lack of EGFR expression by immuno-
histochemistry in schwannomas,?® suggesting
potential use of EGFR immunohistochemistry
as a diagnostic test. EGFR overexpression, and
thus detection by immunohistochemistry, may be
the result of EGFR gene amplification or activa-
ting mutations, and previous studies favor the
former.’2427 In some studies, EGFR overexpres-
sion correlates with more aggressive disease course,



advanced stage at presentation, higher tumor mitotic
rates, and poor overall outcome.?25:29 In this regard,
the mean disease-free survival was 17.4 months for
patients overexpressing EGFR compared with 30.1
months for patients lacking overexpression, with
corresponding 5-year overall survival rates of 25 and
52%, respectively. In addition, high EGFR expres-
sion using a cutoff value of 30% was reported as
associated with worse progression-free survival and
overall survival rates.?® In our data set, 5-year
disease-specific survival was 35.9 and 25.4% for
tumors with and without EGFR expression, respec-
tively, but this did not reach statistical significance.
This lack of association with survival remained even
when using the 30% cutoff value (data not shown).

p75NTR is a transmembrane protein that binds
nerve growth factor, and has been used as a marker
of neural crest origin.?* Bonetti et al'® reported
lack of p75NTR expression in non-neoplastic tissues
and malignant peripheral nerve sheath tumors
compared with the increased expression observed
in schwannomas. Other groups reported high rates
of expression in both schwannomas and malig-
nant peripheral nerve sheath tumors in addition
to numerous other tumors, including synovial
sarcomas and rhabdomyosarcomas.?! In our study,
p75NTR expression was more common in malignant
peripheral nerve sheath tumors compared with
cellular schwannomas. Among the malignant
peripheral nerve sheath tumor cases, the presence
of p75NTR expression did not show any association
with progression-free survival or disease-specific
survival. Larger studies using fresh tumor tissues
will be required to evaluate whether there is a
dosage effect for p75NTR expression.

SOX2 is a transcription factor that is crucial for
maintenance of neural stem cell pluripotency.®?
A prior study reported SOX2 expression in all
schwannomas compared with lack of expression in
normal peripheral nerve and traumatic neuromas.*?
We found that SOX2 was expressed in the majority
of both cellular schawannomas and malignant
peripheral nerve sheath tumors, but did provide
diagnostic value. In addition, we failed to demon-
strate a prognostic benefit of SOX2 expression
among malignant peripheral nerve sheath tumor
cases. Additional studies evaluating SOX2 expres-
sion in other benign nerve sheath tumors may
provide further understanding of its role in
malignant peripheral nerve sheath tumor.

We have also evaluated p53 expression in cellular
schwannomas and malignant peripheral nerve sheath
tumors, as well as its prognostic role in malignant
peripheral nerve sheath tumor patient outcome.
Previous studies have yielded variable conclusions.
Verdijk et al** reported p53 mutation in 24% of their
malignant peripheral nerve sheath tumor cases,
while immunohistochemical expression of p53 was
increased (>20% labeling) in 21% of their cases.
Others reported increased p53 expression in malig-
nant peripheral nerve sheath tumors compared with
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neurofibromas using a 30% cutoff.3* There was a
significant overlap between cellular schawannoma
and malignant peripheral nerve sheath tumors in our
series, arguing against a diagnostic role for p53.
Expression of p53 protein has also been associated
with worse outcome in malignant peripheral nerve
sheath tumor.? In our data set, malignant peripheral
nerve sheath tumor cases with lack of p53 expression
showed worse disease-specific survival, although
this did not reach statistical significance.

One of the potential concerns with immunohisto-
chemical markers that tend to be expressed hetero-
geneously is that small needle biopsies will lead to
less reliable interpretations. When comparing whole
section versus tissue microarray samples, no signifi-
cant differences for the majority of the stains were
found in our study. Although there was a slightly
higher rate of positivity with S100 and SOX10 among
whole section, the opposite trend was found for p16
and SOX2 stains and these differences did not reach
statistical significance. In contrast, EGFR expression
was found significantly less often in tissue micro-
arrays, suggesting that the sensitivity of EGFR staining
may be low in needle biopsies or other small speci-
mens. In addition, there were occasional cases with
core to core variability that could potentially lead to
misclassification on a single core sample. As such,
greater care must be exercised when interpreting such
immunostains in particularly limited samples.

In summary, the presence of Schwannian whorls,
a peritumoral capsule, subcapsular lymphocytes,
macrophage-rich infiltrates, and the absence of fasci-
cles favor the diagnosis of cellular schwannoma, while
the presence of perivascular hypercellularity, tumor
herniation into vascular lumens, and necrosis favor
malignant peripheral nerve sheath tumor. Complete
loss of SOX10, neurofibromin or p16 expression, or
the presence of EGFR immunoreactivity strongly favor
malignant peripheral nerve sheath tumor. Taken
together, immunohistochemistry is useful in the
differential diagnosis of malignant peripheral nerve
sheath tumor and cellular schwannoma. In addition to
the most commonly utilized markers of S100 and
SOX10, immunohistochemistry for EGFR, p16, and
neurofibromin shows the highest sensitivities and
specificities in this diagnostic setting.
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