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Abstract

Ancillary studies facilitate accurate diagnosis of morphologically challenging mesothelial proliferations. The current
diagnostic algorithm proceeds from BAP1 immunohistochemistry to CDKN2A fluorescence in situ hybridization. While
MTAP immunohistochemistry has recently shown promise as a surrogate for CDKN2A fluorescence in situ hybridization, it
has been examined in only a few single-institution studies. Furthermore, there are no published reports on interobserver
agreement or interlaboratory reproducibility for MTAP immunohistochemistry. We performed MTAP immunohistochem-
istry on 20 benign mesothelial lesions and 99 malignant mesotheliomas from five mesothelioma centers in four countries,
and each MTAP stain was independently interpreted by four pathologists. CDKN2A fluorescence in situ hybridization data
were available for a subset of cases, and a subset of cases was subjected in MTAP immunohistochemistry in multiple
laboratories to assess interlaboratory reproducibility. Interobserver agreement in MTAP immunostain interpretation was
excellent for all mesothelial lesions (kappa: 0.85) and for malignant mesothelioma cases only (kappa: 0.82). Interlaboratory
reproducibility was also excellent (kappa values for paired protocols: 0.77-0.89). MTAP loss by immunohistochemistry was
78% sensitive and 96% specific for CDKN2A homozygous deletion. MTAP immunohistochemistry is a reliable surrogate for
CDKN2A fluorescence in situ hybridization in diagnosis of malignant mesothelioma. Interobserver agreement is excellent for
interpretation of MTAP staining, and protocols performed in different laboratories yield concordant MTAP staining results.
Rare cases with immunohistochemical MTAP loss may retain normal CDKN2A copy number, and the MTAP staining
results should be correlated with clinicopathologic findings and other ancillary studies.

Introduction

Malignant mesothelioma is an aggressive malignancy aris-

. - ' . ing from the serosal lining of body cavities. Approximately

A portion of this work was presented in March 2019 at the 108 85-90% of mesotheliomas arise from the pleura, with most
annual meeting of the United States and Canadian Academy of K . .

Pathology in National Harbor, Maryland, USA. of the remainder arising from the peritoneum [1]. The
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histomorphologic gold standard for diagnosing malignancy
in a mesothelial proliferation is invasion into adjacent tis-
sues; however, histomorphology alone may be insufficient
for definitive diagnosis of mesothelioma, particularly in
biopsies or in cell-block preparations of pleural or peritoneal
effusions [2-5]. Furthermore, recent reports provide evidence
for an in situ form of mesothelioma, which may present with
recurrent effusion and undergo multiple biopsies, showing
suspicious cytologic features without invasion. In such cases,
ancillary techniques are required to demonstrate the malig-
nant biologic potential of the lesion [6].

Ancillary tests can help distinguish a florid-reactive
mesothelial proliferation from mesothelioma in cases with
ambiguous histomorphology and can assist in defining the
malignant elements of a biphasic mesothelioma [7].
Immunohistochemical loss of BRCA1-associated protein 1
(BAP1) is highly specific for distinguishing mesothelioma
from both benign mesothelial proliferations and pulmonary
carcinoma [5, 8-17]. However, BAP1 loss is observed in
just 55% of pleural mesotheliomas overall, including as few
as 7% of sarcomatoid mesotheliomas [17]. The CDKN2A
locus on chromosome 9p21 encodes pl6 protein, and
CDKN2A homozygous deletion by fluorescence in situ
hybridization (FISH) is diagnostic of malignancy in a
mesothelial proliferation. Thus, CDKN2A FISH can be
performed in challenging mesothelial lesions with retained
BAPI, although CDKN2A FISH reportedly occurs in only
52-68% of mesotheliomas [5, 10, 18-22]. Longer turn-
around times, greater expense, and lower availability of
FISH compared with immunohistochemistry have prompted
interest in a reliable immunohistochemical surrogate for
CDKNZ2A FISH, but immunohistochemical loss of p16 or
related proteins pl4 and pl5 is not specific for CDKN2A
homozygous deletion [14, 19].

The MTAP gene is located adjacent to CDKN2A on
chromosome 9p21. Its protein product, methylthioadeno-
sine phosphorylase (MTAP), is critical for adenosine
monophosphate and methionine salvage, and the potential
for therapies exploiting synthetic lethality in MTAP-
deficient tumors has been discussed [23-25]. Early FISH
studies showed MTAP co-deletion in up to 90% of pleural
and peritoneal mesotheliomas with CDKN2A homozygous
deletion [18, 19, 23]. However, MTAP FISH has not been
adopted for routine clinical diagnosis.

One early study utilizing a polyclonal anti-MTAP primary
antibody showed disappointing specificity of MTAP immu-
nohistochemistry for diagnosis of mesothelioma [26]. How-
ever, multiple more recent studies using a monoclonal anti-
MTAP primary antibody report excellent specificity and
acceptable sensitivity of MTAP immunohistochemistry for
detection of CDKN2A homozygous deletion and diagnosis of
mesothelioma [10, 14, 27]. Subsequent studies also showed
that MTAP immunohistochemistry could be reliably applied

SPRINGER NATURE

to cell-block preparations [2, 27] and in the differential
diagnosis of sarcomatoid mesothelial lesions [27, 28]. These
results have substantially increased enthusiasm for clinical
uptake of MTAP immunohistochemistry, but multi-
institutional studies of the reliability and reproducibility of
MTAP immunostaining are not yet published. Here, we
report an international investigation of interobserver agree-
ment and interlaboratory reproducibility of MTAP immu-
nohistochemical  staining. Comparison of MTAP
immunohistochemistry to available CDKN2A FISH data in a
subset of cases offers further insights on its reliability as a
surrogate marker for FISH in mesothelioma diagnosis.

Methods
Cohort selection

The study was performed with approval from institutional
review boards at the collaborating institutions (University of
Chicago #17-53). Cases were contributed from five meso-
thelioma referral centers in four countries (Japan, Canada,
France, and the United States). The collaborators con-
tributed to the cohort, as follows:

e AC and KB contributed a tissue microarray of 53 cases,
including 20 reactive mesothelial proliferations and 33
mesotheliomas. Nineteen of 20 reactive mesothelial
proliferations and 32/33 mesotheliomas were repre-
sented in the tissue microarray by two 1-mm cores. One
mesothelioma and one reactive mesothelial proliferation
were represented by a single 1-mm core. MTAP
immunohistochemistry and CDKN2A FISH data on
these cases have been previously published [10].

e KH contributed 11 mesotheliomas on whole-slide
sections (2 resections, 9 biopsies). KN contributed 25
mesotheliomas on whole-slide sections (13 resections, 4
biopsies, 8 cell blocks—MTAP immunohistochemistry
and CDKN2A FISH data on these cases previously
published [14]). FG-S and NLS contributed seven
mesotheliomas on whole-slide sections (three resections,
four biopsies). DBC, JS, and ANH contributed 23
mesotheliomas on whole-slide sections (22 resections, 1

biopsy).

Hematoxylin and eosin (H&E)-stained sections from
each case were scored centrally (DBC) for lymphohistio-
cytic infiltrate and spindled morphology.

MTAP immunohistochemistry protocols

Four of five collaborating institutions had a validated in-
house MTAP immunohistochemistry protocol: Fukuoka
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Table 1 Anti-MTAP primary antibody clone and dilution for each of the MTAP immunohistochemistry protocols employed in this study

Institution anti-MTAP Clone Antibody provider Dilution

University of Chicago 42-T (mouse monoclonal) Santa Cruz Biotechnology (Dallas, 1:100
Texas, USA)

Tokyo Women’s Medical DA2 (mouse monoclonal) Abnova (Taipei, Taiwan) 1:200

University

Vancouver General Hospital 2G4 (mouse monoclonal)  Abnova (Taipei, Taiwan) 1:100

Fukuoka University 2G4 (mouse monoclonal)
2G4 (mouse monoclonal)

2G4 (mouse monoclonal)

Abnova (Taipei, Taiwan)
Abnova (Taipei, Taiwan)

Abnova (Taipei, Taiwan)

1:100 (“standard™)
1:50 (“moderately strong”)

1:50 with FLEX mouse linker enhancer
(“strong”)

University, Tokyo Women’s Medical University, the Uni-
versity of Chicago, and Vancouver General Hospital
(Table 1). Protocols for MTAP immunohistochemistry from
Vancouver General Hospital [10] and Fukuoka University
[28] have been previously published. Briefly, the Vancou-
ver General Hospital and Fukuoka University protocols
both used the mouse monoclonal anti-MTAP clone 2G4
(Abnova, Taipei, Taiwan) at 1:100 dilution. For this study,
Fukuoka University employed two additional staining pro-
tocols using the same antibody: a “moderately strong”
condition (1:50 primary antibody dilution) and a “strong”
condition (1:50 primary antibody dilution, incubated with a
FLEX mouse linker enhancer [Dako, Agilent, Santa Clara,
California)).

The Tokyo Women’s Medical University protocol used
the mouse monoclonal anti-MTAP clone DA2 (Abnova) at
1:200 dilution following antigen retrieval by 20 min of heat
incubation in Bond epitope retrieval solution 2 (Leica
Biosystems, AR9640), with staining was performed on a
Leica Bond Max automatic stainer. The University of
Chicago protocol used the mouse monoclonal anti-MTAP
clone 42-T (Santa Cruz, sc-10078) at 1:100 dilution, fol-
lowing antigen retrieval by 20 min of heat incubation in
Bond epitope retrieval solution 2 (Leica Biosystems), with
staining performed on a Leica Bond RX automatic stainer
and antigen—antibody binding detected with Bond polymer
refine detection (Leica Biosystems, DS9800), with hema-
toxylin counterstaining.

Evaluation of interobserver agreement of MTAP
immunohistochemistry

Four pathologists independently scored each case in the
cohort for MTAP loss or retention, based on their own
practice standards, as informed by published literature on
MTAP immunohistochemistry. Generally, MTAP retention
is characterized by cytoplasmic staining in tumor cells, and
MTAP loss by absence of cytoplasmic staining in tumor
cells in the presence of a positive internal control [10].

Nuclear MTAP staining is reported in a subset of cases but
is inconsistent, and absence of nuclear MTAP with retention
of cytoplasmic MTAP staining is regarded as MTAP
retention [10, 14].

All 119 cases were independently evaluated by DBC, JS,
and ANH. The contributing pathologist from each colla-
borating institution served as the fourth evaluator for each
case, with the exception of the cases from MESOPATH
(fourth evaluator: TK) and the University of Chicago
(fourth evaluator: KN). Cases were excluded from further
analysis if they had insufficient tumor tissue for evaluation
by all four scoring pathologists or if the positive internal
control failed.

Any case called “MTAP retained” by at least one scorer
was reviewed by two pathologists (DBC, JS), and the
MTAP staining was termed “faint” if there was consensus
that tumor cell cytoplasmic staining was incontrovertibly
fainter than internal control staining.

Evaluation of interlaboratory reproducibility of
MTAP immunohistochemistry

A subset of cases was stained in two different pathology
laboratories, using the individual lab’s MTAP immunohis-
tochemistry protocol. Twenty-three cases from the Uni-
versity of Chicago were also stained at Fukuoka University
(using standard, moderately strong, and strong staining
conditions; see above); 25 cases from Fukuoka University
were also stained at the University of Chicago; and the
tissue microarray from Vancouver General Hospital
(including 20 reactive mesothelial benign controls and 33
malignant mesotheliomas) was also stained at the Uni-
versity of Chicago.

All slides stained in two laboratories were evaluated
independently by three pathologists (DBC, JS, and ANH).
To blind the scoring of the two slide sets, a 2-month
“washout” was allowed between scoring of slides from the
first lab and scoring of slides from the second lab. During
this 2-month period, no intervening factors significantly
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altered, enhanced, or reduced the observers’ evaluation of
MTAP immunostains.

CDKN2A fluorescence in situ hybridization

Protocols for CDKN2A FISH from Vancouver General
Hospital [10], Fukuoka University [28], Tokyo Women’s
Medical University [7], and the University of Chicago [16]
have already been published. Briefly, the Vancouver Gen-
eral Hospital and Tokyo Women’s Medical University
protocols used a CDKN2A probe and CEP9 probe from
Abbott Molecular (Des Plaines, IL, USA). The Fukuoka
University protocol used a 190kb Vysis LSI p/6/CEP 9
probe from Abbott Japan (Tokyo, Japan). The University of
Chicago protocol used a custom CDKNZ2A probe generated
with a bacterial artificial clone (RP11-14912) containing
CDKN2A-specific sequences.

Statistical analyses

Interobserver agreement between the four pathologists
scoring MTAP immunohistochemistry in each case was
assessed using Fleiss’s free marginal kappa. Association of
interobserver disagreement with binary categorical variables
was assessed by chi-squared testing. Interlaboratory repro-
ducibility was evaluated by assessing intraobserver agree-
ment for each of the three individual observers and for the
three observers’ pooled data using Cohen’s kappa. Kappa
values were grouped using the system proposed by Fleiss,
with kappa < 0.40 considered “poor,” 0.40-0.75 considered
“fair,” and >0.75 considered “excellent” [29]. Statistical
analyses were performed using SAS 9.4 (SAS Institute,
Cary, NC).

Results

Interobserver agreement in MTAP
immunohistochemistry scoring

Of 119 MTAP-stained cases (20 reactive mesothelial pro-
liferations and 99 mesotheliomas), all four observers were
able to score MTAP expression in 107 cases (18 reactive

mesothelial proliferations and 89 mesotheliomas) (Table 2).
Interobserver agreement in MTAP scoring was excellent,
with concordant MTAP scoring by all four observers (i.e.,
interobserver consensus) in 92 of 107 total cases (86.0%;
Fleiss’s free marginal kappa for all cases: 0.85 [95% CI,
0.79-0.92]) and in 74 of 89 mesotheliomas (83.1%; Fleiss’s
free marginal kappa for mesotheliomas only: 0.82 [95% CI,
0.74-0.90]). Of the 74 mesotheliomas with interobserver
consensus, 40 (54.1%) retained MTAP (Fig. 1a, b) and 34
(45.9%) lost MTAP (Fig. 1c, d).

Among mesotheliomas, interobserver disagreement on
MTAP scoring was significantly more likely in cases with
an intratumoral lymphohistiocytic infiltrate identified on
H&E-stained slides (p =0.009) and in cases with faint
MTAP staining (p <0.0001) (Fig. 2). Furthermore, faint
MTAP was significantly associated with lymphohistiocytic
infiltrate  (p <0.0001). Interobserver disagreement on
MTAP scoring was not related to tumor morphology
(spindled vs epithelioid; p = 0.80); to whether the evaluated
tissue was from a biopsy, cell block, or resection (p = 0.46);
or to whether the evaluated tissue was in a tissue microarray
or whole-section slide (p = 0.10).

Concordance of MTAP immunohistochemistry with
CDKN2A FISH

Of 69 mesotheliomas with CDKN2A FISH results, 43
(62%) showed CDKN2A homozygous deletion, and 26
(38%) showed normal CDKN2A copy number. Fifty-six
mesotheliomas had both FISH data and interobserver con-
sensus on MTAP scoring. MTAP loss was 78% sensitive
and 96% specific for CDKN2A homozygous deletion
(Table 3A). Eleven of 11 cases with faint MTAP staining
showed homozygous deletion of CDKN2A.

CDKN2A FISH data were available in an additional 13
cases with interobserver disagreement on MTAP scoring.
Of these 13 cases, 11 (85%) showed CDKN2A homozygous
deletion by FISH, and 2 (15%) showed normal CDKN2A
copy number. Although not reaching statistical significance,
there is a strong trend toward greater interobserver dis-
agreement on MTAP scoring in cases with CDKN2A
homozygous deletion, compared with cases with normal
CDKNZ2A copy number (p =0.07).

Table 2 Interobserver agreement

.. . Cumulative interpretation
in interpretation of MTAP P

Among all cases (n=107) Among MM cases only (n = 89)

immunohistochemistry was

: Interobserver consensus: MTAP lost 34 34
excellent among four scoring . e
pathologists, both for all Disagreement: 3 “lost”, 1 “retained
mesothelial proliferations and Disagreement: 2 “lost”, 2 “retained”
fl(\)/il\r/lna]ignam nllesothelioma Disagreement: 1 “lost”, 3 “retained”
( ) cases only Interobserver consensus: MTAP retained 58 40
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Fleiss’s free marginal kappa (95% CI)

0.85 (0.79-0.92) 0.82 (0.74-0.90)
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Fig. 1 a, b A pleural epithelioid
malignant mesothelioma with
retained cytoplasmic MTAP
staining. ¢, d A different pleural
epithelioid malignant
mesothelioma shows loss of
cytoplasmic MTAP staining.
Stromal cells and tumor-
infiltrating inflammatory cells
provide a positive internal
control. a, ¢ Hematoxylin and
eosin. b, d MTAP
immunohistochemistry with
diaminobenzidine chromogen.
Original magnification for all
photomicrographs, x100

Evaluation of cell block and biopsy specimens

Among biopsy specimens, there was interobserver consensus
on MTAP scoring in 20/24 cases. Seventeen biopsies had both
FISH data and interobserver consensus on MTAP scoring, with
MTAP loss 67% sensitive and 100% specific for CKDN2A
deletion among biopsy specimens (Table 3B). Among cell-
block specimens, there was interobserver consensus on MTAP
scoring in 7/8 cases. Seven cell block specimens had both FISH
data and interobserver consensus on MTAP scoring, with
MTAP loss 75% sensitive and 100% specific for CKDN2A
deletion among biopsy specimens (Table 3C). Sensitivity and
specificity of MTAP immunohistochemistry for detection of
CDKN2A homozygous deletion, as well as interobserver
agreement on MTAP scoring, did not differ significantly
between cell block, biopsy, and resection specimens.

Interlaboratory reproducibility of MTAP
immunohistochemistry

The cohort for interlaboratory reproducibility calcula-
tions included 81 mesotheliomas and 18 reactive
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mesothelial proliferations. Interlaboratory reproducibility
of MTAP immunohistochemistry scoring was excellent,
with Cohen kappa of 0.77 (95% CI, 0.69-0.85) for
comparison of Vancouver General Hospital and Uni-
versity of Chicago protocols, and Cohen kappa of 0.89
(95% CI, 0.81-0.96) for comparison of the University of
Chicago protocol with the standard and moderately
strong Fukuoka University protocols (Fig. 3). Con-
versely, concordance between the University of Chicago
protocol and the Fukuoka University “strong” protocol
was poor, with Cohen kappa of 0.39 (95% CI,
0.17-0.62).

Unusual patterns of MTAP immunohistochemical
staining

Four mesotheliomas showed heterogeneous MTAP
expression in tumor cells. Three cases showed discrete
areas of MTAP retention and loss, consistent with sub-
clonal MTAP loss (Fig. 4a). The fourth case showed
strong nuclear staining in a subset of tumor cells, with
complete absence of cytoplasmic staining (Fig. 4b). All

SPRINGER NATURE
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Fig. 2 A pleural epithelioid malignant mesothelioma with lympho-
histiocytic infiltrate (a) and faint MTAP staining (b). Tumoral cyto-
plasmic staining is present but substantially weaker than the positive
internal control. All 11 mesotheliomas with faint MTAP in this study
showed CDKN2A homozygous deletion by FISH. a Hematoxylin and
eosin. b MTAP immunohistochemistry with diaminobenzidine chro-
mogen. Original magnification for all photomicrographs, x100

four of these cases showed CDKN2A homozygous dele-
tion by FISH, although it is not certain whether the cells
evaluated by FISH included those with MTAP retention
or loss by immunohistochemistry, or a combination of
these two populations.

Discussion

This multi-institutional study of MTAP immunohis-
tochemistry demonstrates excellent interobserver agreement
in MTAP scoring and excellent reproducibility of MTAP
staining in laboratories using different immunohistochem-
istry protocols. The study also provides additional data
points on concordance of MTAP immunohistochemistry
with gold-standard CDKN2A FISH.

SPRINGER NATURE

Malignant mesothelioma is an aggressive neoplasm with
high morbidity and mortality, and treatment of mesothe-
lioma includes surgery, chemotherapy, or both [30]. Given
the gravity of this diagnosis, ancillary studies for diagnosis
of mesothelioma must demonstrate a high degree of speci-
ficity. Furthermore, because mesothelioma patients are
often referred to tertiary centers for management and
because second opinions are frequently solicited for this
diagnosis, ancillary studies used in mesothelioma diagnosis
should have a high degree of interpretive agreement
between pathologists reviewing the same slides, and a high
degree of reproducibility between laboratories performing
studies on the same tissue specimens.

Multiple studies published in recent years have provided
convincing evidence for high specificity of MTAP immu-
nohistochemistry for detection of CDKN2A homozygous
deletion [10, 14, 27], which is itself considered a highly
specific gold-standard marker of malignancy in mesothelial
lesions. Our data address multiple questions not examined
in previous studies. First, we show excellent agreement in
interpretation of MTAP immunostains among pathologists
at four institutions. This finding offers pathologists, clin-
icians, and patients alike a high degree of confidence in
reported MTAP immunohistochemistry results. Impor-
tantly, our data show excellent interobserver agreement for
MTAP scoring in cell blocks and biopsies, as well as in
resection specimens, providing additional support for earlier
reports of the accuracy of MTAP immunohistochemistry in
small diagnostic specimens [2].

Our data highlight common areas of uncertainty in
scoring MTAP immunohistochemistry. In tumors with a
lymphohistiocytic infiltrate, pathologists were more likely
to disagree on the tumor’s MTAP status. Because cyto-
plasmic MTAP protein is expressed in normal cells, large
tumor-infiltrating histiocytes appear to mimic MTAP-
positive epithelioid tumor cells in some cases, particu-
larly when the infiltrate is brisk or tumor cells are sparse.
Similarly, in sarcomatoid mesothelioma, histiocytic pro-
cesses can extend between and around poorly demarcated
tumor cells, which may make it difficult to assess whether
positive staining is present within or rather adjacent to
tumor cells. Awareness of this pitfall, together with eva-
luation of MTAP immunostains at high magnification in
cases with lymphohistiocytic infiltrate, can likely facilitate
accurate interpretation in most cases. Application of a
double immunostain for MTAP and a nuclear mesothelial
marker, such as WT-1, could also be considered in future
studies.

Interobserver disagreement on MTAP scoring was also
significantly more likely in cases with faint cytoplasmic
MTAP, defined as tumoral cytoplasmic staining that is
overtly weaker than the cytoplasmic staining in the positive
internal control. Hida et al. considered faint staining as
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Table 3 Fifty-six total malignant

mesothelioma cases (A),
seventeen mesothelioma
biopsies (B), and seven
mesothelioma cell block
specimens (C) had both
CDKNZ2A FISH data and
interobserver consensus for
MTAP immunohistochemistry
interpretation

(A) Resections, biopsies, and cell blocks (n = 56)

CDKN2A HD CDKNZ2A normal
MTAP lost 25 1 26 Sensitivity 78%
MTAP retained 7 23 30 Specificity 96%
32 24 56
(B) Biopsies only (n=17)
CDKN2A HD CDKNZ2A normal
MTAP lost 8 0 8 Sensitivity 67%
MTAP retained 4 5 Specificity 100%
12 5 17
(C) Cell blocks only (n=7)
CDKN2A HD CDKNZ2A normal
MTAP lost 3 0 3 Sensitivity 75%
MTAP retained 1 3 4 Specificity 100%
4 3 7

MTAP loss was 78% sensitive and 96% specific for CDKN2A homozygous deletion among all cases; 67%
sensitive and 100% specific in biopsies only; and 75% sensitive and 100% specific in cell block specimens
only. Sensitivity and specificity of MTAP immunohistochemistry did not differ significantly between cell

block, biopsy, and resection specimens

evidence for CDKN2A homozygous deletion [14]. Our data
support this interpretation: All 11 cases we observed with
faint MTAP staining in tumor cytoplasm showed CDKN2A
homozygous deletion by FISH. Importantly, such inter-
pretation of faint tumoral MTAP staining relies on a robust
positive internal control, to prevent overcalling of CDKN2A
deletion in cases with artefactual loss of MTAP due to poor
fixation or failure of staining. Interestingly, we found an
association between tumoral lymphohistiocytic infiltrates
and faint MTAP, suggesting that, in some cases, inter-
calating histiocytic processes may be responsible for the
appearance of faint MTAP staining in tumor cells. Given
the element of subjectivity in comparing tumor and internal
control staining, there will likely be some cases that fall into
a grey zone. In such cases, consultation with other pathol-
ogists and correlation with other studies (including
CDKN2A FISH, if needed) is advisable.

Our findings validate the work of Berg [10] and Hida
[14] regarding the sensitivity and specificity of MTAP
immunohistochemistry for detecting CDKN2A homozygous
deletion. First, the excellent agreement of our multi-
institutional cohort of pathologists in MTAP scoring in a
subset of previously reported mesotheliomas from these
investigators further substantiates their previously published
work [10, 14]. Second, this study includes 24 additional
mesotheliomas, which further validate a sensitivity and
specificity of ~80% and nearly 100%, respectively, for
detection of CDKN2A homozygous deletion with MTAP
immunohistochemistry. Others have additionally reported
that a panel including BAP1 and MTAP immunostains
achieves up to 90% sensitivity and 100% specificity for
diagnosis of mesothelioma [10, 14, 27].

Importantly, however, our data verify the finding of Berg
et al. [10] that rare mesothelial proliferations with normal
CDKNZ2A copy number show MTAP loss, as seen in one
case in this cohort (which showed interobserver consensus
for MTAP loss and adequate internal control staining). This
single case with “false positive” MTAP loss raises the
possibility that a reactive mesothelial proliferation with
MTAP loss, but normal CDKN2A copy number could be
misdiagnosed as malignant. However, in this study, the case
in question was nonetheless a mesothelioma on the basis of
histomorphology and clinical behavior, and benign meso-
thelial proliferations with MTAP loss have not yet been
reported in studies utilizing monoclonal anti-MTAP pri-
mary antibodies. The biological basis of these rare cases
with MTAP loss by normal CDKN2A copy number remains
unclear, although it may represent epigenetic silencing of
the MTAP gene [31] or selective deletion of the MTAP
locus, without CDKN2A alterations.

This is the first study of MTAP immunohistochemistry to
directly compare the results of staining protocols performed
in different laboratories. We found excellent concordance
between the pairs of laboratories studied, including those
using different anti-MTAP primary antibody clones (2G4 vs
42-T) and dilutions (1:100 vs 1:50). There were, however,
rare cases in which all independent observers scored a case
as MTAP-retained based on staining from one institution,
but MTAP-lost based on staining from another institution
(see Fig. 3). These findings indicate that the MTAP
immunostain results obtained at different institutions can be
reliably compared, but that differences in MTAP immuno-
histochemistry protocols may account for discordant inter-
pretations in some cases.

SPRINGER NATURE
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Fig. 3 A pleural epithelioid malignant mesothelioma (a) with inter-
observer consensus for MTAP loss by the Fukuoka University stan-
dard protocol (b) (anti-MTAP clone 2G4, 1:100) and consensus for
MTAP retention by the University of Chicago protocol (¢) (anti-
MTAP clone 42-T, 1:100). a Hematoxylin and eosin. b, ¢ MTAP
immunohistochemistry with diaminobenzidine chromogen. Original
magnification for all photomicrographs, x100

Our comparisons between laboratories also indicate that
overly strong staining conditions (namely, a protocol using
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Fig. 4 A pleural epithelioid malignant mesothelioma with generally
homogeneous morphology (a) demonstrates subclonal MTAP loss
(b, right-half of micrograph). a Hematoxylin and eosin. b MTAP
immunohistochemistry with diaminobenzidine chromogen. Original
magnification for all photomicrographs, x100

a 1:50 dilution of primary antibody and an enhancing linker
to repeat staining on 23 mesotheliomas) can produce non-
specific cytoplasmic staining in cases with consensus for
MTAP loss on standard staining conditions, thus sub-
stantially reducing the assay’s sensitivity for detecting
CDKNZ2A homozygous deletion.

The significance of subclonal heterogeneity of MTAP
staining within a tumor remains unclear. In some cases, it
may represent reversible epigenetic silencing of MTAP
through promoter hypermethylation [31], whereas in other
cases it may reflect emergence of a subclone with CDKN2A
deletion, which may in turn signify greater malignant
potential. All three cases in this cohort with subclonal
MTAP loss showed CDKN2A homozygous deletion by
FISH. This supports the assertion that at least a sub-
population in these tumors harbors a 9p21 deletion [10];
however, because FISH results in our study were obtained
from records, it is unclear whether the cells evaluated by
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FISH correspond to those with retained or lost MTAP. Of
course, distinct subclonal staining should be distinguished
from variable or patchy staining, which more likely reflects
artifact secondary to poor fixation, suboptimal stain per-
formance, or other pre-analytical factors. We also observed
one pleomorphic epithelioid mesothelioma with complete
absence of cytoplasmic staining, but strong, patchy nuclear
staining. This case also showed CDKN2A homozygous
deletion by FISH. The biology of such nuclear-only staining
is unclear, although correlation of MTAP immunohis-
tochemistry with FISH data in this case appears to support
the diagnostic primacy of cytoplasmic MTAP staining.
Additional studies on mesothelioma tumorigenesis would
help clarify both the biological and the clinical significance
of heterogeneous MTAP staining. Overall, these unusual
MTAP patterns appear to be rare in mesothelioma, occur-
ring in only 4/102 (4%) of cases in this cohort.

Certain limitations of this study warrant discussion and
consideration in subsequent studies. First, our examination
of interobserver agreement involved pathologists with
expertize in mesothelioma, so their interpretations of MTAP
immunostains may not entirely reflect the community of
surgical pathologists. However, because this is a relatively
new marker not yet in widespread clinical use, MTAP
immunohistochemistry is currently generally available only
at such mesothelioma centers, and even mesothelioma
specialists have relatively limited experience with it. We
believe that the high degree of interobserver agreement in
such a new marker indicates that MTAP immunobhis-
tochemistry can be widely and reliably employed as a
diagnostic marker for mesothelioma, particularly as studies
such as ours refine the interpretation recommendations for
challenging cases, and as the pathology community gains
experience with its use and interpretation.

Due to logistical limitations on transfer of tissue, we
were not able to compare staining performed at Tokyo
Women’s Medical University to staining protocols at other
institutions, which limits our ability to comment on repro-
ducibility of staining at 1:200 primary antibody dilution or
using the DA2 anti-MTAP clone. Given the preponderance
of data supporting the accuracy and reproducibility of
MTAP staining and MTAP scoring at 1:100 primary anti-
body dilution, this may be a good starting dilution for
validation of MTAP immunostaining in additional
laboratories.

In conclusion, immunohistochemical staining for MTAP
is a surrogate marker for CDKN2A FISH that shows
excellent interobserver agreement and interlaboratory
reproducibility. Loss of MTAP shows approximately 80%
sensitivity and nearly 100% specificity for detecting
CDKNZ2A homozygous deletion. Additional investigation of
rare cases with MTAP loss but normal CDKN2A copy
number is necessary to better understand the biology and

clinical significance of this finding. However, substantial
evidence indicates that MTAP immunohistochemistry is a
robust and accurate diagnostic marker, and we advocate its
incorporation into the routine diagnostic workup for
malignant mesothelioma.
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