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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) has an ominous prognosis and there are only few treatment options. It
is therefore crucial to investigate possible predictive markers that may improve the treatment of this disease.
Mismatch repair (MMR) deficiency (d-MMR), meaning MMR protein loss (l-MMR) and/or microsatellite in-
stability (MSI), is predictive of response to immunotherapy, but its frequency has to our knowledge not been
elucidated in Scandinavian PDACs. Our aims were to examine the frequency of d-MMR in a Danish cohort of
PDACs. We constructed multi-punch tissue microarrays (TMAs) using primary tumor tissue.
Immunohistochemistry (IHC) for the DNA MMR proteins MLH1, MSH2, MSH6 and PMS2 was performed, and
their expression was evaluated using a scoring system from 0 to 4. If the overall score was between 0–2 or if IHC
was inconclusive for technical reasons, IHC on whole-tissue sections and MSI using PCR was performed. A final
score of 0, 1–2 or 3–4 defined the tumor as l-MMR, MMR reduced (r-MMR) or MMR proficient. In total, 4/164
(2.4 %), 2/164 (1.2 %) and 3/164 (1.8 %) were l-MMR, r-MMR, or inconclusive based on IHC. MSI testing of
these specimens showed that two of the four l-MMR tumors were MSI-high, while the remaining cases were
microsatellite stable (MSS). In conclusion, in this study of Danish PDACss, d-MMR was found in a small pro-
portion of the tumors. For these patients, individualized treatment using immunotherapy could be considered.

1. Introduction

Although pancreatic cancer (PC) is not the most frequent type of
cancer, it is among the deadliest, and its incidence is increasing. So far
the only chance for cure is operation, but when diagnosed, only 20 % of
the patients have resectable tumors and of those, only 20 % survive 5
years or longer [1]. The overall 5-year survival of 6% makes it the
fourth leading cause of cancer-related deaths [2]. Different histological
types of pancreatic neoplasms exist. The by far most frequent type of
pancreatic neoplasms is pancreatic ductal adenocarcinoma (PDAC),
representing more than 90 %. PDAC is among the most aggressive types
of human cancers, and most patients are essentially resistant to che-
motherapy. For these reasons, it is vital to investigate new approaches
to manage and treat this disease [3,4]. One such approach could be the
evaluation of mismatch repair protein (MMR) deficiency (d-MMR) in a

given case of PDAC, which, like in several other types of solid cancers,
such as colorectal cancer, seems to be predictive of response to im-
munotherapy [5].

In Lynch syndrome, also called hereditary nonpolyposis colorectal
cancer (HNPCC), defects in one or several of the four MMR genes, mutL
homolog 1 (MLH1), mutS homolog 2 (MSH2), mutS homolog 6 (MSH6)
and PMS1 Homolog 2 (PMS2) are accountable for an increase in un-
repaired replicative errors and thereby instability of microsatellites, the
accompanying repeated sequences of DNA. These sequences are ap-
proximately 1–6 base pairs long and mostly found in non-coding areas
of the DNA [4]. MSI is therefore the phenotype seen in Lynch syndrome
and its associated cancers [4,6–10]. However, MSI is also observed in
approximately 10–15 % of sporadic colorectal, gastric and endometrial
cancers, most commonly because of biallelic silencing mutations of the
promotor region of the MLH1 gene [4]. In Lynch syndrome, an
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inactivating mutation in one allele of the DNA MMR genes is inherited.
When these patients develop tumors as a result of this inactivating
mutation, the other allele is inactivated by a somatic mutation, the so-
called “second hit” [11]. In sporadic MSI cancers, both alleles are in-
activated somatically.

MSI testing with Polymerase Chain reaction (PCR) is able to identify
the presence of MSI in the DNA of a given tumor with amplification of
microsatellite markers, but even with high levels of MSI in a tumor, it
does not provide the necessary information of which DNA MMR gene is
involved. Immunohistochemistry (IHC), on the other hand, can provide
information regarding the exact mismatch repair gene involved.
Besides, IHC is a less expensive and equally sensitive method using
antibodies for the MMR proteins [4,12]. Several studies have shown
that MMR IHC and MSI testing both have a high sensitivity and speci-
ficity for the detection of d-MMR cases [5,13–17]. In 2017, the FDA
approved the PD-1 receptor antibody pembrolizumab for the treatment
of solid tumors irrespective of anatomic location, if MSI-high and/or l-
MMR was found [18]. However, for further validation, l-MMR tumors
may be tested with additional MSI. When a given tumor is MMR pro-
ficient by IHC but there is clinical or morphological concern of d-MMR,
one also needs to consider additional MSI testing. Similarly, when a
tumor is MSS by PCR but there is clinical or morphological concern of
d-MMR, MMR IHC should be performed. Resistance to immune
checkpoint inhibitor therapy has been reported due to false-positive l-
MMR or MSI testing, why some authors recommend to do dual testing
with IHC for MMR proteins and MSI analysis, if possible accompanied
by the HT17 assay [19]. Next-generation sequencing (NGS) or other
methods where the MMR genes are sequenced, should particularly be
considered when there is a suspicion of Lynch syndrome in patients
showing l-MMR and/or MSI-high [19].This, however, is much more
expensive and less suited for screening.

Probably because MSI-high tumors show an increase in neoantigens
promoting recruitment of immune cells and inflammatory factors, these
MSI-high cancers have often a better prognosis compared to their mi-
crosatellite stable (MSS) counterparts [20,21]. Moreover, d-MMR can-
cers are responsive to immunotherapy [5,22–26]. However, there has
been discrepancy on the proportion of PDACs that is l-MMR / MSI.
Studies show a prevalence ranging from 0 to 75% [15,27–47] and there
are currently no published studies based on Scandinavian PDAC pa-
tients. Therefore it is relevant to examine the frequency of l-MMR and
MSI-high in a Danish PDAC cohort. This could give pathologists and
clinicians an idea of whether or not to include MMR testing in daily
routine and thus contribute to the development of more personalized
treatments of PDAC patients. Hence, the aim of this study was to
evaluate the frequency of l-MMR / MSI in a Danish cohort of 164
consecutive surgically resected cases of PDAC.

2. Material and methods

2.1. Study design and patient selection

All patients from the Region of Southern Denmark who underwent
surgery with a postoperative diagnosis of PDAC at the Department of
Surgery, Odense University Hospital (OUH), Odense, Denmark, in the
period 1.1.2015−30.04.2019 were retrospectively included in this
cohort study. They were identified by a search for all pancreatic re-
section specimens in the Danish Pathology Registry for the period and
region. The search terms used were “T59000” (pancreas) and “P306*”
(pancreatic resection or pancreatectomy). H&E stained slides from all
identified surgical specimens were re-evaluated by a pancreatic pa-
thologist (SDE) to confirm the histological diagnosis of PDAC. Hence,
only patients with PDAC were included, whereas other types of peri-
ampullary cancer, such as intraductal-papillary mucinous neoplasm
(IPMN)-associated PC, mucinous-cystic neoplasm (MCN)-associated PC,
distal bile duct carcinoma, duodenal carcinoma, ampullary carcinoma
and metastases, were excluded. Also other types of pancreatic

neoplasms, such as acinic cell carcinoma, solid-pseudopapilllary neo-
plasm, neuroendocrine neoplasms, mixed neuroendocrine-non-neu-
roendocrine neoplasms (MiNENs), or pure squamous cell carcinomas
were excluded.

The following patient data were registered if available: Age, gender,
tumor localization, pathological T stage (pT), pathological N stage (pN),
histological WHO grade 1–3, resection margin status (lowest distance to
a resection margin in mm), vascular invasion and perineural invasion.

2.2. Production of tissue microarrays (TMAs)

H&E-stained slides of formalin fixed and paraffin embedded (FFPE)
tissue blocks from the included surgical PDAC specimens were digita-
lized (20x objective) using the NanoZoomer 2.0 H T whole-slide scanner
(Hamamatsu Photonics, Hamamatsu, Japan). Using the NanoZoomer
Digital Pathology (NDP).view2 software (Hamamatsu Photonics), a
pancreatic pathologist (SDE) selected circular areas with a diameter of
4mm each to be included in the TMAs – from the center of the tumor
and from the invasive front. These 4mm tissue cores were transferred to
virgin TMA blocks.

In total, 27 TMAs were used in this study. We included tissue cores
from 164 PDAC patients. Each TMA contained 28 tissue cores deriving
from seven patients (4 cores from each patient, two from tumor center
and two from invasive front), with the following exceptions: TMAs
1–4 ha d been produced in another study, and TMAs 5–6 were produced
using the protocol of this previous study, where only three cores from
each tumor (one from the tumor center and two from the invasive front)
had been obtained [48]. Another TMA (TMA 26) contained only 24
tissue cores from six patients. One additional TMA (TMA 27) was used
as positive and negative control, consisting of cores from different
colorectal cancers with loss of different DNA MMR proteins (MLH1-,
MSH1-/MSH6-, MSH2-, and MSH6-).

Furthermore, in TMAs 1–6, control cores with the following entities
were included: Adenocarcinoma of the hepatobiliary tract (n=10),
adenocarcinoma associated with IPMN (n=2) and MCN (n=1), PDAC
(n= 5), alcoholic chronic pancreatitis (n= 12), obstructive chronic
pancreatitis (n= 12), autoimmune pancreatitis (n= 10), normal pan-
creas (n=4) and Crohn's disease (n=4). From each included TMA, six
4 μm thick tissue slides were cut on a microtome and stained for H&E,
maspin, MLH1, MSH2, MSH6 and PMS2.

2.3. Immunohistochemical staining

For IHC, 4 μm sections were mounted on FLEX IHC slides (Dako,
Glostrup, Denmark), dried at room temperature, and incubated at 60 °C
for 60min before immunostaining. The immunohistochemical staining
procedures were automated using either the BenchMark Ultra im-
munostainer (Ventana Medical Systems, Tucson, AZ), with the
OptiView-DAB detection kit (Ventana Medical Systems), or the Dako
Omnis instrument (Agilent, Santa Clara, US) with the Dako EnVision
FLEX visualization system (Agilent, Santa Clara, US). Antibody speci-
fications, dilutions, incubation times and epitope retrieval procedures
are specified in Table 1. Nuclear counterstaining was performed with
the BenchMark Ultra instruments, using Hematoxylin II (Ventana
Medical Systems), and with the Dako Omnis using EnVision FLEX
haematoxylin (Agilent). Finally, the slides were washed, dehydrated,
and coverslipped using a Tissue-Tek Film overslipper (Sakura, Alphen
aan den Rijn, The Netherlands).

2.4. Immunohistochemical scoring

Each core was given a score from 0 to 4 depending on the MMR
expression in tumor cells [49–51]. 0 was given for MMR expression in
0–4 % of the tumor cells, 1 for expression in 5–25 %, 2 for expression in
26–50 %, 3 for expression in 51–75 %, and 4 indicated expression in
more than 75 % of tumor cells. For each tumor, the final score was
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based on the mean scores of all tumor cores. During scoring, special
attention was given to the internal control (stromal cells and lympho-
cytes), which gave a good indication of the quality of the IHC staining.
After introduction to pancreatic histology, PDAC microscopy and eva-
luation of MMR-IHC, scoring of the TMAs was performed by the prin-
cipal investigator of this study (SAAN, observer 1), supervised by a
pancreatic pathologist (SDE, observer 2). For validation of the results,
observer 2 evaluated 20 % of the tissue cores (randomly selected), and
the relative interobserver agreement between observer 1 and observer 2
was calculated by taking the number of agreements and dividing it by
the total number of agreements and disagreements. Moreover, all tu-
mors where one or several MMR proteins were absent (score 0), re-
duced (score 1–2), or inconclusive, were also evaluated by observer 2,
who assigned the final score for these cases (n= 15). For tumors where
one or several of the MMR proteins were absent, reduced or incon-
clusive, the immunostaining for all MMR proteins and the tumor
marker maspin was repeated on a whole tissue section (WTS) of the
tumor, and PCR for MSI testing was performed. If one or several of the
four MMR proteins, based on evaluation of the WTS, scored 0, 1–2, or
3–4, the tumor was IHC classified as DNA MMR loss (l-MMR), DNA
MMR reduced (r-MMR), or DNA MMR proficient (p-MMR).

2.5. Microsatellite instability (MSI) analysis

In all tumors where the IHC results after staining of TMAs and WTS
were not entirely conclusive or where one or several of the four MMR
proteins was lost or reduced at IHC, we performed MSI analysis. In
these cases, genetic MSI testing was performed at the Department of
Clinical Genetics, Vejle Hospital, Denmark. DNA was extracted from
5×10 μm thick sections of representative FFPE tissue blocks from each
tumor and normal control tissue. PCR amplification of five micro-
satellites (NR21, NR24, NR27, BAT25, BAT26) was performed in tu-
mour and healthy tissue samples using 1 μL DNA with 1 μL 2μM primer
mix, 5 μL Multiplex PCR Master Mix (Qiagen, Hilden, Germany), and
3 μL nuclease-free water. The PCR programme comprised an initial
15 min at 95 °C followed by 45 cycles of 30 s at 94 °C, 90 s at 58 °C and
30 s at 72 °C, which were followed by 10min at 72 °C. 0.5 μL of PCR
product was mixed with 11.5 μL Hi-Di Formamide and 0.5 μL GS-
500MW marker, denatured at 95 °C for 2min, and analysed using a
3130 Genetic Analyzer instrument (Thermo Fisher Scientific, Waltham,
USA). tumour tissue was compared to healthy tissue from the same
individual using GeneMapper Software 5 (Thermo Fisher Scientific). If
non-identical profiles were observed for zero, one, and three to five of
the microsatellites, the tumour tissue was categorized as “microsatellite
stable”, “microsatellite instable – low”, and “microsatellite instable –
high”, respectively.

2.6. Ethical considerations

This study was approved by the Ethics Committee of the Region of
Southern Denmark (project-ID: S-20170026) and by the Danish Data
Protection Agency (project-ID 17/17839). It was also ensured that the
patients had not advocated against the use of their tissue in
“Vævsanvendelsesregisteret”, the Danish registry for the use of tissue

for research.

3. Results

3.1. Study cohort

In total, 440 surgical pancreatic resections (including re-resections,
for example due to positive resection margins) were performed at
Odense University Hospital (OUH) in the period 1.1.2015−30.04.2019.
Of these, 168 were PDACs. Of the 168 PDAC specimens, one patient had
no tumor cells left in the resection specimen, due to complete histolo-
gical response after preoperative neoadjuvant chemotherapy. Three
other specimens represented re-resections (Whipple’s operation fol-
lowed by left-sided pancreatectomy). Hence, 164 consecutive surgical
PDAC specimens were included in the study cohort. Demographic and
tumor features of this cohort are presented in Table 2.

3.2. Immunohistochemical MMR protein expression

The interobserver agreement between observer 1 and observer 2
was very good (0.97), based on randomly selected 20 % of the tissue
cores. Table 3 shows the mean scores of MMR protein expression among
the different TMA cores from the same tumor, irrespective of the
number of tumor cells present in each core. IHC staining of all four

Table 1
List of antibodies, retrieval, incubation time, and dilutions for immunohistochemistry.

Antibody Species (clonality) Company Product ID Epitope retrieval Incubator Dilution Platform Detection

Maspin G167−70 Mouse (Mono) Pharmingen 554292 CC1_32_100 32min/36 °C 1:100 BenchMark Optiview-DAB
MLH1 GM011 Mouse (Mono) Genemed Biotechnologies Inc. 61-0079 TRS-H_30_97 20min/32 °C 1:200 Omnis EnVision FLEX
MSH2 G219−1129 Mouse (Mono) Cell Marque 286M-15 TRS-H_30_97 20min/32 °C 1:400 Omnis EnVision FLEX
MSH6 EP49 Mouse (Mono) Epitomics AC-0047 TRS-H_30_97 20min/32 °C 1:100 Omnis EnVision FLEX
PMS2 EP51 Rabbit (Mono) Dako M364701−2 TRS-H_30_97 20min/32 °C 1:250 Omnis EnVision FLEX

Abbreviations: MLH1: MutL homolog 1, MSH: MutS protein homolog, PMS2: PMS1 homolog 2, CC1: cell conditioning solution (pH 8,5), CC1_X_X: CC1_minutes
incubated_degrees Celsius, TRS-H: Target retrieval solution-High (pH 9), TRS-H_X_X: TRS-H_minutes incubated_degrees Celsius.

Table 2
Patient demographics and tumor features of a series of 164 consecutive surgical
cases of pancreatic ductal adenocarcinoma.

Features n (%) Number of cases with available
information

Gender 164
Female 85 (51.83 %)
Male 79 (48.17 %)

Mean age (range) 67.6 years (49−85
years)

164

Tumor location 164
Head 127 (77.44 %)
Body 3 (1.83 %)
Tail 30 (18.29 %)
Other1 4 (2.44 %)

Tumor stage 164
T1 6 (3.66 %)
T2 22 (13.41 %)
T3 135 (82.32 %)
T4 1 (0.61 %)

Nodal stage 164
N0 45 (27.44 %)
N1 119 (72.56 %)

Tumor WHO grade2 117
1 10 (8.55 %)
2 78 (66.67 %)
3 29 (24.79 %)

1 Pancreatic neck and uncinate process.
2 Grade 1, well-differentiated ductal adenocarcinoma; Grade 2, moderately

differentiated ductal adenocarcinoma; and Grade 3, poorly differentiated ductal
adenocarcinoma, according to the WHO Classification of Tumors of the
Digestive System 2010.
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MMR proteins was unaffected in 155/164 (95 %) of the tumors,
meaning that their IHC score was 3 or 4 for all four proteins (Table 4).
Six tumors had absent or reduced expression and three tumors were
inconclusive. These were chosen for WTS staining. The IHC findings in
these tumors (labeled case no. 1-9) are shown in Table 4.

As shown in Table 4, a total of 4/164 PDAC cases (2.4 %) were l-
MMR. One tumor showed loss of MSH6; two tumors showed loss of both
MLH1 and PMS2, and one tumor showed loss of both MSH2 and MSH6.
Histologically, two of these tumors (tumor 3 and 4 in Table 4) were
reminiscent of the medullary type of pancreatic cancer, as the tumor
cells, particularly at their periphery, formed a syncytial growth pattern
with a pushing border and with numerous tumor-infiltrating lympho-
cytes. More centrally, these tumors showed a tubulopapillary growth
pattern. The two other l-MMR tumors (tumors 2 and 5 in Table 4)
showed a conventional, gland-like pattern. Three of the l-MMR patients
were females, age 62, 68 and 73, and one patient was male, age 71. One
of these patients had a history of prostate cancer six years prior to the
diagnosis of PDAC, but otherwise there was no history of any other
cancers in any of the four patients, meaning that there was no suspicion
of Lynch syndrome. The final results of the IHC analyses of all 164
patients are listed in Table 5. In Fig. 1, the IHC results are illustrated for
two of the l-MMR cases (case number three and case number four in
Table 4). Furthermore, two tumors showed r-MMR, both of MSH6.

3.3. MSI testing

MSI analysis of nine cases (four l-MMR, two r-MMR, and three IHC
inconclusive cases) revealed that two of the l-MMR cases (tumor 3 and
4) were MSI-high whereas the remaining seven tumors were MSS

(Table 4). Interestingly, the two MSI-high tumors were histologically
partially of the medullary phenotype.

4. Discussion

To our knowledge, this is the first published study evaluating the
frequency of l-MMR and MSI in Scandinavian patients with PDAC. In
our Danish retrospective cohort of 164 consecutive cases of surgically
resected PDAC, l-MMR was found in 4/164 (2.4 %) of the cases, two of
which (1.2 % of the entire cohort) were MSI-high. Our data indicate
that l-MMR / MSI-high is a rare event in pure PDACs. Of note, we
rigorously excluded other periampullary tumors, such as duodenal,
ampullary and distal bile duct carcinomas, as these entities are known
two be associated with a relatively high frequency of l-MMR / MSI-
high.

The frequency of l-MMR / MSI-high that we found is in agreement

Table 3
Imunohistochemical (IHC) evaluation of the mismatch repair (MMR) protein expression in 164 consecutive PDACs, based on tissue microarrays (TMAs). The mean
expression among the cores from the same tumor is shown in intervals, irrespective of the number of tumor cells present in each core.

DNA MMR protein / mean score across
all cores per tumor

Inconclusive 0 0.01−0.49 0.50−0.99 1.00−1.49 1.50−1.99 2.00−2.49 2.50−2.99 3.00−3.49 3.50−3.99 4 Sum

MLH1 2 2 2 5 8 20 125 164
MSH2 2 2 1 7 10 28 114 164
MSH6 2 2 1 3 5 8 28 115 164
PMS2 3 2 1 6 8 19 125 164

Table 4
Immunohistochemical (IHC) evaluation of the expression of mismatch repair (MMR) proteins in 9 tumors where the TMAs either showed deficiency (d-MMR) or
reduction (r-MMR) of one or several MMR proteins or inconclusive results. In these cases, IHC staining using whole-tissue sections (WTS) and MSI testing was
performed, and these data are also shown.

Case no. TMA tumor score WTS scores Conclusion regarding MMR status MS status

1 2 (MSH6) 2 (MSH6) r-MMR MSS
4 (MLH1, MSH2, PMS2) 4 (MLH1, MSH2, PMS2)

2 1 (MSH6) 0 (MSH6) l-MMR MSS
4 (MLH1, MSH2, PMS2) 4 (MLH1, MSH2, PMS2)

3 0 (MLH1+PMS2) 0 (MLH1+PMS2) l-MMR MSI-high
4 (MSH2+MSH6) 4 (MSH2+MSH6)

4 0 (MSH2+MSH6) 0 (MSH2+MSH6) l-MMR MSI-high
4 (MLH1+PMS2) 4 (MLH1+PMS2)

5 0 (MLH1+PMS2) 0 (MLH1+PMS2) l-MMR MSS
4 (MSH2+MSH6) 4 (MSH2+MSH6)

6 Inconclusive1 4 (MLH1, MSH2, MSH6, PMS2) p-MMR MSS
7 Inconclusive1 4 (MLH1, MSH2, MSH6, PMS2) p-MMR MSS
82 0 (MSH2+MSH6)

4 (MLH1+PMS2)
1 (MSH6)
4 (MLH1, MSH2, PMS2)

r-MMR MSS

9 Inconclusive (PMS2)
4 (MLH1+MSH2+MSH6)

4 (MLH1, MSH2, MSH6, PMS2) p-MMR MSS

1 No score given in all MMR proteins.
2 This tumor was chosen for WTS staining using two different tissue blocks. A part of the tumor had an MSH6 IHC score of 1, while the other part showed normal

expression of all 4 tested DNA MMR proteins. Abbreviations used: TMA: Tissue microarray, WTS: whole tissue staining, MMR: mismatch repair, r-MMR: reduced
mismatch repair protein expression, l-MMR: loss of mismatch repair protein expression, p-MMR: proficient mismatch repair protein expression, MLH1: MutL homolog
1, MSH2: MutS homolog 2, PMS2: PMS1 Homolog 2, MSI: microsatellite instable, MSS: microsatellite stable, MS status: microsatellite status, MSH6: mutS homolog 6.

Table 5
Imunohistochemical evaluation of the expression of mismatch repair (MMR)
proteins in 164 consecutive PDAC tumors, based on immunohistochemistry
(IHC) of tissue microarrays, followed by IHC on whole-tissue sections in cases
with reduced, lost or inconclusive MMR protein expression on the TMAs.

DNA MMR protein/IHC score 0 1 2 3 4 Sum

MLH1 2 0 0 6 156 164
MSH2 1 0 0 11 152 164
MSH6 2 1 1 7 153 164
PMS2 2 0 0 4 158 164

Abbreviations: MMR: mismatch repair, MLH1: MutL homolog 1, MSH2: MutS
homolog 2, PMS2: PMS1 Homolog 2, MSH6: mutS homolog 6.
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Fig. 1. Immunohistochemical expression of DNA mismatch repair proteins (MMR) in two pancreatic ductal adenocarcinomas (PDACs) showing loss of MMR protein
expression and MSI-high. (A), (C), (E), (G), (I), and (K) case no. 4 (Table 4). (B), (D), (F), (H), (J), (L): case no. 3 (Table 4). (A-B) Syncytial and cribriform growth
pattern of PDAC (H&E), (C-D) strong expression of maspin, (E) normal expression of MLH1, (F) loss of MLH1 expression, (G) loss of MSH2 expression, (H) normal
MSH2 expression, (I) normal PMS2 expression, J) loss of PMS2 expression, (K) loss of MSH6 expression, (L) normal MSH6 expression.
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with several other studies published over the years. Goggins et al. [32],
Grant et al. [42], Connor et al. [44], Humphris et al. [45] and Lupinacci
et al. [15] all reported frequencies between 1–3.7 %, while just as many
other studies reported frequencies of 0−0.3% [28,37,39,41,46].
However, the majority of studies reported frequencies much higher,
ranging between 8.9 and, in (often relatively small) studies based on
selected subsets of PC, up to 75 % [27,29–31,33–36,38,40,43,47].

DNA MMR proteins have been suspected of playing a role in the
clinicopathologic characteristics of PDAC, even though there is a sub-
stantial discrepancy in the reported frequencies. This inconsistency has
been proposed to be caused by a variety of reasons. Race-specific di-
versity (Asian vs. Caucasian) may be one [41,43]. Different methodol-
ogies may also be a small contributing factor, but it is generally agreed
that IHC for MMR proteins and PCR for MSI have comparable sensi-
tivity and specificity [4,12]. IHC, PCR and next generation sequencing
(NGS) were used in different combinations and sometimes on their own.
In the present study we used IHC which is less expensive than PCR,
particularly when using TMAs [12]. However, there are some limita-
tions of IHC, and its utility is highly dependent on the optimization of
tissue fixation and staining procedures. Besides, the results also depend
on the specific antibodies used, as well as on the investigator’s ex-
perience. To face the possibility of insufficient formalin fixation in some
of the cores included in our TMAs, we validated the results by using IHC
on WTS followed by MSI testing in all cases of l-MMR, r-MMR and in
cases with inconclusive results based on the TMA scoring. Moreover, we
examined all four DNA MMR proteins, whereas in some studies [34,37],
only two were included. When examining MSI analyzed by PCR based
amplification of a panel of microsatellite markers, there are also lim-
itations. This technique is highly dependent on the number of markers
used, and which markers are used. The published studies used varying
numbers of markers for PCR, ranging from 3 to 12 [29,34]. Further-
more, there is a discrepancy in how many loci have to be altered for the
tumor to be classified as MSI. While Brentnall et al. [29] used 12 dif-
ferent dinucleotide markers, and tested an average of eight loci per
tumor, Laghi et al. [41] examined the five mononucleotide micro-
satellites that were also used in the present study. The first panel re-
commended for MSI analysis, “the Bethesda panel”, consists of three
dinucleotides and two mononucleotides [52], but it was developed for
colorectal cancer and since, many variations have been used. The five
microsatellite markers that we used, NR21, NR24, NR27, BAT25,
BAT26, have since been shown to have a higher sensitivity and speci-
ficity [53]. Chen et al. [13] showed that in colorectal cancer only 7/500
(1.4 %) p-MMR cases were MSI-high, whereas of the 69 L-MMR cases,
39 (43.5 %) were MSI. Stelloo et al. [14] reported in a series of en-
dometrial cancers, that only 2/169 (1.2 %) MSI-high tumors were p-
MMR, whereas 167/187 (89.3 %) l-MMR tumors were MSI-high. Both
studies support our approach, using screening with IHC for MMR pro-
teins, followed by MSI testing in l-MMR cases. A similar approach was
recently used in a French multicenter study including 428 PDACs [15].
However, we can not exclude that we may have missed a single or two
MSI-high tumors, as p-MMR can be a rare event in MSI-high tumors. Of
note, the utility of IHC and conventional MSI testing by PCR depends on
an adequate amount of tumor tissue available, which is most often the
case when using surgical resection specimens. In the locally advanced
or metastatic setting of PDAC, where often only small tissue specimens
are available, NGS may be a more useful tool [46]. NGS can also be
used to detect MSI, for example by using the MSIsensor tool (Fig. 2)
[54]. Fig. 2 shows an algorithm for evaluation of d-MMR in PDAC, as
suggested by Hu and coworkers in 2018 [46].

The possibly most important explanation for the discrepancy in the
reported frequencies of d-MMR/ MSI in pancreatic cancer may be lack
of discrimination between the four main origins of periampullary ade-
nocarcinomas, as it is important to distinguish duodenal, ampullary and
distal bile duct adenocarcinomas growing into the pancreas from true
PDAC. This is particularly important because the frequency of l-MMR /
MSI is relatively high in duodenal, ampullary and distal bile duct cancer

[50,55,56]. Harthimmer et al. [50] found a MSI prevalence of 8.2 % in
ampullary cancer, whereas the prevalence of MSI in carcinomas of the
extrahepatic bile ducts is approximately 5% [55] and of duodenal
cancer up to 18 % [56].

Goggins et al. [32] found 3/82 (3.7 %) MSI pancreatic tumors, all
three having distinctive medullary histology, characterized by ex-
panding tumor borders rather than infiltrating and a syncytial growth
pattern, in addition to a strong infiltration by lymphocytes, similar to
our findings. Likewise, Laghi et al. [41] identified one MSI tumor,
which also was of the medullary histologic type. Maple et al. [38]
however found that only 1/3 MSI PC was of the medullary type,
whereas 2/3 were indistinguishable from PDAC without d-MMR. Wi-
lentz et al. [34] only included medullary carcinomas of the pancreas in
their study, and found only 4/22 (18 %) to be d-MMR. They suggested
that pathologists should distinguish medullary carcinomas from other
pancreatic carcinomas – to be able to test them for d-MMR. Hu et al.
[46] found seven d-MMR PDACs that all were associated with IPMN.
Also Lupinacci et al. [4,15] reported that IPMN-associated PDAC had a
significantly higher frequency of d-MMR. We excluded IPMN-associated
PC and examined exclusively conventional PDACs. Hence, also dis-
crepancies regarding the in- or exclusion of IPMN-related PC may
contribute to some of the discrepancies reported in the different pub-
lished studies.

MSI has been proposed to have a predictive value for the use of
antineoplastic treatment. Liang et al. [47] found that among a large
series of 442 patients who underwent surgery alone, l-MMR IHC PDAC
patients had a longer disease free (DFS) and overall survival compared
to p-MMR PDAC patients. They also found that p-MMR but not d-MMR
patients had a favorable DFS when given 5-fluorouracil (5-FU) based
adjuvant chemotherapy. Riazy et al. [43] found that p-MMR but not d-
MMR PDAC patients had a 10 month increase in DFS when adjuvantly
treated with gemcitabine or 5-FU.

An alternative to treatment approach for PDAC could be che-
motherapy combined with immunotherapy. MSI cancers are char-
acterized by a high tumor mutational burden (TMB), and it has been
suggested that a higher content of neoantigens may be responsible for
the high number of tumor infiltrating T cells (TILs) characterizing these
tumors. Nakata et al. [36] found significantly higher numbers of TILs in
MSI than in MSS tumors and suggested that the longer survival may be
related to this increased immunogenicity. Lupinacci et al. [15] found
higher expression of cytotoxic T cells and programmed death-ligand 1
(PD-L1) in d-MMR PDAC, and Connor et al. [44] identified higher ex-
pression of cytotoxic T cells, programmed cell death protein-1 (PD-1),
cytotoxic T-lymphocyte antigen 4 (CTLA-4) and indolamine 2,3-diox-
ygenase 1 (IDO-1) in MSI PDAC. They therefore suggested that tumor
resistance to the immunologic anti-tumor activity may occur through
increased expression of these immune checkpoint inhibitors. Le et al.
[5] enrolled 86 patients with 12 different d-MMR tumor types, to assess
the efficacy of PD-1 blockade (pembrolizumab). They reported partial
or complete responses in 21/40 (52 %) and and 5/8 (62.5 %) of patients
with colorectal and pancreatic cancer [5]. In May 2017, the Food and
Drug administration (FDA) approved pembrolizumab as a second line
treatment for metastatic/unresectable l-MMR and/or MSI-high solid
tumors [57].

In conclusion, in this study of 164 surgically treated PDACs, we
identified l-MMR and MSI-high in 2.4 % and 1.2 %. Even though we did
not demonstrate a high frequency of d-MMR in PDAC, it highlights the
importance of personalized medicine also in this setting.
Immunotherapy may be offered to the small subgroup of d-MMR PDAC
patients.
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