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KEYWORDS Abstract Aim: Tumor mutational burden (TMB: somatic mutations per megabase, mut/Mb)
Tumor mutational predicts the efficacy of immunotherapy. Here, we link TMB levels with the activation of im-
burden; mune pathways and intratumoral immune responses in pancreatic adenocarcinoma (PDAC)
Microsatellite to explore immunoarchitectural patterns associated with high TMB.

instability; Methods: We assessed TMB in 161 resected, microsatellite stable (MSS) PDACs, including 41
Pancreatic cancer; long-term survivors (LTS). Five microsatellite instable (MSI-high) cases were also assessed.
Immunotherapy; Cases were classified into TMB-high (>10 mut/Mb), TMB-intermediate (>5 < 10 mut/Mb),
Immune response and TMB-low (<5 mut/Mb) categories. Tumors additionally underwent mRNA in situ hybrid-

ization for immune pathway genes and were immunoprofiled by multiplex immunofluores-
cence followed by automated image analysis.

Results: We detected 12 TMB-high, 28 TMB-intermediate, and 121 TMB-low cases. TMB-
high tumors comprised ten LTSs (10/41; 24%) and two conventional PDACs (2/120; 1.7%).
They exhibited the highest T cell density with significantly increased CD3"CD4" T helper
and CD208"dendritic cell (DC) counts, compared to all other cases. CD3TCD8cytotoxic
T cells were significantly closer to tumor cells and T helper cells closer to DCs in TMB-
high PDACs. Immune pathways involved in T cell activation, immune cell adhesion/migra-
tion, antigen presentation, and cytokine signaling were upregulated in most TMB-high and
many TMB-intermediate tumors. ARIDIA and ERBB4 alterations were more frequent in
TMB-high PDACs. All MSI-high PDACs were TMB-high.
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Conclusions: TMB-high cases frequently belong to specific PDAC subsets with prolonged sur-
vival such as LTSs and MSI-high PDACs. They display strong anti-tumor immune responses
fueled by a T helper cell/DC-mediated priming of the cytotoxic T cells. Moreover, they
frequently harbor further actionable alterations.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Programmed death receptor-1/ligand 1 (PD-1/L1) anti-
bodies can induce durable remissions and improve
outcomes in many malignancies [1]. However, response
rates are low in unselected patients, as compared with
selected groups such as patients with microsatellite
instability-high (MSI-high)/mismatch repair-deficient
(dMMR) tumors where PD-1/PD-L1 blockade has
been shown to be highly effective [2,3]. The sensitivity of
MSI-high tumors to PD-1 blockade might be related to
their high tumor mutational burden (TMB), which has
been shown to predict checkpoint blockade response in
many cancer types [4—6]. TMB is broadly defined as the
number of somatic mutations per megabase of interro-
gated genomic sequence [7] and is believed to be a key
driver in the generation of immunogenic neo-peptides
displayed on major histocompatibility complexes
(MHC) on the tumor cell surface [4,7]. Tumor-specific
neo-antigens arise from somatic mutations [8,9] and
play a pivotal role in tumor-specific T cell-mediated
anti-tumor immunity after the inhibition of checkpoint
signals [5,10]. Recently, US Food and Drug Adminis-
tration (FDA) approved pembrolizumab monotherapy
for solid tumor patients with TMB >10 mut/Mb [11].

So far, immunotherapy by using checkpoint inhibitors
was not successful in pancreatic ductal adenocarcinoma
(PDAC), mostly due to its immunosuppressive tumor
microenvironment (TME) and the relatively low expres-
sion and/or low quality of tumor-specific neo-antigens
except for a small subset of patients with high-quality
neo-antigens due to the molecular mimicry of microbial
epitopes [12,13]. Moreover, existing evidence about the
correlation of TMB and neo-antigen expression with the
effectiveness of checkpoint inhibition in microsatellite
stable (MSS) PDAC:S is rather weak and needs further
exploration [7,14]. The low immunogenicity of PDACs
can be attributed to T cell dysfunction, despite the pres-
ence of tumor-infiltrating lymphocytes (TILs) in as many
as 30% of patients, which points to failed T cell priming
[15—18]. The immunosuppressive role of TME in PDAC
is thought to be mediated by regulatory T cells (Tregs),
tumor-associated macrophages (TAMs), myeloid-derived
suppressor cells, and an increase in immunosuppressive
cytokines [19].

Deeper knowledge of the factors, which might affect
the response to checkpoint inhibitor therapy in PDAC
would help to increase the number of patients who
might benefit from this type of therapy. Here, we link
different TMB levels with the immune response patterns
within the TME as well as with the activation of immune
pathways and the genetic changes of the tumor cells and
reveal major immunologic differences among TMB
subgroups, which might explain the different immuno-
therapy success rates.

2. Materials and Methods
2.1. Patient characteristics

From 349 consecutive PDAC patients, who underwent
oncologic resection between 2003 and 2018 at the
Department of Visceral Surgery and Medicine, Insel
University Hospital, Bern, five cases (n = 5, 1.66%)
were MSI-high. From the 344 MSS cases, 41 (11.9%)
were long-term survivors (LTS, overall survival
(OS) > 60 months) [20,21]. From the remaining 303
PDACs, 289 MSS cases fulfilled the inclusion criteria
such as full clinical and histopathologic information,
enough available tumor tissue to perform the analyses,
and conventional ductal adenocarcinoma histology.
Cases with adenosquamous or mucinous histology as
well as undifferentiated carcinomas were excluded.
From these 289 cases, 120 randomly selected MSS
PDACs were included into the study and comprised the
cohort of the “conventional” MSS PDACs (cohort 1).
The subgroup of 41 long-term survivors comprised the
cohort 2 (LTS-cohort), whereas the five MSI cases were
additionally analyzed for comparison (cohort 3: MSI-
cohort). The study design is outlined in Suppl. Fig. SI.
The clinicopathologic characteristics of all patient co-
horts are summarized in Suppl. Table S1. The study was
approved by the Ethics Commission of the Canton of
Bern (KEK 2019—02212) and was carried out in
accordance with the principles expressed in the Decla-
ration of Helsinki. Detailed information about immu-
nohistochemistry, tumor mutational load assay, mRNA
in situ hybridization, multiplex immunofluorescence,
image analysis, and statistical analysis can be found in
Suppl. Material and Methods.
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3. Results
3.1. Clinicopathological profiles and TMB

TMB values ranged in MSS-PDACs between 0.5 and
1491 (median: 3.36, mean: 3.97). Cases were classified
into TMB-high (>10mut/Mb, n = 12), TMB-
intermediate (>5 < 10mut/Mb, n = 28), and TMB-low
(<5mut/Mb, n = 121) categories. TMB-high cases
included ten LTSs (10/41; 24%) and two conventional
PDACs (2/120; 1.7%), and TMB-intermediate cases
included nine LTSs (22%) and 19 conventional PDACs
(15.8%), whereas TMB-low cases included 22 LTSs (54%)
and 99 conventional PDACs (82.5%). Clinicopatholog-
ical features of TMB categories are presented in Table 1.
TMB-high cases displayed favorable features, such as
higher proportion of grade 1 (p = 0.035) and lymph node
negative cases (p = 0.034), lower proportion of venous
invasion (p = 0.032), as well as prolonged OS (median 71

months; p = 0.001) and PFS (median 68 months;
p = 0.001). In contrast, TMB-low tumors displayed
higher grade (0.031) and nodal stage (p = 0.034) as well as
worse overall (OS) and progression-free survival (PFS)
(median OS: 13 months, median PFS: 7 months). TMB-
intermediate tumors showed “in-between” features.

3.2. mRNA in situ hybridization

Unbiased hierarchical clustering of 70 PDACs (12
TMB-high, 28 TMB-intermediate, and 29 randomly
selected TMB-low cases) led to the identification of three
distinct clusters representing different activation levels
of the 72 immune pathway genes (Fig. 1, Suppl. Table
2). The first cluster showed downregulation of all
genes except B2M, which has been associated with
immunotherapy resistance, CD44, which promotes
cancer stemness, and CTNNBI, which is involved in
Wnt signaling and promotes epithelial-mesenchymal

Table 1
Clinicopathological features of MSS PDACs across the three TMB categories.
TMB >10 TMB >5 < 10 TMB <5 P-value
m = 12) (n = 28) (n = 121)
TMB median (range) 12.23 (10.21-14.9) 6.70 (5.01-8.7) 2.51 (0.5-4.98)
Sex 0.266
F 6 (50%) 17 (60.7%) 53 (43.8%)
M 6 (50%) 11 (39.3%) 68 (56.2%)
Age, median (range), years 74 (60—83) 69 (35—-83) 65 (34—84) 0.035
Size, median (range), mm 30 (20—80) 30 (15—50) 30 (4—90) 0.536
Grade 0.031
Gl 6 (50%) 6 (21.4%) 19 (15.7%)
G2 1 (8.3%) 12 (42.9%) 57 (47.1%)
G3 5 (41.7%) 10 (35.7%) 45 (37.2%)
UICC Stage 0.098
1A 1 (8.3%) 1 (3.6%) 8 (6.6%)
IB 4 (33.3%) 6 (21.4%) 13 (10.7%)
ITA 2 (16.7%) 0 (0%) 5 (4.1%)
1B 3 (25%) 15 (53.6%) 63 (52.1%)
111 2 (16.7%) 6 (21.4%) 32 (26.5%)
T-stage 0.829
T1 1 (8.3%) 5 (17.9%) 21 (17.3%)
T2 8 (66.7%) 19 (67.8%) 74 (61.2%)
T3 3 (25%) 4 (14.3%) 26 (21.5%)
N-stage 0.034
NO 7 (58.33%) 7 (25%) 23 (19%)
N1 4 (33.33%) 17 (60.7%) 67 (55.4%)
N2 1 (8.33%) 4 (14.3%) 31 (25.6%)
L-Stage 0.101
LO 5 (41.7%) 5 (17.9%) 20 (16.5%)
L1 7 (58.3%) 23 (23.1%) 101 (83.5%)
V-Stage 0.032
Vo 8 (66.7%) 10 (35.7%) 49 (40.5%)
\%! 4 (33.3%) 18 (64.3%) 72 (59.5%)
Pn-Stage 0.026
Pn0 2 (16.7%) 1 (3.6%) 2 (1.6%)
Pnl 10 (83.3%) 27 (94.4%) 119 (98.4%)
R-Stage 0.255
RO 9 (75%) 16 (57.1%) 80 (66.1%)
R1 3 (25%) 12 (42.9%) 41 (33.9%)
OS, median (range), months 71 (5—197) 11 (0—169) 13 (1-200) 0.001
PFS, median (range), months 68 (3—192) 7 (0—162) 8 (0—196) 0.001
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Fig. 1. Heatmap showing the differential expression of immune pathway-associated genes in PDACs of the three different TMB cate-
gories. Unbiased hierarchical clustering of the tumors led to the identification of three distinct clusters (“immune inactivated”, “immune
neutral”, and “immune activated”) representing different levels of activation of the 72 immune pathway-associated genes.

transition (EMT) [22—24]. This cluster was named
“immune inactivated” and was enriched with TMB-low
tumors (13/29; 44.8%), whereas five TMB-intermediate
PDACs (5/28; 17.8%) clustered together. No TMB-
high PDACs were found in this cluster. In contrast,
the third cluster was characterized by two- to three-fold
upregulation of almost all genes except B2M, CD44, and
CTNNBI, which were downregulated. We named this
cluster “immune activated” and included seven TMB-
high (7/12; 58%), 12 TMB-intermediate (12/28; 42.8%),
and six TMB-low PDACs (6/29; 20.7%; Fig. 1, Suppl.
Fig. 2). The intermediate cluster, showing zero- to
two-fold upregulation of most genes was named “im-
mune neutral” and comprised five TMB-high (42%), 11
TMB-intermediate (39.3%), and ten TMB-low PDACs
(34.5%; Fig. 1, Suppl. Fig. 2). In summary, most TMB-
high PDAC: clustered into the “immune activated” and

the remaining into the “immune neutral” cluster,
whereas TMB-low tumors mostly clustered into the
“immune inactivated” and “immune neutral” clusters.
TMB-intermediate PDACs clustered mostly into the
“immune neutral” and “immune activated” clusters.

3.3. Immune response patterns and TMB

TMB-high tumors exhibited T cell-rich TMEs, charac-
terized by numerous CD3", CD3"CD4"(FOXP3")T cells
(T helper cells) and CD3"CD8*(PD-L1")T cells (cyto-
toxic T cells) as well as CD208"dendritic cells (DCs) in
both intraepithelial and stromal compartments (Figs.
2—4). DCs and T helper cells were particularly promi-
nent, especially in the stromal compartment. In contrast,
TMB-low cases were poor in cytotoxic as well as T helper
cells and rich in CD68"TAMs and regulatory
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TMB-Low

TMB-Intermediate
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Fig. 2. Representative images of the immune microenvironment from tumors of the three TMB categories, depicting CD3"CD4+ T cells
(CD4, red), CD208" dendritic cells (DC, blue), and CD3*CD4"FOXP3+ T regulatory cells (FOXP3, white). The Pancytokeratin®™ tumor
cells (PanCK) are depicted in cyanide and DAPI nuclear staining in grey. Multiple immune Fluorescence (mIF) x400. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

CD3"CD4"FOXP3"'T cells (CD3*Tregs), and the dif-
ferential expression was more pronounced in the stromal
compartment. TMB-intermediate tumors are mostly
grouped with TMB-low cases (Fig. 2, Suppl. Fig. S3,
Suppl. Table 3). In order to understand which immune
cells had the greatest discriminatory power between
TMB-high and the other two categories, we used AUC
analysis. Using a combination of seven immune cell types,
including CD208"DCs, CD4'T cells, CD37CD4'T
helper cells, CD3"T cells, CD3"CD8", and CD8cyto-
toxic T cells, as well as CD3TCDS8"FOXP3™T cells
(CD8"Tregs), combined AUC was 0.99 (Suppl. Fig. S4).
Proximity histograms revealed that cytotoxic T cells were
significantly closer to tumor cells and T helper cells
significantly closer to DCs in TMB-high tumors (Suppl.
Fig. S5, Suppl. Table 4) compared with the other two
TMB categories.

Intratumoral heterogeneity was pronounced among
all PDACs, however, less prominent in TMB-high cases,
where immune cells were more evenly distributed among
the different tumor areas and more prominent in TMB-
intermediate tumors.

3.4. TMB and PD-LI expression patterns

PD-L1 expression on tumor and/or immune cells was
observed in 33.3% (4/12) of TMB-high, 46.4% (13/28) of
TMB-intermediate, and 24.8% (30/121) of TMB-low
PDAC:s (overall 47/161; 29.2%; Suppl. Fig. S6). Based
on our previous observations, we recognized four distinct
PD-L1 patterns comprising two adaptive (“adaptive 17
and “adaptive 2”) and two innate type reactions
(“constitutive” and “combined”) [25]. Adaptive 2 was the
predominant pattern in all except TMB-high tumors, in
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Fig. 3. A: Heatmap of the stromal immune cell densities (per mm?) showing the differential expression of the immune cell populations
across the different TMB categories. B: Principal component analysis (PCA) performed using stromal immune cell densities shows distinct
clustering of TMB-high cases in comparison with TMB-intermediate and TMB-low tumors, which cluster together. Each symbol denotes
a patient and 95% confidence ellipses are drawn. The percent variation is explained by first principal component (PC1, x-axis) and the

second principal component —2 (PC2, y-axis).
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Fig. 4. Image depicting the tumor microenvironment of a microsatellite stable PDAC belonging to the TMB-high category. There are
numerous CD3" T cells (CD3, yellow, in side picture), most of them belonging to the CD37CD4" T helper cell category (CD4, blue).
CD3"CDS8™ cytotoxic T cells (CDS8, green) are also numerous, and the majority of them are situated in close distance to the tumor cells
(Pancytokeratin®, magenta). CD208" dendritic cells (DC) are depicted in red, CD3*CD4"FOXP3* Tregs (FOXP3) in white, and
CD68"TAMs in orange. Nuclear counterstain (DAPI) is grey. Multiplex immunofluorescence (mIF) x200. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

which adaptive 1 pattern was more prominent [20]. No
significant correlation between PD-L1 expression and
TMB levels or TMB category was observed.

3.5. TMB and microsatellite instability

All five MSI-high cases displayed especially high TMB
levels (median: 21.92, mean: 54.05, range 11.46—129),
compatible with their hypermutated state.

3.6. TMB and genetic alterations

Sequencing analysis revealed a significant association
between TMB categories and mutations in AT-rich
interactive domain 1 A (4RIDI1A), a component of the
SWitch/Sucrose NonFermentable (SWI/SNF) chro-
matin remodeling complexes. ARIDIA mutations were
present in 14 PDACs (8.4%) and were more frequent
among TMB-high tumors. TMB-high cases represented
21.4% (3/14) of the ARIDIA-mutated (ARIDIAmut)
and only 6% (9/152) of the ARIDIA-wild type (ARI-
DI1Awt) PDACs (p = 123e-23; Suppl. Fig. S7).

The same was true for ERBB4 mutations (overall 6/
166, 3.6%). Three of the six ERBB4mut tumors (50%)

belonged to the TMB-high category, while only 5.6% (9/
160) of the ERBB4wt cases were TMB-high (p = 0.033,
Suppl. Fig. S7). TMB-high cases were more frequent
among KRASwt (29% in KRASwt versus 7% in
KRASmut, p = 22e-24) and SMAD4wt cases (11% in
SMAD4wt versus 2% in SMAD4mut, p = 3.15¢-11). No
significant difference was found concerning T7P53,
CDKN2A, or any other mutations across the TMB
categories.

3.7. Prognostic significance of TMB

Considering all cases, TMB levels could stratify patients
into survival groups, with TMB-high tumors having the
best and TMB-low the worst OS and PFS, whereas
TMB-intermediate tumors stratified in-between (Fig. 5)
in the univariate analysis. We repeated the analysis after
removing all LTSs. The remaining 120 conventional
PDACs were divided into TMB-low (<5 mut/Mb,
n = 99) and TMB-high + intermediate (>5 mut/Mb,
n = 21, including two TMB-high and 19 TMB-
intermediate cases). No difference was observed con-
cerning OS or PFS among these groups (Suppl. Fig. S8).
Multivariate analysis including various important
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Fig. 5. A: Kaplan—Meier curves comparing the overall survival (OS) of PDAC cases with TMB-high (light blue), TMB-intermediate (red),
and TMB-low (green) PDACs. B: Kaplan—Meier curves comparing the progression-free survival of PDAC cases with TMB-high (light
blue), TMB-intermediate (red), and TMB-low (green) PDACs. Statistical comparisons were performed using the log-rank test. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

clinicopathological parameters revealed that only the
UICC stage was an independent factor for OS and PFS
(Suppl. Tables 5 and 6).

4. Discussion

Here, we show that in surgically resected PDACs (UICC
Stage I-II1), different TMB levels are associated with
distinct immune response patterns in the PDAC TME,
as well as different degrees of activation of immune
pathways.

TMB-high tumors were particularly enriched in the
“immune activated” cluster displaying two- to three-fold
upregulation of immune pathway genes, whereas a
smaller number clustered into the “immune neutral”
cluster. Nevertheless, all TMB-high tumors displayed
“hot” TMEs with significantly increased TIL counts,
suggesting that the immune response is not purely
dependent on the activation of immune pathways and
probably related to other factors as well, such as
mutation-specific neo-antigens, which represent ideal
targets for immunotherapy [26]. Moreover, TMB-high
tumors revealed distinct immunoarchitectural patterns,
differing strongly from all other PDACs. Although their
TME displayed numerous cytotoxic T cells, known to
enhance clinical responses following immune checkpoint
inhibitors [13,27], TMB-high cases were additionally,
particularly rich in T helper cells and DCs. Further-
more, T helper cells were significantly closer to DCs,
whereas cytotoxic T cells were closer to tumor cells in
TMB-high tumors as compared with all other PDAC:s,
revealing distinct spatio-temporal interactions between
T helper cells and DCs and supporting strategic and
qualitative differences in the host immune response.
Evidence suggests that CD4'T cells can either
strengthen or impede CD8T cell responses by condi-
tioning tumor-infiltrating DCs [28]. Effective anti-tumor
responses require a subset of DCs, which produce I1L-12

upon sensing interferon y (IFN-y) released from
neighboring T cells and thus stimulate anti-tumor im-
munity [29]. Additionally, recent studies have unveiled
dynamic interactions between DCs and CD4™T cells in
order to prime cytotoxic T cells and direct them against
specific antigens [30]. Our findings regarding the im-
mune landscape of TMB-high PDACs support these
observations. Moreover, in keeping with the above, both
IFN-y and IL12 genes were at least two-fold upregu-
lated in TMB-high tumors. Collectively, all this suggests
that TMB-high PDACs augmenting neo-antigen-specific
CD4"'T cells via checkpoint blockade could set in mo-
tion dynamic spatio-temporal immune cell interactions
leading to robust cytotoxic T cell responses. This might
be useful for designing future clinical trials and provides
supportive grounds for the introduction of (neo-)adju-
vant immunotherapy for TMB-high PDAC patients.

Remarkably, CD8'Tregs (CD3"CD8"FOXP3"T
cells), shown to control memory responses more effi-
ciently than CD4"Tregs [31], were more numerous in
TMB-high PDACs as compared with all other cases,
further underscoring the distinct TME profile of TMB-
high tumors.

Interestingly, a considerable subset of TM B-intermediate
PDAC: also displayed an upregulation of immune pathway
genes, however, this was not accompanied by significantly
elevated TIL counts in their TME, which especially failed to
show a significant increase in T helper cells and DCs. This
further emphasizes the importance of the quantity and/or
quality of neo-antigens in eliciting specific immune re-
sponses. Patients with TMB-intermediate PDACs might,
however, benefit from novel therapies, such as CD133
mRNA-transferred DCs, as shown in triple-negative breast
cancer [32] and vaccine with immunogenic MHC class 11
peptides, which can elicit specific CD4" T helper anti-tumor
responses [33]. Combined with checkpoint blockade, this
might lead to measurable clinical efficacy in PDAC patients
with TMB-intermediate tumors. In contrast, most TMB-
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low PDACs showed an immunosuppressive TME with low
TIL and DC counts, accompanied by high counts of TAMs
and CD4 " Tregs as well as inactivation of immune path-
ways, rendering these therapies, including immunotherapy,
unsuitable for the majority of these patients.

In the present study, all MSI-high cases were also
TMB-high. MSI-high tumors are known to be hyper-
mutated, leading to very high TMB levels and the gen-
eration of numerous mutation-associated neo-antigens
[7,34]. Recent data revealed increased and durable re-
sponses to checkpoint blockade in MSI-high/TMB-high
tumors [2,3,35]. However, although the prevalence of
MSI-high and TMB-high in conventional PDAC is very
similar (both <2%), they do not identify the same cases.
Indeed, both conventional TMB-high PDACs in our
study were MSS, while only about 30% of the TMB-high
tumors were also MSI-high. MSS/TMB-high tumors
have been identified in several cancer subtypes,
including GI cancers [36]. In a recent study, MSS/TMB-
high cancers of different histological types displayed
longer median PFS after treatment with checkpoint in-
hibitors [1,37]. These findings suggest that beside
dMMR, also other mechanisms may lead to hyper-
mutation and high neo-antigen load. These mechanisms
may include alterations in genes such as ARIDIA, a
component of SWitch/Sucrose NonFermentable (SWI/
SNF) chromatin remodeling complexes involved in
transcriptional activation and repression of select genes.
Recent studies have shown that MSS tumors with
ARIDI1A mutation may be more susceptible to immune
therapy-based treatments and should be recognized as a
unique molecular subgroup in immunotherapy trials
[38]. Moreover, alterations in ARIDIA were shown to
improve outcomes of advanced pancreatic cancer after
immunotherapy [39]. Interestingly, we found a signifi-
cantly increased prevalence of ARIDI/A mutations in
TMB-high tumors as compared with all other PDACs.
Although some of these alterations could be attributed
to confounding, it seems that the high mutation-specific
neo-antigenic load, which is associated with high
response rates to immunotherapy, can be achieved
through different mechanisms in MSI and MSS PDACs
with high TMB levels. This suggests that TMB might
expand the pool of PDAC patients that could profit
from checkpoint inhibitors. Moreover, in our study,
MSS/TMB-high characterized a subset of PDACs that
was not only larger than the MSI-high/TMB-high but
also different from the PD-L1*subset [25]. This is in
accordance with previous studies [40] and further sup-
ports that TMB can broaden the population of PDAC
patients who could respond to checkpoint blockade. The
optimal cutoff between TMB-low and high remains,
however, to be defined. It is currently unknown whether
individual cutoffs for specific tumor types or a universal
cutoff (such as 10 mut/Mb) for all tumors should be
adopted [7]. Nevertheless, our findings suggest that in
PDAC, a cutoff of 10 mut/Mb detects a subset of

patients with the highest probability to respond to
checkpoint inhibitors.

TMB can be assessed using whole-exome sequencing
(WES) or targeted panel sequencing. Although WES is
the “gold standard” for measuring TMB, it is currently
not feasible in clinical practice due to its high cost and
long turnaround times [7]. In this study, a targeted gene
panel covering 1.65 Mb was used, which is well within
the range of the internationally recommended panels,
including the “Friends of Cancer Research TMB
Harmonization Project” [41].

This study has some limitations, including its retro-
spective nature, as well as the inclusion of patients from
only one center and from different PDAC-cohorts. The
results require validation from independent data sets.

5. Conclusions

Our results suggest that PDACs of different TMB cat-
egories display qualitative differences in their immune
responses, which are partly linked to the activation of
immune pathways and genetic changes of the tumor
cells. PDACs with high TMB levels display strong anti-
tumor immunity, mediated by a T helper cell/DC
orchestrated priming of the cytotoxic T cells, indepen-
dently of their microsatellite state and PD-L1 expres-
sion, suggesting that also patients with local/locally
advanced MSS TMB-high PDACs might benefit from
checkpoint inhibitor therapy.
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