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The HLA system represents a central component of the antigen presentation

machinery. As every patient possesses a defined set of HLA molecules, only

certain antigens can be presented on the cell surface. Thus, studying HLA

type-dependent antigen presentation can improve the understanding of varia-

tion in susceptibility to various diseases, including infectious diseases and
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FSP, frameshift peptide; MSI, microsatellite instability; SBT, sequencing-based typing; SNP, single nucleotide polymorphism.
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cancer. In archival formalin-fixed paraffin-embedded (FFPE) tissue, the HLA

type is difficult to analyze because of fragmentation of DNA, hindering the

application of commonly used assays that rely on long DNA stretches. Addres-

sing these difficulties, we present a refined approach for characterizing pres-

ence or absence of HLA-A*02, the most common HLA-A allele in the

Caucasian population, in archival samples. We validated our genotyping strat-

egy in a cohort of 90 samples with HLA status obtained by an NGS-based

method. 90% (n = 81) of the samples could be analyzed with the approach. For

all of them, the presence or absence of HLA-A*02 alleles was correctly deter-

mined with the method, demonstrating 100% sensitivity and specificity (95%

CI: 91.40%–100% and 91.19%–100%). Furthermore, we provide an example of

application in an independent cohort of 73 FFPE microsatellite-unstable (MSI)

colorectal cancer samples. As MSI cancer cells encompass a high number of

mutations in coding microsatellites, leading to the generation of highly immu-

nogenic frameshift peptide antigens, they are ideally suited for studying rela-

tions between the mutational landscape of tumor cells and interindividual

differences in the immune system, including the HLA genotype. Overall, our

method can help to promote studying HLA type-dependency during the patho-

genesis of a wide range of diseases, making archival and historic tissue samples

accessible for identifying HLA-A*02 alleles.
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1 | INTRODUCTION

An essential component of the immune system is the
HLA system, which is responsible for the presentation of
self- and nonself-antigens on the cell surface.1 Determin-
ing the HLA type is of central interest both in clinical
fields, such as solid organ transplantation, but also in dis-
ease association research.2 Apart from autoimmune dis-
eases, investigating the HLA type as a possible risk
modulator and prognostic factor has gained attention
particularly in cancer research.3–6 As routinely applied
DNA typing methods are not applicable when using
DNA derived from formalin-fixed paraffin-embedded
(FFPE) material,7 methods for identifying HLA alleles in
this type of tissue material could be of high value.

In principle, every individual has a specific set of
HLA class I molecules encoded by the paternal and
maternal alleles of the highly polymorphic genes HLA-A,
HLA-B and HLA-C. HLA molecules can bind only a lim-
ited number of peptides, called the peptide repertoire. It
is mainly determined by the molecular structure of the
peptide-binding groove.8 Accordingly, only a certain type
of antigens can be presented on the cell surface to the

host's immune cells,1,8 thereby possibly influencing the
susceptibility of an individual to certain diseases. HLA
class I molecules with a strongly overlapping peptide rep-
ertoire constitute a supertype.9,10 For HLA-A molecules,
there are four major supertypes (A01, A02, A03
and A24).

The important role of the HLA type in determining the
clinical course of infectious diseases has been investigated
in many entities, such as hepatitis B or HIV.11 However,
by determining the repertoire of tumor antigens presented
on the cell surface, HLA genotype might also influence
the course of cancer progression and the mutational spec-
trum of arising tumor cell clones during carcinogenetic
evolution. Recent studies reported an HLA type-dependent
negative selection of oncogenic mutations, predominantly
examining missense mutations.12–14 In clinical cancer
research, investigating HLA type as a predictive marker
for the response to immune checkpoint inhibitors has
recently gained attention.15 In addition, we previously
found biological evidence for counterselection of highly
immunogenic frameshift mutations in microsatellite-
unstable (MSI) cancer.16 MSI tumors arise because of inac-
tivation of the DNA mismatch repair system leading to a
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high number of somatic mutations, especially located at
microsatellites.17,18 Mutations in coding microsatellites
(cMS) promote malignant transformation, but also
increase the visibility of cancer cells to the immune sys-
tem.19 This is because of the generation of novel peptides,
resulting from a translational frameshift (frameshift pep-
tides, FSPs).19–22 Because of this distinct pathogenesis, MSI
tumors are highly immunogenic and represent an ideal
model for studying immunoediting and possible immune
escape mechanisms, such as mutations in the B2M gene or
downregulation of the HLA class I heavy chain.23–25

DNA derived from FFPE samples is of limited quality,
mainly because of DNA fragmentation resulting from the
formalin fixation process.26 Given the possibility to revisit
large sample collections of archival FFPE cancer samples,
methods that overcome this hurdle would allow studying
the implications of the HLA genotype during historic dis-
ease outbreaks, but also tumor evolution across cancer
types. Previously, a Sanger sequencing-based approach
for determining the HLA-A alleles of FFPE probes was
presented.7 To achieve a greater practicability by reduc-
ing the number of required reactions and preventing the
possibility of ambiguous typing results, we here present a
simple and highly accurate method for evaluating the
presence of HLA-A*02 alleles in FFPE tissue probes. We
focused on HLA-A*02 for three reasons: First, in MSI
CRC, particularly downregulation of HLA-A molecules
has been shown to be a common immune escape mecha-
nism.25,27 This potentially indicates a pronounced selec-
tive pressure especially for this HLA class I locus.
Second, HLA-A*02 appears to be of prognostic relevance
in different malignancies, such as in advanced ovarian
carcinoma28 and prostate cancer.29 Finally, being the
most common HLA class I allele with a homo- and het-
erozygote frequency of approximately 48.6% in a repre-
sentative German population,30 determining HLA-A*02
allows to divide a cohort of patients into two groups of
comparable size.

The approach for identifying HLA-A*02 alleles is
based on determining one recently described single
nucleotide polymorphism (SNP).31 In addition, we show
an exemplary application of the method in the context of
tumor immunoediting by analyzing the influence of the
HLA-A*02 status on cMS mutation frequency in MSI
colorectal cancer (CRC) samples.

2 | METHODS

Tumor specimens. Seventy-three MSI CRC samples
(primary site) with previously published somatic muta-
tion data were reanalyzed in this study (https://github.
com/atb-data/neoantigen-landscape-msi).16 Thirty-one of

the CRC cases are Lynch syndrome-associated,
whereas 41 occurred sporadically (no information for
one patient, clinical data in Tables S2a and S2b). The
study was approved by the institutional Ethics Com-
mittee. Written informed consent was obtained from
all patients.

Analysis of HLA-A allele sequences. Aligned
sequences of all HLA-A alleles were obtained from the
IPD-IMGT/HLA database (release 3.49, downloaded on
August 14th, 2022)32 and analyzed with Biopython (ver-
sion 1.76)33 regarding mismatches in the primer binding
site of A2-2F or G-R and the SNP described earlier.31

HLA-A*02 status. The presence of at least one HLA-
A*02 allele was determined by analyzing one previously
described SNP at the 50-end of exon 2 of the HLA-A
gene.31 Initial PCR with an amplicon length of 134 bp
was performed with the forward primer A2-2F 50-
TCTCAGCCACTCCTCGTC-307 (primer binding site in
intron 1 of the HLA-A gene) and the reverse primer G-R
50-TGTCGAACCGCACGAACTG-30 (primer binding site
in exon 2 of the HLA-A gene, for more details see supple-
mentary material). G-R was designed using Geneious
prime® (version 2020.0.5). Sanger sequencing was only
performed with the reverse primer G-R on an ABI3130xl
genetic analyzer (Applied Biosystems, Darmstadt,
Germany). Thus, the obtained sequencing chromatogram
corresponds to the reverse-complement of the coding
strand (see Figure S1). Samples were assigned to the two
groups Gpr and Gnon according to the nucleotide at posi-
tion 78 of the HLA-A gene (reference sequence
NM_001242758.1, see Figure S1): samples having at
least one HLA-A*02 allele are assigned to the group
Gpr (pr = present, homo-/heterozygous for “T” at pos.
78, “A” in the reverse-complement) and samples without
any HLA-A*02 allele belong to the group Gnon

(non =non-present, no “T” at pos. 78, no “A” in the
reverse-complement). Samples with low Sanger sequenc-
ing quality or background interference were excluded
(for details see Figure S1). The sequencing-based typing
approach was experimentally validated in a blinded set-
ting by analyzing 90 samples of known HLA type, deter-
mined from blood samples by an NGS-based method
routinely used in the clinical setting.

Average frequency of m1-frameshift mutations.
We focused on cMS mutations with the translational
reading frame “minus 1” (m1, deletion of 1 nucleotide
or insertions of two nucleotides), which are considered
the predominant type of frameshift mutations in
MSI cancer.16 For each of the 41 cMS analyzed in
Ballhausen et al.,16 the average frequency of m1-mutations
f m1,G, leading to an FSP m, was determined. f m1,G was
calculated for all patients (Gall), and samples of the Gpr

and the Gnon group (formula in supplementary material).
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Selection of cMS. All 41 cMS in 40 target genes from
Ballhausen et al.16 were analyzed. In addition, the candi-
dates with an average m1-mutation frequency f m1,Gall

> 0:25
were examined separately. The corresponding target
genes are ACVR2A, TGFBR2, SLC35F5, ASTE1, CEP164,
AIM2, MARCKS, SLC22A9.

MHC ligand prediction data. Regarding the
41 m1-FSPs, binding affinity prediction data for the four
supertype representatives HLA-A*01:01 (A01), HLA-A*02:01
(A02), HLA-A*03:01 (A03), HLA-A*24:02 (A24) were
obtained from NetMHCpan-4.1,34 a state-of-the-art in silico
tool for simulating binding between peptides and HLA mol-
ecules, as described previously.16 The corresponding FSPs
including 8 wildtype amino acids at the N-terminus are
shown in Table S3. The column “Score_El” (here called epi-
tope likelihood ELS) was extracted from the output XLS
file,34 estimating the likelihood that a peptide is a ligand
for the representative of the supertype S.

Immunological scores for the HLA-A locus. We
defined scores for estimating the immunogenicity of the
examined FSPs in patients of the Gpr and in patients of
the Gnon group according to the particular HLA-A con-
stellation (see Figure 1). Considering the group-specific
frequency of HLA-A alleles, we determined the overall
ligand likelihood OLLG mð Þ. It estimates the probability
that at least one peptide derived from the FSP m is

presented by an HLA-A allele in a patient belonging to
the group G� Gpr,Gnon

� �
(for details, see supplementary

material).

3 | RESULTS

Overview of the method for determining the HLA-
A*02 status. Song et al.31 developed an approach based
on sequence-specific primers for identifying samples with
HLA-A*02 alleles. However, when FFPE tissue is the only
material available, a PCR setting with an amplicon length
of 881/882 bp is not suitable because of DNA fragmen-
tation, which hampers amplification of long DNA
stretches. In order to address this issue, we designed a
two-level sequencing-based typing approach (Figure 2):
The initial PCR with the primers A2-2F and G-R aims
at amplifying all HLA-A*02 alleles, which is a precon-
dition for achieving high sensitivity. As a second step,
Sanger sequencing of the described SNP at position
78 of the HLA-A gene, located within the PCR frag-
ment, allows to specifically distinguish HLA-A*02
alleles from other alleles possibly amplified in the ini-
tial PCR. Samples with at least one HLA-A*02 allele
are assigned to the Gpr group, whereas samples without
any HLA-A*02 allele belong to the group Gnon. The

A01

A03

A24fA01
2

1 - fA02
1 -p(A01)=1 -

fA03
2

1 - fA02
1 -p(A03)=1 -

fA24
2

1 - fA02
1 -p(A24)=1 -

A03

A24

A01

A03

A24

A01

HLA-A locus

A02
A02

A03

A24

A01

HLA-A locus

p(A01)=fA01

p(A02)=fA02

p(A03)=fA03
p(A24)=fA24

p(A02)=1

A02
A01

A03

A24

(D)(C)

(A) (B)

FIGURE 1 Possible HLA-A supertype constellations in patients with at least one HLA-A*02 allele (Gpr group, red box) and in patients

without any HLA-A*02 allele (Gnon group, blue box). (A) and (C) show the HLA-A locus, which encompasses one maternal and one paternal

allele, in the Gpr (A) and the Gnon (C) group. Patients of the Gpr group have at least one allele of the supertype A02. As the second allele

remains unclear, it can belong to the HLA-A supertypes A01, A02, A03 or A24. By contrast, patients of the Gnon group do not have any A02

allele, illustrated by the absence of an orange bar in (C). Thus, patients of this group only possess alleles of the HLA-A supertypes A01, A03

or A24. The probability p Sð Þ that a supertype S is present in a patient of the corresponding group is shown for each group separately (details

in supplementary material). (B) and (D) illustrate the distribution of supertypes in both subclasses. Patients of the Gnon group do not possess

any A02 allele (illustrated by the absence of orange balls in (D)). Thus, the likelihood to have an allele of the supertypes A01, A03 and A24 is

higher in this group compared with the general population.
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resulting sequencing chromatogram with the SNP is
shown in Figure S1.

As an advantage compared with an approach based
on sequence-specific primers, reliable annealing of
primers, which is influenced by PCR conditions, is not a
central prerequisite for achieving high specificity. This
means that the assignment of samples to the Gnon group
is not based on the absence of an amplicon in the initial
PCR. Conversely, unspecific binding of primers cannot
lead to false positive (FP) classification results (patients
with two Non-HLA-A*02 alleles assigned to the Gpr

group). Accordingly, it is possible to choose a relatively
low, and thus permissive annealing temperature, poten-
tially amplifying HLA-A alleles with mismatches in the
primer binding site of A2-2F or G-R.

Evaluation and experimental validation of the
method. Because of the plethora of HLA-A alleles, an
approach for identifying a certain allele group should be
evaluated concerning possible candidates that would lead
to FP or false negative (FN) classification results. For this
purpose, we systematically analyzed aligned HLA-A
allele sequences, published in the IPD-IMGT/HLA data-
base.32 Generally, nucleotide changes arising from forma-
lin fixation are unlikely to hinder the correct
identification of HLA-A*02 alleles because of the abun-
dance of unchanged templates26 (see FN (1) in Figure S3
and FP (1) in Figure S4). Nevertheless, two scenarios pos-
sibly result in the assignment of HLA-A*02 alleles to the
Gnon group, here referred to as FN classification results:
First, HLA-A*02 alleles that are not amplified in the PCR
A2-2F/G-R would not be recognized in the sequencing
step (FN (2) in Figure S3). However, 27 from the
observed 28 mismatches between A2-2F or G-R and their
corresponding primer binding site are unlikely to hamper
amplification35,36 (mismatches between HLA-A*02 alleles

and the primers are highlighted in Tables S6 and S7).
Only the A2-2F primer binding site of HLA-A*02:01:207
contains two mismatches, which is likely to prevent
PCR product formation.35 Moreover, 11 (1.2%) of the
955 HLA-A*02 alleles examined have a base other than
“T” at position 78 of the HLA-A gene, resulting in the
assignment of these alleles to the Gnon group (FN (3) in
Figure S3, see Table S8). Conversely, 6 (0.2%) of the 3343
Non-HLA-A*02 alleles have a “T” at position 78 of the
HLA-A gene, potentially entailing FP classification results
(HLA-A*01:01:13, -A*11:199:03, -A*30:08:01, -A*30:166,
-A*32:01:43, -A*68:03:02, FP (2) in Figure S4). Three of
these have an exactly matching primer-binding site with
A2-2F and G-R (HLA-A*01:01:13, -A*30:166,
-A*68:03:02).

The sequencing-based typing approach for determining
the HLA-A*02 status of FFPE tissue samples was experi-
mentally validated in a cohort of 90 patients with known
HLA-A type. The latter was obtained by a routinely
applied NGS-based approach using DNA from blood sam-
ples. From these 90 samples, 81 were technically analyz-
able (90%). All of them were assigned to the correct group
Gpr (n = 41, 100% sensitivity, 95% CI: 91.40%–100%) or
Gnon (n = 40, 100% specificity, 95% CI: 91.19%–100%; see
Table S1). For the remaining samples, PCR amplification
failed (n = 5, 5.6%) or resulted in background noise in
the sequencing chromatogram preventing reliable classi-
fication (n = 4, 4.4%).

Example of application in tumor biology research:
Analyzing HLA-A*02-dependent negative selection in
MSI CRC. After validating the accuracy of the developed
classification approach, we aimed to demonstrate its appli-
cability in current molecular biology research. A central
controversy in the context of tumor immunology is whether
the individual's HLA type influences the mutational

G C T C T CAC TC C C CAG

A*02 group

G C T C C CAC TC C C CAG

Non-A*02 group

1. Amplification of
exon 2 of the HLA-A gene

Sensitivity Sensitivity and
Specificity

2. Sanger Sequencing Classification based on SNP
at pos. 78 of HLA-A gene

Amplicon

HLA-A*02 group

Non-HLA-A*02 group

HLA-A alleles

FIGURE 2 A two-step sequencing-based typing approach for reliable identification of samples with HLA-A*02 alleles. HLA-A*02 alleles

possess a “T” at position 78 of the HLA-A gene (depicted in red), whereas Non-HLA-A*02 alleles show another nucleotide (e.g., a “C”,
depicted in gray). The initial PCR A2-2F/G-R represents a precondition for achieving high sensitivity as all HLA-A*02 alleles have to be

amplified. Also Non-HLA-A*02 alleles might generate an amplicon. Thus, high specificity (and sensitivity) is ensured by subsequent

sequencing and classification according to the SNP at position 78 of the HLA-A gene.
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landscape of cancers.12–14,37 With the developed approach, we
determined the HLA-A*02 status of an independent cohort of
73 MSI CRC samples. Thirty-six of these had at least one
HLA-A*02 allele (group Gpr, 12 hereditary and 24 sporadic
cases) and 37 samples did not possess any HLA-A*02
allele (group Gnon, 19 hereditary and 17 sporadic cases,

one patient without information on etiology of MSI, see
Table S2a). The proportion of hereditary MSI cases did
not deviate significantly between both patient groups Gpr

and Gnon (p¼ 0:1528 according to two-sided Fisher's test).
We compared the frequency of cMS mutations and

the predicted immunogenicity of the resulting FSPs

higher immunogenicity
of FSP in the G

pr
group

higher immunogenicity
of FSP in the G

non
group

higher mutation frequency
of FSP in the G

pr
group

higher mutation frequency
of FSP in the G

non
group

FSP

Frameshift mutation
in cMS

(A)

(B)

FSP-derived peptides
(cleavage by proteasome)

Immunogenicity of FSP
in the G

pr
group (OLL

G
)

pr

or

A02

Immunogenicity of FSP
in the G

non
group (OLL

G
)

Non

non

FIGURE 3 (A) Estimating the immunogenicity of FSPs in patients of the Gpr and the Gnon group with the overall ligand likelihood

OLLG. Frameshift mutations in cMS lead to the generation of novel FSP antigens. Patients of the Gpr group (red box) have at least one A02

allele (depicted in orange), whereas patients of the Gnon group (blue box) only have two Non-A02 alleles (depicted in blue). The

immunogenicity of a given FSP in each patient group was estimated by checking the compatibility of all possible FSP-derived peptides (8–14
amino acids, illustrated by different red forms) with the HLA-A molecules given in one group. (B) Association between the absolute

difference of the estimated immunogenicity of FSPs (x-axis, OLLGpr �OLLGnon ) and the absolute difference of the underlying cMS mutation

frequency (y-axis, f m1,Gpr
� f m1,Gnon

) between both groups Gpr and Gnon. All samples are included. The average frequency of m1-mutations

f m1,Gall
, irrespective of HLA-A*02 status, corresponds to the intensity of the data points (see legend on the right). The candidates with an

m1-mutation frequency higher than 0.25, which were analyzed separately, are labeled. There is no correlation between OLLGpr �OLLGnon

and f m1,Gpr
� f m1,Gnon

, considering all 41 candidates (p¼ 0:4985, Pearson's r¼�0:0007). However, when selecting the cMS with an average

frequency of m1-mutations higher than 0.25, one can see an inverse correlation (p¼ 0:01231,Pearson
0
sr¼�0:77254).
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between the Gpr and the Gnon patient group. For approxi-
mating the immunogenicity of the 41 FSPs, we modified
recently published scores16 and defined the overall ligand
likelihood OLLG to account for the particular HLA-A
constellation in both patient groups Gpr and Gnon (see
Methods and Table S4). It estimates the group-specific
likelihood that at least one cleaved peptide derived from
a certain FSP is presented by the HLA-A molecules of
patients in the Gpr or in the Gnon group (see Figure 3A).
Thus, the score not only considers epitope predictions for
alleles of the HLA-A supertype A02, but also for the other
HLA-A supertypes according to their probability to be
present in patients of the Gpr or the Gnon group (described
in Figure 1 in the methods).

Next, we compared the frequency of cMS mutations
and their HLA-A-dependent immunogenicity in the Gpr

and Gnon group. For this purpose, we calculated the dif-
ferences between the overall ligand likelihood OLLG in
both groups (OLLGpr �OLLGnon ) and between the average
frequency of m1-mutations f m1,G in both groups
(f m1,Gpr

� f m1,Gnon
). High values for OLLGpr �OLLGnon indi-

cate that a given FSP is better visible to the immune sys-
tem in patients of the Gpr than in the Gnon group
(illustrated by the arrows next to the x-axis in Figure 3B).
Similarly, high values for f m1,Gpr

� f m1,Gnon
mean that the

underlying cMS mutation occurs more frequently in the
Gpr group, and vice versa (illustrated by the arrows next
to the y-axis in Figure 3B). Considering all 41 cMS, no
correlation is detectable between OLLGpr �OLLGnon and
f m1,Gpr

� f m1,Gnon
. This applies both to all patients of the

cohort (p¼ 0:4985, Pearson's r¼�0:0007, see Figure 3B)
and to only B2M-mutated samples (p¼ 0:3060, Pearson's
r¼�0:0814, see Figure S5). However, as the average fre-
quency of m1-mutations f m1,Gall

, irrespective of HLA-A*02
status, is very low for many candidates, a possible associa-
tion may be overlaid by outliers. 13 of the 41 cMS have an
m1-mutation frequency less than 10% (see Table S4). When
only examining the candidates with an m1-mutation fre-
quency higher than 0.25 (f m1,Gall

> 0:25), we observed an
inverse correlation between OLLGpr �OLLGnon and
f m1,Gpr

� f m1,Gnon
(p¼ 0:01231,Pearson

0
s r¼�0:77254,

see labeled points Figure 3B). Selecting only B2M-
mutated MSI CRC samples, the association is not signifi-
cant, though showing the same trend (p¼ 0:0691,
Pearson

0
s r¼�0:5723, see labeled points in Figure S5).

Overall, the inverse correlation between the predicted
immunogenicity of the most frequent FSPs and their
mutation frequency, when comparing the two patient
groups Gpr and Gnon, may reflect that the mutational
landscape of MSI cancer cells is partially influenced by
the individual HLA constellation. In this case, cell clones
with cMS mutations that are better visible to the immune
system, because of an effective HLA-A-mediated antigen

presentation, would occur less often. This would be
reflected in the lower mutation frequency of the respec-
tive cMS. The raw data for f m1,G, OLLG and the number
of MSI CRC samples with mutation data for each of the
41 cMS are shown in Table S4.

4 | DISCUSSION

One central obstacle on the way to gain insights into
HLA genotype-dependent occurrence and manifestation
of diseases is the type of tissue material available for
HLA typing. Although there is a plethora of archival
FFPE samples available, commonly used assays cannot
be applied because of DNA fragmentation, nucleotide
changes and crosslinks, such as histone-DNA or DNA-
protein crosslinks.7,26 Robust methods that consider these
alterations are necessary for making this material accessi-
ble for studying HLA type-dependent pathogenesis. As
an important achievement in this issue, a Sanger
sequencing-based method for determining the HLA-A
type in FFPE tissue was reported.7 We developed a sim-
ple approach for identifying HLA-A*02 alleles in FFPE
samples based on determining one described SNP specific
for the HLA-A*02 allele group.31 Only focusing on one
SNP allows a greater practicability, because ambiguous
results arising from the cis/trans assignment of double
peaks, one major disadvantage of Sanger sequencing, do
not occur. In addition, as only one PCR reaction is
required, the amount of template DNA is lower than in
the method proposed by Villabona et al.7 As a limitation
of the developed approach, only one HLA-A allele group
is determined in comparison to Villabona et al.7 How-
ever, in principle it is possible to develop similar
sequencing-based typing methods for identifying other
HLA allele groups than HLA-A*02 in FFPE tissue sam-
ples. Regarding the 81 (90%) samples analyzable in the
validation cohort, the HLA-A*02 status was correctly
determined for all of them. The proportion of not analyz-
able samples is comparable to previous methods.7

As a next step, we evaluated the applicability of the
method to current topics of immunoediting in cancer
research. Recent studies reported an HLA class I geno-
type dependency of the mutational pattern in cancer.12

Similar observations were made for HLA class II mole-
cules.14 However, as FSPs are much more immunogenic
than antigens resulting from point mutations, these find-
ings cannot be transferred to MSI cancer without further
evaluation. For instance, with increasing length of an
FSP, the importance of the individual HLA type for its
immunogenicity may be diminished because of the pleth-
ora of possible FSP-derived peptides (for illustration see
Figure S6). We divided a previously reported cohort of
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73 MSI CRC patients16 according to the presence or
absence of HLA-A*02 alleles. In addition, we defined
immunological scores, accounting for the specific HLA
constellation of patients with (Gpr) or without any (Gnon)
HLA-A*02 allele. Based on this, we were able to contrast
the frequency of cMS mutations and their estimated
HLA-A-dependent immunogenicity in both patient
groups Gpr and Gnon. We observed an inverse association
between the predicted immunogenicity of FSPs and the
frequency of the underlying cMS mutations when con-
trasting the Gpr and the Gnon group regarding the eight
most frequently mutated cMS. Accordingly, the findings
of Marty et al.12,13 may also apply to MSI tumors. How-
ever, this relation was not detectable when considering
all 41 candidates. This possibly illustrates that the impor-
tance of HLA-A type-dependent negative selection of
cMS mutations increases with the basic mutation rate,
which is determined by the length of the mononucleotide
repeat.38–40 Regarding alterations with a low basic muta-
tion rate, the mutation itself might be the limiting factor,
and not the elimination by immune cells.

In summary, we here present a method that allows
identification of HLA-A*02 alleles in FFPE tissue samples
based on determining one recently described SNP in exon
2 of the HLA-A gene.31 We provide one exemplary imple-
mentation in the context of MSI cancer immunoediting.
However, the classification of samples according to the
presence or absence of HLA-A*02 alleles can have a
broad application reaching far beyond tumor biology. By
making historic and archival FFPE tissue samples acces-
sible to molecular biological studies, the presented tool
allows to gain insight into the role of HLA molecules dur-
ing the pathogenesis of various illnesses, such as infec-
tious or autoimmune diseases, and enables studying
coevolution of organisms.
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