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ABSTRACT
Microsatellite instability (MSI-H) is caused by DNA mismatch repair deficiency and occurs in 15% of
colorectal cancers. MSI-H cancers generate highly immunogenic frameshift peptide (FSP) antigens, which
elicit pronounced local immune responses. A subset of MSI-H colorectal cancers develops in frame of
Lynch syndrome, which represents an ideal human model for studying the concept of immunoediting.
Immunoediting describes how continuous anti-tumoral immune surveillance of the host eventually leads
to the selection of tumor cells that escape immune cell recognition and destruction. Between 30 and 40%
of Lynch syndrome-associated colorectal cancers display loss of HLA class I antigen expression as a result
of Beta2-microglobulin (B2M) mutations. Whether B2M mutations result from immunoediting has been
unknown. To address this question, we related B2M mutation status of Lynch syndrome-associated
colorectal cancer specimens (n D 30) to CD3-positive, CD8-positive and FOXP3-positive T cell infiltration in
both tumor and normal mucosa. No significant correlation between B2M mutations and immune cell
infiltration was observed in tumor tissue. However, FOXP3-positive T cell infiltration was significantly lower
in normal mucosa adjacent to B2M-mutant (mt) compared to B2M-wild type (wt) tumors (mean: 0.98%
FOXP3-positive area/region of interest (ROI) in B2M-wt vs. 0.52% FOXP3-positive area/ROI in B2M-mt,
p D 0.023). Our results suggest that in the absence of immune-suppressive regulatory T cells (Treg), the
outgrowth of less immunogenic B2M-mt tumor cells is favored. This finding supports the immunoediting
concept in human solid cancer development and indicates a critical role of the immune milieu in normal
colonic mucosa for the course of disease.

Abbreviations: B2M, beta2-microglobulin; cMS, coding microsatellite; FSP, frameshift peptide; IHC, immunohis-
tochemistry; MMR, mismatch repair; MSI-H, high level microsatellite instability; mt, mutant; ROI, region of interest;
Treg, regulatory T cells; wt, wild type

KEYWORDS
Beta2-microglobulin;
colorectal cancer;
hereditary cancer; immu-
noediting; Lynch syn-
drome;
microsatellite instability;
regulatory T cells

Introduction

The protective role of the immune system in cancer develop-
ment has received considerable attention in recent years. There
is obvious evidence that the host’s immune response to cancer
is related to patients’ survival.1-3 More recently, immunother-
apy aiming to activate therapeutic antitumor immunity by
immune checkpoint blockade has been implemented in clinical
practice with remarkable success.4

The hypothesis that the phenotype of tumors is influenced
by the host’s immune system is described by the concept of
immunoediting.5,6 According to the immunoediting hypothe-
sis, emerging tumor cells are initially recognized and eliminated
by both the innate and adaptive immune system (elimination
phase). However, few tumor cell clones may persist but are

kept in a dormancy state which is mostly mediated by mecha-
nisms of the adaptive immune system (equilibrium phase).
This prevents further tumor cell outgrowth but also places
tumor cells under a constant immune selection pressure that
shapes their genotype and phenotype and eventually leads to
the outgrowth of tumor cells that have acquired the ability to
escape the host’s immune cell attack (escape phase). These
tumor cells can then progress to clinically overt cancers. The
immunoediting concept has been supported in various mouse
models6 with recent mouse studies even suggesting specific
rejection antigens that appear to be responsible for the recogni-
tion and ultimately elimination of tumor cells by the immune
system.7 In addition, preliminary evidence for immunoediting
has also emerged in patients undergoing immunotherapy.5
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However, to the best of our knowledge, conclusive evidence,
that immunoediting plays a role in the natural history of
human tumor development, is lacking. To examine this ques-
tion, we focused on Lynch syndrome. Lynch syndrome is a par-
ticularly well-suited model of a close interaction between
tumor and host immune system in humans.8-10 It is a heredi-
tary cancer syndrome caused by germline mutations of DNA
mismatch repair (MMR) genes, most frequently MLH1 or
MSH2.11 Affected individuals are predisposed to the develop-
ment of colorectal cancers with an estimated lifetime risk of
about 40 to 80%.12,13 The pathogenesis of Lynch syndrome-
associated cancers is driven by the inactivation of the MMR
system, which results in the accumulation of numerous muta-
tions at short repetitive DNA sequences (microsatellites), a
phenotype termed high-level MSI-H. MMR deficiency-induced
mutations affecting microsatellites located in gene-encoding
regions then lead to gene inactivation and the generation of de-
novo FSP sequences.11 These FSPs have been shown to elicit
strong cytotoxic T cell responses14-16 and may therefore share
properties of true rejection antigens. The immunogenicity of
MSI-H induced FSPs is generally considered as a major con-
tributor to the pronounced local immune responses regularly
observed in Lynch syndrome-associated colorectal cancers.8

However, despite the dense presence of immune cells, Lynch
syndrome-associated colorectal cancers grow out to clinically
manifest tumors which suggests that immunosuppressive or
immunoevasive mechanisms are required for tumor out-
growth.8 One major mechanism that may contribute to
immune evasion of Lynch syndrome-associated cancers is loss
of HLA class I-mediated antigen presentation due to mutations
of the B2M gene,17,18 which impairs recognition of tumor cells
by cytotoxic CD8-positive T cells.

However, only about 30–40% of all MSI-H colorectal can-
cers present with a B2M mutation.17,19 If these B2M mutations
do in fact reflect the results of immune evasion, the question
then arises why they occur only in a distinct subset of MSI-H
colorectal cancers and why the remaining cancers can still grow
out even though they continue to present highly immunogenic
antigens to the host’s immune system. This either argues in
favor of alternative evasion mechanisms, which have been sug-
gested in a subset of these lesions20-22 or in favor of a less strin-
gent immune selection in patients with B2M-wt cancers. To

examine whether B2M-wt cancers did in fact develop in a less
stringent immune selection milieu, we analyzed the local infil-
tration with FOXP3-positive T cells, which represent major
modulators and suppressors of adaptive immune responses in
colorectal cancer,23-25 and correlated the results with B2M
mutation status of the respective tumors. Similarly, CD3- and
CD8-positive T cell counts as well as lymph follicle counts were
quantified and related to B2M mutation status.

Results

Determination of B2Mmutation status

All Lynch syndrome-associated colorectal cancer samples
(n D 30) were stained by immunohistochemistry (IHC) with a
B2M-specific antibody to determine the absence or presence of
functional B2M protein. Nine carcinomas (30%) were B2M-
negative whereas 21 carcinomas (70%) were B2M-positive.
Staining results were unambiguous, showing either complete
loss of B2M expression or strong, homogenous B2M expression
throughout the tumor. Representative staining results are dis-
played in Fig. 1.

For all B2M-negative carcinomas, mutation analysis of the
B2M gene was performed. Mutations of the B2M gene were
identified in all 9 B2M-negative samples. Two distinct muta-
tions were identified in 5 samples, corresponding to a total of
14 mutations. Mutations were mainly frameshift mutations
located in the 4 most frequently affected cMS of the gene: Five
mutations (35.7%) were located in the (CT)4 repeat in exon 1.
Among the 3 cMS present in exon 2, 2 mutations (14.3%) were
observed in the A5 repeat and 3 mutations (21.4%) occurred in
the C5 repeat. No mutations were found in the second A5

repeat. Moreover, we observed 4 mutations not affecting these
cMS (2 point mutations and 2 deletions), one of which
(c.252_253delCT) had not been described previously in the lit-
erature. Table 1 gives an overview of the B2M mutations found
in the B2M-negative Lynch syndrome-associated colorectal
cancers. None of these mutations were found in normal tissue
from the corresponding patients. All described mutations are
predicted to cause a premature stop codon further downstream.
This suggests mutation-induced functional inactivation of the
B2M protein and provides a molecular explanation for loss of

Figure 1. B2M expression in Lynch syndrome-associated colorectal cancers. (A) Carcinoma cells with complete loss of B2M expression. Expression of B2M is maintained in
tumor-infiltrating lymphocytes and other stromal cells (brown staining). (B) Strong and homogenous B2M expression in carcinoma cells as well as in TILs and other stro-
mal cells. Nuclei were counterstained with Hemalaun (blue). Pictures were taken at 40x objective magnification.
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B2M expression in all analyzed B2M-negative tumor
specimens.

A summary of clinicopathological characteristics is dis-
played in Table 2a and 2b. No significant correlation between
B2M mutation status and any of the assessed parameters could
be observed.

Correlation of B2M mutation status and immune
infiltration data

Having established the B2M mutation status for all Lynch syn-
drome-associated colorectal cancers, these results were then
correlated to FOXP3-positive T cell infiltration in the tumor.

No statistically significant correlation between B2M muta-
tion status and intratumoral FOXP3-positive T cell infiltration
was observed (mean: 2.12% FOXP3-positive area/ROI in B2M-
wt vs. 1.48% FOXP3-positive area/ROI in B2M-mt, p D 0.197,
Fig. 2A).

The effect of immune cells on tumor outgrowth likely plays
an important role at very early stages of tumor development,
when neoplastic cells are still closely surrounded by normal
mucosa. As a next step, we therefore analyzed FOXP3-positive
T cell counts in tumor-adjacent normal mucosa as this was felt
to best represent the immune milieu during the early stages of
tumor development.

In tumor-adjacent mucosa, B2M-mt Lynch syndrome-
associated colorectal cancers presented with a significantly

lower FOXP3-positive T cell infiltrate than B2M-wt Lynch syn-
drome associated colorectal cancers (mean: 0.98% FOXP3-
positive area/ROI in B2M-wt vs. 0.52% FOXP3-positive area/
ROI in B2M-mt, p D 0.023, Fig. 2B). To examine whether this
correlation was restricted to FOXP3-positive T cell counts or
also detectable for other T cell subtypes, we examined CD3-
positive and CD8-positive T cell infiltration. However, no sig-
nificant differences were observed for CD3-positive and CD8-
positive T cell infiltration (Fig. S1). Moreover, no difference in
the number of lymph follicles was observed (Fig. S1).

To confirm the correlation between B2M mutation status
and FOXP3-positive T cell infiltration in tumor-adjacent
mucosa, we repeated our analysis in a second, independent
cohort consisting of 12 Lynch syndrome-associated colorectal
cancers (B2M-wt: n D 9, B2M-mt: n D 3; see Tables S1 and S2
for description of B2M mutations and clinicopathological char-
acteristics). We were able to affirm the lower number of
FOXP3-positive T cells in the tumor-adjacent mucosa of B2M-
mt tumors compared to B2M-wt cancers (mean: 0.67%
FOXP3-positive area/ROI in B2M-wt vs. 0.32% FOXP3-posi-
tive area/ROI in B2M-mt) although statistical significance was
not reached due to the lower number of samples available
(p D 0.262, see Fig. S2A).

Having established a significant correlation between B2M
mutations in Lynch syndrome-associated CRCs and FOXP3-
positive T cell infiltration in tumor-adjacent mucosa, the analy-
sis was extended to tumor-distant normal mucosa to see
whether similar effects could also be observed there. However,
no significant difference in FOXP3-positive T cell infiltration
between B2M-mt Lynch syndrome-associated colorectal can-
cers and B2M-wt Lynch syndrome-associated colorectal can-
cers was found in tumor-distant normal mucosa (mean: 0.47%
FOXP3-positive area/ROI in B2M-wt vs. 0.29% FOXP3-posi-
tive area/ROI in B2M-mt, p D 0.222, Fig. 2C). The lack of a sig-
nificant correlation between B2M mutation status and FOXP3-

Table 1. Description of B2M mutations in Lynch syndrome-associated colorectal
cancer samples.

Sample Description on nucleotide level Description on amino acid level

Sample 1 c.68–2A>G p.Arg23_Lys26delinsHisfs�30; see x
Sample 2 c.45_48delTTCT c.276delC p.Ser16Alafs�27 p.Thr93Leufs�10
Sample 3 c.43_44delCT c.204delA p.Leu15Phefs�41 p.Val68Trpfs�34
Sample 4 c.43_44delCT c.204delA p.Leu15Phefs�41 p.Val68Trpfs�34
Sample 5 c.43_44delCT c.252_253delCT p.Leu15Phefs�41 p.Leu85Valfs�4
Sample 6 c.101delC c.276delC p.Pro34Glnfs�10 p.Thr93Leufs�10
Sample 7 c.276.delC p.Thr93Leufs�10
Sample 8 c.43_44delCT p.Leu15Phefs�41
Sample 9 c.68–2A>G p.Arg23_Lys26delinsHisfs�30; see x

x The A>G substitution is located in the dinucleotide AG splice acceptor site of
intron 1. This causes a splice acceptor defect immediately 50 of exon 2 and results
in the use of a cryptic splice site located within exon 2. In consequence, 11 bps of
exon 2 that are located 50 of this new cryptic splice site are deleted, causing a
translational frameshift and a premature stop codon after 29 missense codons.44

Table 2a. Characteristics of Lynch syndrome-associated colorectal cancer patients.

Total B2M-wt B2M-mt p value

Number of patients n D 24 n D 17 n D 7
Age (median; range) 44; 27–63 42; 27–53 45; 38–63 0.59
Gender 1.00
Male 19 (79.2) 13 (76.5) 6 (85.7)
Female 5 (21.8) 4 (23.5) 1 (14.3)
Germline mutation 0.55
MLH1 16 (66.6) 10 (58.8) 6 (85.7)
MSH2 7 (29.2) 6 (35.3) 1 (14.3)
MSH6 1 (4.2) 1 (5.9) 0 (0.0)

Numbers in brackets indicate percentage values if not indicated otherwise. P val-
ues for gender and germline mutations were calculated using Fisher�s exact test
and Mann–Whitney U test was used for age.

Table 2b. Characteristics of Lynch syndrome-associated colorectal cancer samples.

Total B2M-wt B2M-mt p value

Number of tumor samples nD30 nD21 nD9
Location in colon 0.39
proximal 21 (70.0) 16 (76.2) 5 (55.6)
distal 9 (30.0) 5 (23.8) 4 (44.4)
Primary tumor 0.12
T1 2 (6.7) 2 (9.5) 0 (0.0)
T2 7 (23.3) 7 (33.3) 0 (0.0)
T3 15 (50.0) 8 (38.1) 7 (77.8)
T4 6 (20.0) 4 (19.1) 2 (22.2)
Lymph nodes status 0.11
N0 21 (70.0) 17 (81.0) 4 (44.4)
N1 5 (16.7) 2 (9.5) 3 (33.3)
N2 4 (13.3) 2 (9.5) 2 (22.2)
Distant metastasis 1.00
M0 27 (93.1) 19 (90.5) 8 (100.0)
M1 2 (6.9) 2 (9.5) 0 (0.0)
Mx 1 0 1
UICC stage 0.06
UICC I 8 (27.6) 8 (38.1) 0 (0.0)
UICC II 12 (41.4) 8 (38.1) 4 (50.0)
UICC III 7 (24.1) 3 (14.3) 4 (50.0)
UICC IV 2 (6.9) 2 (9.5) 0 (0.0)
na 1 0 1

Numbers in brackets indicate percentage values. All p values were calculated using
Fisher�s exact test. na D not analyzable.
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positive T cell infiltration in tumor-distant mucosa was con-
firmed in the validation cohort (mean: 0.17% FOXP3-positive
area/ROI in B2M-wt vs. 0.18% FOXP3-positive area/ROI in
B2M-mt, p D 1.000, see Fig. S2B). Similarly, no differences
were observed for CD3-positive and CD8-positive T cell infil-
tration as well as for lymph follicle count in tumor-distant
mucosa (Fig. S3).

Discussion

We observed a statistically significant relationship between the
B2M mutation status of Lynch syndrome-associated colorectal
cancers and the density of FOXP3-positive T cells in the nor-
mal colonic mucosa: In patients with B2M-mt tumors, a signifi-
cantly lower density of FOXP3-positive T cells in the normal
colonic mucosa directly adjacent to the tumor was observed.
Conversely, patients with B2M-wt tumors showed a signifi-
cantly higher infiltration with FOXP3-positive T cells in the
tumor-adjacent mucosa; a finding, which was confirmed in a
second, independent sample collection.

This demonstrates for the first time that the immune cell
infiltration of the colonic mucosa is related to the phenotype of
tumors developing in the respective mucosal region. Specifically
we provide evidence that high numbers of FOXP3-positive T
cells in the colonic mucosa are associated with the occurrence
of tumors that are B2M-wt and thus still capable of antigen pre-
sentation via HLA class I. B2M mutations are known to
completely abrogate HLA class I-mediated antigen presenta-
tion, a key mechanism of tumor cell recognition and elimina-
tion by cells of the adaptive immune system.18 On the other
hand, FOXP3-positive Treg cells have been implicated as cru-
cial mediators in suppressing antigen-specific immune
responses in colorectal tumors.23-25 Our observation may there-
fore imply that B2M-wt MSI-H colorectal cancers are more
likely to grow out in the presence of high numbers of FOXP3-
positive Treg cells. In an environment of sparse infiltration
with FOXP3-positive Treg cells, which may reflect a more

active local immune environment and thus a stronger immuno-
selective pressure, emerging tumor cell clones may be elimi-
nated more effectively. This may consequently favor the
outgrowth of poorly immunogenic, B2M-mt MSI-H colorectal
cancer cells that no longer present FSP-derived neoantigens to
the immune system via HLA class I antigens (Fig. 3). Hence,
the significant correlation between the occurrence of B2M
mutations and mucosal Treg cell infiltration supports the con-
cept that MSI-H colorectal cancers in Lynch syndrome develop
through a process of immune selection. This lends further sup-
port to the validity of the immunoediting hypothesis in humans
and especially in colorectal cancer development. It is in line
with the existence of an elimination and equilibrium phase last-
ing for many years before escape variants develop and finally
grow out to manifest cancers.5,6 We have previously shown
that FSP-specific T cells are commonly observed in the periph-
eral blood drawn from MSI-H colorectal cancer patients.15,25

Interestingly, FSP-specific T cells were also detected in the
peripheral blood drawn from Lynch syndrome mutation car-
riers without any history of cancer,15 whereas they were virtu-
ally absent in MSS cancer patients and healthy controls. These
observations further support the concept that FSP-specific T
cells may contribute to immunoediting of MSI-H colorectal
cancers and potentially to the outgrowth of B2M-mutant can-
cers in Lynch syndrome.

This new link between the presence and number of FOXP3-
positive cells and the occurrence of B2M mutations in cancer
underlines the importance of tumor - immune cell interactions
and the inter-relation of molecular tumor classifiers and
immune responses of the host.26 It is particularly interesting in
view of emerging immune checkpoint blockade therapies that
have shown very promising results in clinical trials, particularly
in highly mutated tumor types such as melanoma.27,28 One of
the most promising checkpoint modulators is ipilimumab, an
antibody directed against human CTLA4, which has also been
shown to specifically target FOXP3-positive Treg cells.29-31

Although CTLA4 blockade failed to show a significant efficacy

Figure 2. FOXP3-positive T cell infiltration depending on B2M mutation status. (A) Intratumoral FOXP3-positive T cell infiltration of B2M-wt and B2M-mt Lynch syndrome-
associated colorectal cancers. FOXP3-positive T cell infiltration (B) in tumor-adjacent mucosa and (C) in tumor-distant mucosa of B2M-wt and B2M-mt Lynch syndrome-
associated colorectal cancers. A significantly lower infiltration with FOXP3-positive T cells was observed in tumor-adjacent mucosa of B2M-mt tumors compared to
B2M-wt tumors. Data are shown as scatter dot plots with horizontal lines indicating mean values and SEM. x represents an outlier: 2.44%. ns D not significant.
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in colorectal cancer so far,32 its use specifically in the highly
mutant subgroup of MSI-H colorectal cancers has been pro-
posed recently.33,34

Our observation suggests that a therapeutic reduction of
FOXP3-positive T cell counts, which may be induced by CTLA4
blockade, might not only support tumor cell elimination directly,
but also, if elimination fails, lead to the induction of B2M muta-
tions in persisting MSI-H cancer cells. Interestingly, MSI-H colo-
rectal cancers with B2M mutations are associated with an
excellent prognosis and the absence of disease relapses or distant
organ metastases.17,35,36 Consequently, Treg cell depletion may
improve survival not only by facilitating tumor cell killing, but
also by shaping the tumor in a way that favors the formation of a
less aggressive, locally restricted phenotype.

The association between B2M mutation status of the tumor
and FOXP3-positive Treg cell infiltration was restricted to tumor-
adjacent normal mucosa, but not observed in tumor-distant nor-
mal mucosa, i.e., normal mucosa located at the surgical resection
margins. This is compatible with the concept that the process of
immune selection during colorectal carcinogenesis is rather a
locally restricted than a systemic phenomenon.

Interestingly, B2M mutation status was not associated with
intratumoral FOXP3-positive Treg cell counts. This may reflect
the fact that immune cell infiltration in the tumor, in contrast
to non-tumorous mucosa, is influenced by a variety of factors
that are not only related to the host’s systemic and local
immune status, but also related to secondary effects mediated
by tumor cells, such as tumor cytokine secretion.36-39

Our study has several limitations: Due to the observational
design, we cannot functionally prove that FOXP3-positive T

cells have a direct impact on tumor cell phenotype through
immune selection or other mechanisms. An alternative expla-
nation for the association of high FOXP3-positive cell counts
in the vicinity of B2M-wt tumors may be provided by the
observation that the activation of CD8-positive T cells, which is
expected to be restricted to B2M-wt tumors, can contribute to
the recruitment of FOXP3-positive cells to these tumors and
the tumor environment,40 although intratumoral FOXP3-
positive cell densities did not differ significantly between B2M-
wt and B2M-mutant tumors in our study. Moreover, we cannot
prove that FOXP3-positive T cells are in fact suppressor or
Treg cells, although evidence from the literature strongly sug-
gests that the vast majority of FOXP3-positive cells in the colon
are of the regulatory or suppressor phenotype.41 Finally, the
number of patients included in this study is limited to 24 Lynch
syndrome mutations carriers (plus another 10 patients in the
validation cohort), and we were only able to assess immune cell
infiltration in specimens retrieved at the time point of surgery,
i.e., when a tumor had already formed. Therefore, we cannot
exclude potential immunological effects triggered by the tumor.
Accordingly, larger and prospective studies are required to fur-
ther evaluate our findings. Moreover, it will be interesting to
study whether similar associations between B2M mutations
and immune cell infiltration of tumor-adjacent mucosa are
restricted to Lynch syndrome or whether they can also be
observed in sporadic MSI-H colorectal cancers.

In summary, our study provides further evidence for the
validity of the immunoediting concept in human MSI-H colo-
rectal cancer development. Beyond the perspective of MSI-H
cancers and Lynch syndrome, our results suggest that the

Figure 3. Influence of mucosal Treg cell levels on phenotype of developing colorectal cancers. Left panel: High levels of immunosuppressive Treg cells within the normal
colonic mucosa (green cells) may reflect a less active local immune milieu, which potentially applies a less stringent immune selection pressure and is less capable of elim-
inating emerging tumor cells (red cells). Consequently, this may also permit the outgrowth of more immunogenic, i.e., B2M-wt, cancers. Right panel: In contrast, low levels
of immunosuppressive Treg cells within the normal colonic mucosa may be indicative of a more active local immune milieu and a stronger immunoselective pressure. This
may enable a more effective elimination of emerging cancer cell clones and only allow the outgrowth of poorly immunogenic, i.e., B2M-mt, cancers (blue cells).
This sequence corresponds to the three phase immunoediting concept consisting of an elimination and equilibrium phase followed by an escape phase in which clinically
overt cancers manifest.
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immune milieu in normal colonic mucosa may play a critical
role as a host factor in determining the individual risk of solid
cancer development and the course of the disease. Moreover,
our data indicate that therapeutic Treg cell depletion may
improve patient outcome, by favoring tumor cell elimination as
well as by allowing persistence and outgrowth only of less
aggressive, i.e., B2M-mt, tumor cells.

Materials and methods

Patients

Tumor and normal tissue material from Lynch syndrome
patients were collected at the Department of Applied Tumor
Biology, University Hospital Heidelberg, as a center of the
German HNPCC Consortium. Informed consent was obtained
from all patients. All patients underwent surgery at the Depart-
ment of Surgery at Heidelberg University Hospital between
2000 and 2014. None of the patients had received neoadjuvant
treatment prior to surgery. The study was approved by the local
Ethics Committee. Three different types of tissue samples were
included in this study: (1) Lynch syndrome-associated colorec-
tal cancer samples, (2) tumor-adjacent mucosa samples (i.e.,
from histologically normal-appearing, non-malignant colonic
mucosa located immediately next to the respective tumor) and
(3) tumor-distant mucosa samples (i.e., from histologically nor-
mal colonic mucosa located at the resection margins). In total,
24 Lynch syndrome patients were included in this study. From
these patients, 30 tumor specimens as well as 30 tumor-
adjacent mucosa samples and 46 tumor-distant mucosa sam-
ples were obtained for analysis. The difference between the
number of Lynch syndrome patients and the number of tumor
specimens/tumor-adjacent mucosa samples is due to the fact
that some Lynch syndrome patients presented with two or
more synchronous colorectal cancers. In these cases, tumor
samples and tumor-adjacent normal mucosa samples from all
individual colorectal cancers were included separately in this
study. The increase in sample size for tumor-distant mucosa
samples compared to the tumor-adjacent normal mucosa sam-
ple collection is due to the fact that for some patients two dif-
ferent FFPE specimens containing tumor-distant normal
mucosa were available (usually from the two surgical resection
margins). Concerning the specimens analyzed for intratumoral
Treg infiltration, the same 30 tumor samples from 24 patients
as outlined before were assessed. However, 6 tumor samples
were excluded from analysis because of signet ring cell or 100%
mucinous differentiation which is why only 24 tumor samples
could be considered for statistical analysis. These 24 tumor
samples were obtained from 21 different patients with three
patients presenting with two synchronous tumors. Also, four
tumor-adjacent mucosa samples and one tumor-distant
mucosa sample had to be excluded because of poor sample
quality.

As an independent validation cohort, 10 additional Lynch
syndrome patients were assessed. From these patients, 12
tumor specimens corresponding to 12 tumor-adjacent mucosa
samples and 19 tumor-distant mucosa samples were obtained
for analysis of FOXP3-positive T cell infiltration in tumor-

adjacent and tumor-distant normal mucosa. Intratumoral
FOXP3-positive T cell infiltration was not assessed in this
cohort.

Molecular tumor analysis

DNA was isolated from normal colonic mucosa and tumor tis-
sue after manual microdissection of HE-stained tissue sections
using the DNeasy Blood&Tissue Kit (Qiagen, Cat.No. 69581).
For all samples that stained B2M-negative, exon-wise sequenc-
ing analysis of the B2M gene was performed as described
previously.17

Immunohistochemistry

Immunohistochemical staining of tissue sections was per-
formed as described previously.20,41 The following monoclonal
antibodies were used: CD3: clone PS1, Acris Antibodies, Cat.
No.DM112-05; CD8: clone 4B11, Novocastra, Product Code:
NCL¡CD8C-4B11; FOXP3: clone 236A/E7, eBioscience, Cat.
No. 14-4777-82; B2M: clone L368.42

Quantification of T cells and lymph follicles

T cell infiltration (CD3, CD8, FOXP3) was assessed using com-
puter-based image analysis software. Full scans of all IHC sec-
tions were obtained using a Hamamatsu NanoZoomer 2.0 HT
scan system (Hamamatsu Tissue Imaging and Analysis Center,
University of Heidelberg). All slides were scanned at 40x mag-
nification (resolution of 230 nm/pixel). Special imaging soft-
ware (TissuemorphDP, Visiopharm) was used for further
analysis of the scans. Three regions of interest (ROI), each
2 mm2 for tumor tissue and 1 mm2 for normal mucosa, were
defined within the tissue contained in each section. In a few
cases, only two ROIs could be assessed due to limited amount
of tissue available on the section. A quantification algorithm
from TissuemorphDP software was applied to the ROIs that
classified cells according to the strength of their DAB staining
as positive or negative. Results were expressed as the percentage
of the total ROI that stained positively. The results were then
averaged for all three ROIs of a section.

Because FOXP3, in contrast to CD3 and CD8, is expressed
in the nucleus, FOXP3-positive areas were adjusted to CD3-
positive and CD8-positive areas to allow a direct comparison.
This was achieved by using a conversion factor (1.5874) that
was empirically determined by analyzing the area covered by
40 CD3-positive and 40 FOXP3-positive cells from 3 patients
and subsequently averaging these results.

Lymph follicles situated in the mucosa or submucosa were
counted manually on CD3-stained slides using a microscope
(40x objective magnification). Total mucosa length on each
slide was determined on CD3-scans using a measurement tool
from TissuemorphDP software in order to normalize the num-
ber of lymph follicles to mucosa length.

Statistical evaluation

Fisher’s exact test was applied for all pairwise comparisons
regarding clinicopathological characteristics except for age for
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which the Mann–Whitney U test was used. To assess the effect
of immune infiltration on B2M mutation status logistic regres-
sion models were applied. To account for repeated measure-
ments within patients, this was done using generalized linear
mixed models (GLMM). For numerical optimization Powell’s
BOBYQA algorithm was used.43 Likelihood ratio tests were
used for comparing nested regression models. Results of tests
with p values lower than 0.05 were considered to be statistically
significant.
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