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Abstract Besides being expressed on professional anti-
gen-presenting cells, HLA class II antigens are expressed
on various tumors of non-lymphoid origin, including a
subset of colorectal cancers (CRC). Information about the
regulation of HLA class II antigen expression is important
for a better understanding of their role in the interactions
between tumor and immune cells. Whether lack of HLA
class II antigen expression in tumors reflects the selective
immune destruction of HLA class II antigen-expressing
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tumor cells is unknown. To address this question, we tested
whether lack of HLA class II antigen expression in CRC
was associated with immune cell infiltration. We selected
microsatellite-unstable (MSI-H) CRC, because they show
pronounced tumor antigen-specific immune responses and,
in a subset of tumors, lack of HLA class II antigen expres-
sion due to mutations inactivating HLA class II-regulatory
genes. We examined HLA class II antigen expression,
mutations in regulatory genes, and CD4-positive T cell
infiltration in 69 MSI-H CRC lesions. Mutations in RFXS5,
CIITA, and RFXAP were found in 13 (28.9 %), 3 (6.7 %),
and 1 (2.2 %) out of 45 HLA class II antigen-negative
tumors. CD4-positive tumor-infiltrating lymphocyte counts
were significantly higher in HLA class II antigen-negative
tumors harboring mutations in HLA class II-regulatory
genes (107.4 T cells per 0.25 mm?) compared to tumors
without mutations (55.5 T cells per 0.25 mm?, p = 0.008).
Our results suggest that the outgrowth of tumor cells lack-
ing HLA class II antigen expression due to mutations of
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regulatory genes is favored in an environment of dense
CD4-positive T cell infiltration.

Keywords Colorectal cancer - HLA class II antigens -
Immune evasion - Microsatellite instability - Tumor-
infiltrating lymphocytes

Abbreviations

cMS Coding microsatellite
CRC Colorectal cancer

HE Hematoxylin and eosin

HLA Human leukocyte antigen

HNPCC Hereditary nonpolyposis colorectal cancer
IHC Immunohistochemistry

mAb Monoclonal antibody

MSI-H  High-level microsatellite instability

PCR Polymerase chain reaction

Introduction

Human leukocyte antigen (HLA) class II antigens are
expressed by professional antigen-presenting cells but can
also be expressed at the surface of different types of solid
tumor cells, although with marked differences in their fre-
quency [1-3]. HLA class II antigens are in general hetero-
geneous in their expression within malignant lesions [3, 4].
In colorectal cancer (CRC), HLA class II antigen expres-
sion appears to have a clinical significance, since it is asso-
ciated with improved prognosis [5-7].

HLA class II antigen expression by tumor cells requires
two conditions: First, the presence of cytokines that induce
HLA class II antigens in the tumor microenvironment [8],
and second, functionality of genes which regulate HLA
class II antigen expression upon cytokine stimulation. The
latter can be impaired either by gene-inactivating mutations
[9] or by silencing through promoter methylation [10].

Whether immune selection plays a role in the lack of
HLA class II antigen expression by tumor cells with non-
functional HLA class II antigen-regulatory genes is not
known. To address this question, we have selected mis-
match repair-deficient CRC with the high-level micros-
atellite instability (MSI-H) phenotype as a model system.
The MSI-H phenotype occurs in about 15 % of sporadic
CRC and in virtually all CRC lesions associated with the
inherited Lynch syndrome [11-14]. MSI-H CRC lesions
are a particularly well-suited model for studying immune
selection because of three main reasons: (1) A relevant and
measurable tumor antigen-specific immune response has
been convincingly shown in these tumors [15, 16]. This
immune response appears to be triggered by frameshift
peptides, which are generated as a result of mismatch
repair deficiency-induced insertion or deletion mutations at

@ Springer

gene-encoding, short repetitive sequence stretches (coding
microsatellites, cMS). MSI-H-associated frameshift pep-
tides have been shown to induce HLA class I- and II-medi-
ated T cell immune responses of the host, and frameshift
peptide-derived HLA class I and II epitopes have been
described [17, 18]. (2) HLA class II antigens are strongly
expressed in about one-third of MSI-H CRC lesions [9],
and signs of a pronounced local immune response are typi-
cal of these tumors [19, 20]. (3) Selection processes can be
particularly well monitored in the model of MSI-H can-
cers, because mismatch repair deficiency-induced muta-
tions occur at defined sets of cMS in the genome [21]
(www.seltarbase.org [22]). Though these mutations occur
randomly as a result of polymerase slippage events during
DNA replication, tumor cell clones, which have acquired
certain combinations of cMS mutations that favor their out-
growth [21], are selected for during MSI-H CRC progres-
sion. Consequently, tumor-promoting cMS mutations will
be more frequent in manifesting MSI-H tumors than neu-
tral or tumor-suppressive mutations [21].

The suitability of MSI-H CRC as a model for analyz-
ing immune selection processes has become apparent in
previous studies, which have demonstrated a high fre-
quency of abnormalities in HLA class I antigen expres-
sion in MSI-H CRC lesions, mainly caused by mutations
in the Beta2-microglobulin gene [23-25]. This observation
strongly argues in favor of immune selection playing a role
in MSI-H CRC development, as the cell clones which grow
out are those, which have acquired the ability to escape
from CD8-positive T cell recognition. However, whether
this mechanism applies also to the differential HLA class II
antigen expression in CRC lesions is not known.

Knowledge about the role of immunoselection in HLA
class II antigen expression in solid tumors not only contrib-
utes to our understanding of the mechanisms involved in the
expression of HLA class II antigens on tumor cells, but also
of the role HLA class II antigens play in the interactions of
tumor cells with the host’s immune system. We here inves-
tigated the expression of HLA class II antigens in MSI-H
CRC lesions, analyzed HLA class II-regulatory genes for
mutations, and measured the level of T cell infiltration in
these tumors, with special emphasis on CD4-positive T cells
as the direct interaction partners of HLA class II antigens.

Materials and methods

Patients and tumor specimens

Colorectal cancer samples were obtained from the Insti-
tute of Pathology, Westpfalz-Klinikum Kaiserslautern and

the Institute of Pathology, University Hospital Heidelberg
with informed consent from patients included in this study.
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The study was approved by the institutional ethics com-
mittee. The microsatellite instability status had been deter-
mined using marker panels described previously (BAT2S,
BAT26, D2S123, D5S346, D175250, and CAT25) [26, 27].
Patients’ characteristics are summarized in Table 1.

Antibodies

The HLA-DR-, HLA-DQ-, HLA-DP-specific monoclonal
antibody (mAb) LGII-612.14 was developed and character-
ized as described previously [28]. mAb was purified from
ascitic fluid by sequential precipitation with ammonium
sulfate and caprylic acid [29]. The purity and activity of
mAb preparation were monitored by SDS-PAGE and by a
binding assay with cells expressing HLA class II antigens.

The CD4-specific mouse monoclonal antibody (clone
IF6) and the CDS8-specific mouse monoclonal antibody
(clone 4B11) were obtained from Novocastra (Newcastle,
UK). Biotinylated anti-mouse IgG xenoantibodies were
obtained from Vector Laboratories (Burlingame, CA) and
used as secondary antibodies.

Isolation of genomic DNA

Formalin-fixed, paraffin-embedded tissue sections (6—
8 um) were deparaffinized and stained with hematoxylin

Table 1 Characteristics of CRC patients

Total Sporadic Hereditary
CRCs CRCs

Number of patients 69 34 35
Median age (range) 49.5 (27-88) 77 (52-88) 49 (27-79)
NA 3 - 3
Gender

Male 30 (43.5)* 12 (35.3) 18 (51.4)

Female 39 (56.5) 22 (64.7) 17 (48.6)
Localization

Proximal 45 (65.2) 29 (85.3) 16 (45.7)

Distal 8 (11.6) 3(8.8) 5(14.3)

NA 16 (23.2) 2(5.9) 14 (40.0)
T stage

T1 1(1.4) 0(0.0) 1(2.9)

T2 17 (24.6) 7 (20.6) 10 (28.6)

T3 35 (50.7) 21 (31.8) 14 (40.0)

T4 10 (14.5) 5(14.7) 5(14.3)

Tx 6 (8.7) 1(2.9) 5(14.3)
N stage

NO 33 (47.8) 22 (64.7) 11 (34.4)

N1/N2 21(30.4) 11 (32.4) 10 (28.6)

Nx 15 (21.7) 1(2.9) 14 (40.0)

# Percentages are given in brackets

and eosin using standard protocols. For the isolation of
genomic DNA, the Qiagen DNeasy Tissue Kit (Qiagen,
Hilden, Germany) was used according to the manufactur-
er’s instructions.

Analysis of frameshift mutations

To identify cMS in HLA class II antigen-regulatory genes
as potential mutational targets in mismatch repair-defi-
cient cancers, a database search using publicly available
information (www.seltarbase.org [22]) was performed for
RFXAP (NM_000538) and RFXANK (NM_003721), with a
minimum length of six mononucleotides. The cMS with the
longest repeat within the respective gene was selected for
mutation analysis. In addition, the previously reported C7
repeats in exon 3 of RFX5 (NM_000449) and in exon 11 of
CIITA (NM_000246) [9] were also analyzed for cMS muta-
tions in MSI-H CRCs. PCR was performed using the prim-
ers listed in Table 2, and PCR products were purified with
the QIAquick PCR purification kit (Qiagen, Hilden, Ger-
many). The sequencing reaction was performed using the
Big Dye Terminator v1.1 Cycle Sequencing kit (Applied
Biosystems, Darmstadt, Germany). Products for sequenc-
ing were precipitated, solved in 12 pl Hi-Di Formamide
(Applied Biosystems, Darmstadt, Germany) and analyzed
on an ABI3100 genetic analyzer.

Immunohistochemistry (IHC)

HLA class II antigen and CDS staining was performed fol-
lowing standard protocols [9]. Briefly, after deparaffiniza-
tion and rehydration of paraffin tissue sections (2 pm),
slides were boiled in 10 mM citrate buffer (pH 6.0) for
15 min for antigen retrieval and allowed to cool for 30 min.
Endogenous peroxidase was blocked with 0.6 % H,0, (v/v
in methanol). For CD4 staining, antigen retrieval was per-
formed after the peroxidase blocking step. Non-specific
antibody binding was blocked by incubating tissue sections
in 10 % horse serum (v/v in PBS, Vector Laboratories, Inc.,
Burlingame, CA, USA) for 10 min at room temperature.
As a next step, tissue sections were incubated with the pri-
mary antibody (anti-CD4 mAb IF6, 1:40; anti-CD8 mAb
4B11, 1:40; mAb LGII-612.14, 1:50) overnight at +4 °C.
After washing and incubation with the secondary anti-
body (biotinylated anti-mouse IgG/anti-rabbit IgG, 1:50,
Vector Laboratories) for 30 min at room temperature, avi-
din-biotin-coupled horseradish peroxidase reagent (1:50,
Vector Laboratories) was applied according to the manu-
facturer’s instructions. Antigen detection was performed by
color reaction using 3,3-diaminobenzidine (Dako Liquid
DAB + Chromogen Substrate, Dako, Glostrup, Denmark).
Sections were counterstained with Mayer’s hematoxylin
(AppliChem, Darmstadt, Germany).
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Sequence (5'-3") Annealing (°C) No. of cycles

360
Table'z 2 Primer pairs used to Gene Repeat Direction
amplify HLA class II-regulatory
genes RFX5 C7 s
as
CIITA C7 s
as
RFXAP  G6,,G6, s
as
RFXAP A6 s
as
RFXANK C6 S

. as
§ sense, as antisense

CGGGATGGCAGAAGATGA 58 40
CAGGACTTGGAGATGTGATGA
GACTCTATGTCGGCCTGCT 58 40
GAACTGGTCCTCCTGTAGGG
AGGCGGACCTGTTAGACACT 57 40
CTTCGTAGGTGCAGGTCTTG
TCGTCCTGCAAGACCTACTC 55 40
CAAAAATCTCAATTGTTCCATTT
GGTGCAGCCTGGTGGTAT 55 40
GAACGGTCTCAATCTCTCCA

Fig. 1 Representative immunohistochemical stainings with the HLA
class II antigen-specific mAb LGII-612.14 (panels A—C) and CD4-
specific mADb IF6 (panel D). a High HLA class II antigen expression
in tumor cells (arrows). b HLA class II antigens are not detectable in
tumor cells (arrows) but are expressed in stromal cells and in intraep-
ithelial, tumor-infiltrating lymphocytes (arrowhead). ¢ Tumor section

Microscopic evaluation and statistical analysis

Tissue sections stained for HLA class II antigens were
scored as high expression of HLA class II antigens, when
strong and homogeneous staining was observed (Fig. 1a),
or as lack of or barely detectable expression of HLA class

@ Springer

displaying adjacent areas with strong HLA class II antigen expression
(right) and lack of HLA class II antigen expression (left, areas are
separated by a dashed line). d Tumor section stained for CD4-posi-
tive T cells (region corresponding to C). CD4-positive T cell counts
were elevated in the HLA class I antigen-negative area (leff) com-
pared to the HLA class II antigen-positive area (right)

II antigens, when staining was not detectable or faint and
patchy (Fig. 1b), according to previously published evalu-
ation protocols [9]. From the tissue samples stained for
CD4-positive T cells, three to five representative tumor
regions were analyzed for T cell infiltration utilizing a
10 x 10 ocular grid at a magnification of x200 (analyzed
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Table 3 Mutation frequencies of HLA class II-regulatory genes

RFXANK RFXAP

CIITA

Mutation (%) RFX5

All CRC

A6 in exon
2 (%)

G6,** in

C6 in exon G6,* in

6 (%)

C7 in exon

11 (%)

C7 in exon
3 (%)

exon 1 (%)

exon 1 (%)

14/69 (20.3) 3/69 (4.3) 0/69 (0.0) 1/69 (1.4) 0/69 (0.0) 0/69 (0.0)

18/69 (26.1)

69

HLA class Il antigen expression

All MSI-H CRC

24 124 (4.2)* 1/24 (4.2)* 0/24 (0.0) 0/24 (0.0) 0/24 (0.0) 0/24 (0.0) 0/24 (0.0)
17/45 (37.8) 13/45 (28.9)

45

High

0/45 (0.0) 1/45 (2.2) 0/45 (0.0) 0/45 (0.0)

3/45 (6.7)

Lack or barely detectable

Sporadic MSI-H CRC

0/13 (0.0)
0/21 (0.0)

13 0/13 (0.0) 0/13 (0.0) 0/13 (0.0) 0/13 (0.0) 0/13 (0.0) 0/13 (0.0)
0/21 (0.0) 0/21 (0.0) 0/21 (0.0) 0/21 (0.0)

21

High

9/21 (42.9)

9/21 (42.9)

Lack or barely detectable
Hereditary MSI-H CRC

0/11 (0.0)
0/24 (0.0)

0/11 (0.0)

0/24 (0.0)

0/11 (0.0) 0/11 (0.0)
0/24 (0.0) 1/24 (4.2)

0/11 (0.0)

1/11 (9.1 1/11 (9.1)*
4/24 (16.7)

11

24

High

3/24 (12.5)

8/24 (33.3)

Lack or barely detectable

* Position ¢.297 to ¢.302 ** Position ¢.354 to ¢.359

# Includes a tumor with regional lack of HLA class II antigen expression

area: 0.25 mm?) and a Leica DMRBE microscope (Leica,
Solms, Germany). To differentiate T cells from dendritic
cells or monocytes/macrophages, which can express low
levels of cytoplasmic CD4 [30, 31], only cells show-
ing strong membraneous staining were recorded as CD4-
positive T cells. HLA class II antigen-positive lesions
with circumscribed ¢cMS mutation-induced lack of HLA
class II antigen expression (n = 5) were not evaluable
for CD4-positive T cell infiltration, because the affected
areas, which did not express HLA class II antigens, were
too small for a proper assessment of CD4-positive T cell
counts. Stromal and epithelial compartments were evalu-
ated separately. Relative infiltration was determined as pre-
viously described [32]. Box—Whisker plots were generated,
and statistical evaluation was performed utilizing Statistica
software (release 7, StatSoft Europe, Hamburg, Germany).
Mann—Whitney rank sum test and Kruskal-Wallis test were
used to calculate the statistical significance of the differ-
ences. P values smaller than 0.05 were considered as statis-
tically significant.

Results
HLA class II antigen expression in MSI-H CRC lesions

HLA class II antigen expression was analyzed in 69 MSI-H
CRC lesions; 35 of them were Lynch syndrome-associated
MSI-H CRCs, and the remaining 34 were sporadic MSI-H
CRCs. Clinical characteristics of the lesions are summa-
rized in Table 1.

High HLA class II antigen expression was detected in 24
(34.8 %) out of 69 MSI-H CRC:s lesions. The frequency of
HLA class II antigen expression in sporadic and hereditary
CRC lesions was similar (sporadic 13/34, 38.2 %; heredi-
tary 11/35, 31.4 %; p = 0.62) as shown in Table 3. Repre-
sentative HLA class II antigen staining patterns are shown
in Fig. 1.

Frameshift mutations in cMS of HLA class II-regulatory
genes

The database search for cMS located in HLA class II-reg-
ulatory genes revealed three cMS in RFXAP; two were G6
repeats located in exon 1, and one was an A6 repeat in exon
2. One C6 repeat was identified in exon 6 of RFXANK.
Based on the results of the database search, the 69 MSI-H
CRC lesions were analyzed for cMS mutations in the HLA
class IlI-regulatory genes CIITA, RFX5, RFXAP, and RFX-
ANK. The results, which include RFX5 and CIITA mutation
data in a subset of the specimens published previously [9],
revealed that 17 (37.8 %) out of 45 CRC lesions with lack
of or barely detectable HLA class II antigen expression
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harbored mutations in one of the regulatory genes ana-
lyzed. The frequency of mutations affecting HLA class II-
regulatory genes was significantly higher in tumors with
lack of or barely detectable HLA class II antigen expres-
sion compared to tumors showing high HLA class II anti-
gen expression (17 out of 45, 37.8 %; 1 out of 24, 4.2 %;
p = 0.003, Table 3).

Coding microsatellite mutations in RFX5 and CIITA
were detected in 13 (28.9 %) and 3 (6.7 %) of the 45
tumors with lack of or barely detectable HLA class II anti-
gen expression, respectively. A novel mutation affecting the
G6 repeat starting at nucleotide position 297 of the RFXAP-
encoding gene region was identified in one MSI-H CRC
(1 out of 45, 2.2 %). In contrast, no mutation was found
in RFXANK. The overall frequency of mutations affecting
HLA class II-regulatory genes was not significantly dif-
ferent between sporadic and hereditary MSI-H CRCs. The
mutation frequency of CIITA was higher in hereditary (3
out of 24, 12.5 %) than in sporadic tumors (0 out of 21,
0 %, p = 0.24), while that of RFX5 was lower in hereditary
(4 out of 24, 16.7 %) than in sporadic MSI-H CRC lesions
(9 out of 21, 42.9 %, p = 0.10, Table 3). However, neither
difference reached the level of statistical significance.

Tumor infiltration with CD4-positive T cells

To analyze whether HLA class II antigen expression was
associated with CD4-positive T cell infiltration, we meas-
ured the density of infiltrating CD4-positive T cells in the
epithelial and stromal compartment of 58 MSI-H CRC
lesions.

High-level microsatellite instability CRC lesions showed
infiltration with CD4-positive T cells at a median density of
86.3 T cells per 0.25 mm?. Separate analysis of the epithe-
lial and stromal compartment revealed significantly higher
numbers of CD4-positive T cells in the tumor stroma in
comparison with the tumor epithelium (median: 124.8 T
cells vs. 54.5 T cells per 0.25 mm?, p < 0.001). Compari-
son of CD4-positive T cell infiltration between sporadic
and hereditary MSI-H CRC detected no significant differ-
ence in epithelial (median: 68.9 T cells vs. 53.4 T cells per
0.25 mm?, p = 0.90) and stromal (median: 141.2 T cells
vs. 119.4 T cells per 0.25 mm?, p = 0.90) T cell infiltration
(data not shown).

Correlation of tumor-infiltrating CD4-positive T cells
with HLA class II antigen expression and mutations
in HLA class II- regulatory genes

The CD4-positive T cell infiltration in tumors with high
HLA class II antigen expression was not significantly dif-
ferent from tumors with lack of or barely detectable HLA
class II antigen expression, when mutation data were not

@ Springer

taken into account (median: 98.9 T cells vs. 78.9 T cells per
0.25 mm>, p = 0.335; Fig. 2a). However, CD4-positive T
cell infiltration in lesions with strong HLA class II antigen
expression was significantly higher than that in lesions with
lack of or barely detectable HLA class II antigen expres-
sion if only lesions without mutations in HLA class II-
regulatory genes were considered (median: 98.9 T cells vs.
55.5 T cells per 0.25 mm?, p = 0.027).

In tumors with lack of or barely detectable HLA class
II antigen expression, the number of CD4-positive T cells
infiltrating tumors harboring a mutation in one of the reg-
ulatory genes was significantly higher than that in tumors
that were wild type for the same genes (median: 107.4 T
cells vs. 55.5 T cells per 0.25 mm?, p = 0.008). The same
differences were observed when analyzing intraepithelial
and stromal lymphocyte counts separately (Fig. 2). Den-
sities of CD4-positive T cell infiltration in MSI-H CRC
lesions and their relation to HLA class II antigen expres-
sion are shown in Fig. 2.

Generally, mutations in HLA class II-regulatory genes
were more frequent in MSI-H CRC lesions showing infil-
tration with CD4-positive T cells above median than in
those showing infiltration below median (14 out of 29,
48.3 %, vs. 7 out of 29, 24.1 %, p = 0.10).

Correlation of tumor-infiltrating CD8-positive T cells
with HLA class II antigen expression

To evaluate whether the association between HLA class
II antigen phenotype and T cell infiltration was specifi-
cally restricted to CD4-positive T cells, CD8-positive T
cells were counted in a subset of the tumors (n = 29), from
which sufficient material was available.

Overall, MSI-H CRC lesions showed infiltration with
CDS8-positive T cells at a median density of 57.0 T cells per
0.25 mm?. Akin to CD4-positive T cells, separate analysis
of the epithelial and stromal compartment revealed signifi-
cantly higher numbers of CD8-positive T cells in the tumor
stroma in comparison with the tumor epithelium (median:
98.9 T cells vs. 37.6 T cells per 0.25 mm?, p <0.001).

A trend toward an increased CD8-positive T cell infil-
tration was observed in HLA class II antigen-positive
tumors compared to HLA class II antigen-negative tumors
(p = 0.094) (Fig. 3). CD8-positive T cell infiltration in
lesions with high HLA class II antigen expression, but
without detectable mutations was significantly higher
than that in lesions with lack of or barely detectable HLA
class II antigen expression (median: 65.7 T cells vs. 19.6
T cells per 0.25 mm?, p = 0.013). However, in contrast to
the results obtained for CD4-positive T cell infiltration, the
comparison between mutation-positive and mutation-neg-
ative tumors with lack of or barely detectable HLA class
II antigen expression did not reach statistical significance
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Fig. 2 Correlation of CD4-positive T cell infiltration with HLA
class II antigen expression not accounting (a) and accounting for
(b) mutations in HLA class Il-regulatory genes. a There was no
significant correlation of CD4-positive T cells with HLA class 11
antigen expression. b When tumors were grouped accounting for
cMS mutations in HLA class II-regulatory genes, significant differ-
ences of CD4-positive T cell infiltration emerged between the three

(median: 61.6 T cells vs. 19.6 T cells per 0.25 mm?,
p = 0.051). The results are summarized in Fig. 3. Similarly,
T cell infiltration was not significantly associated with
HLA class I antigen expression. The latter was determined
using B2M mutation status as a surrogate parameter in a
subset of lesions (data not shown).

Discussion

The present study has shown for the first time an associa-
tion between the density of tumor-infiltrating CD4-posi-
tive T cells and lack of HLA class II antigen expression in
MSI-H CRC lesions harboring mutations inactivating HLA
class II-regulatory genes. We demonstrate that MSI-H CRC
lesions, which lack HLA class II antigen expression, con-
sist of two groups: One includes tumors with a low density
of local immune cell infiltration and lack of HLA class II
antigen expression not caused by mutations in HLA class

groups: group 1—tumors with lack of or barely detectable HLA class
II antigen expression (“‘negative”) without cMS mutations in one of
the HLA class II-regulatory genes, group 2—HLA class II antigen-
positive tumors, group 3—HLA class II antigen-negative tumors with
c¢MS mutations in one of the HLA class II-regulatory genes. Infiltra-
tion (total, intraepithelial, and stromal) was highest in cMS-mutant
group 3

II-regulatory genes. The other group includes tumors with
pronounced CD4-positive T cell infiltration and lack of
HLA class II antigen expression due to mutations in HLA
class II-regulatory genes.

Several lines of evidence support the possibility that
lack of HLA class II antigen expression in the latter group
reflects the outgrowth of cells, which do not express
HLA class II antigens as a result of the selective pressure
imposed by tumor-infiltrating CD4-positive T cells. The
observation that mutations inactivating HLA class II-regu-
latory genes that are detectable in tumors with a particularly
high density of CD4-positive T cells suggest that a pro-
nounced local immune response may eliminate HLA class
II antigen-positive tumor cells and favor the outgrowth of
tumor cells lacking HLA class II antigen expression due to
mutations in regulatory genes. In this regard, CD4-positive
T cells as direct interaction partners of HLA class II anti-
gens have previously been shown to be capable of exerting
cytotoxic activity and contribute directly to tumor cell lysis
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Fig. 3 Correlation of CD8-positive T cell infiltration with HLA class
II antigen expression not accounting (a) and accounting for (b) muta-
tions in HLA class II-regulatory genes. a There was no significant
correlation of CD8-positive T cells with HLA class II antigen expres-
sion. b When tumors were grouped accounting for cMS mutations in

[33-36]. Accordingly, mutations inactivating HLA class II-
regulatory genes may mirror an immunoselective pressure
imposed by CD4-positive T cells, which shape the MSI-H
CRC phenotype during tumor progression.

In our study, the comparative analysis of CD8-positive
T cell infiltration revealed results similar to CD4-positive
T cells, though statistical significance was not reached
(Fig. 3), potentially due to the limited number of tumor
samples. Unfortunately, no material for additional analy-
ses was available from the remaining cases. The present
study is underpowered to examine a potential association
between HLA class I antigen expression and T cell infiltra-
tion. In a subset of samples, tested for HLA class I antigen
expression by B2M mutation analysis, no significant asso-
ciation was detected between HLA class I antigen expres-
sion and degree of T cell infiltration (data not shown). This
finding is in agreement with previous observations that in
colorectal cancer, unlike in melanoma [37], lack of HLA
class I antigen expression is not associated with a reduc-
tion in tumor-infiltrating lymphocytes. Some studies even
suggested an increased T cell infiltration in HLA class I
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Groups

HLA class II-regulatory genes, significant differences of CD8-posi-
tive T cell infiltration emerged between the groups. Tumors with lack
of or barely detectable HLA class II antigen expression (“negative”)
without cMS mutations in one of the HLA class II-regulatory genes
(group 1) and HLA class II antigen-positive tumors (group 2)

antigen-negative compared to HLA class I antigen-posi-
tive CRCs [38]. This difference, which may be caused by
immune selection, parallels the results of this study: CD4-
positive T cell infiltration was increased in CRCs, which
do not express HLA class II antigen expression because of
mutations in HLA class II-regulatory genes. Furthermore,
in the subgroup of HLA class II antigen-negative CRC
lesions, no significant association was found between HLA
class I antigen expression and T cell infiltration, suggesting
that HLA class II antigen expression is more closely linked
to T cell infiltration than HLA class I antigen expression.
Additional studies are required to identify the mechanisms
contributing to T cell retention or expansion in CRCs that
lack HLA class II antigen expression due to mutations in
regulatory genes.

The hypothesis of immune selection and functional
significance of lack of HLA class II antigen expression is
further supported by the observation that three different
genes encoding proteins involved in the regulation of HLA
class II antigen expression have been found to be mutated
in MSI-H CRC. Based on bioinformatics predictions
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(www.seltarbase.org [22]), the occurrence of mutations
affecting three genes, which harbor short cMS (microsat-
ellite length of seven nucleotides) and which are involved
in one pathway, is highly unlikely in a neutral environment
and thus strongly compatible with the presence of a selec-
tive pressure.

To comprehensively analyze mutations in HLA class
II-regulatory genes in MSI-H CRCs and to correlate with
HLA class II antigen expression and CD4-positive T cell
infiltration, we have performed a systematic database
search and mutation analysis of cMS in HLA class II-regu-
latory genes. So far, RFX5 and CIITA mutations are known
to cause lack of HLA class II antigen expression in a sub-
set of MSI-H CRC lesions [9]. In the present study, three
additional cMS were identified in RFXAP and RFXANK,
and a so far unknown mutation in RFXAP was detected
in one MSI-H CRC lesion that lacked HLA class II anti-
gen expression. Thus, the present study identified somatic
mutations of the RFXAP gene as a novel mechanism under-
lying lack of HLA class II antigen expression in solid
tumors.

Similar to the observations by Cabrera et al. [4], no
correlation was observed between HLA class II antigen
expression and tumor-infiltrating CD4-positive T cell
counts, when mutation status of HLA class II-regulatory
genes was not taken into account. This, however, is in
contrast to a previous study [7], most likely reflecting the
higher proportion of tumors harboring mutations in HLA
class Il-regulatory genes in our study, which results from
the inclusion of only MSI-H CRC lesions.

In summary, our results demonstrate that mutations in
distinct HLA class Il-regulatory genes including RFX5,
CIITA, and RFXAP occur frequently in MSI-H CRC. Muta-
tions in HLA class II antigen-regulatory genes cause lack
of HLA class II antigen expression and are associated with
an increased infiltration with CD4-positive T cells. The
association of mutations in HLA class II antigen-regulatory
genes with high CD4-positive T cell infiltration suggests
that MSI-H CRC cells lacking HLA class II antigen expres-
sion due to mutations in regulatory genes may be selected
for in tumors with dense immune infiltration. Our study
thus provides indirect evidence that lack of HLA class II
antigen expression may be a relevant mechanism favoring
the outgrowth of certain solid cancers.
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