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Abstract

Several Butyrophilin (BTN) and Btn-like (BTNL) molecules control T lymphocyte
responses, and are genetically associated with inflammatory disorders and cancer.
In this study, we present a comprehensive expression analysis of human and
murine BTN and BTNL genes in conditions associated with intestinal
inflammation and cancer. Using real-time PCR, expression of human BTN and
BTNL genes was analyzed in samples from patients with ulcerative colitis, irritable
bowel syndrome, and colon tumors. Expression of murine Btn and Btnl genes was
examined in mouse models of spontaneous colitis (Muc2~'7) and intestinal
tumorigenesis (Apc™™ ™). Our analysis indicates a strong association of several of
the human genes with ulcerative colitis and colon cancer; while especially BTN1A1,
BTN2A2, BTN3A3, and BTNLS were significantly altered in inflammation, colonic
tumors exhibited significantly decreased levels of BTNL2, BTNL3, BTNLS, and
BTNLY as compared to unaffected tissue. Colonic inflammation in Muc2™'~ mice
significantly down-regulated the expression of particularly Btnll, Btnl4, and Btnl6
mRNA, and intestinal polyps derived from Apc™™ ™ mice displayed altered levels
of Btnlal, Btn2a2, and Btnll transcripts. Thus, our data present an association of
BTN and BTNL genes with intestinal inflammation and cancer and represent a
valuable resource for further studies of this gene family.
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Introduction

Butyrophilin (BTN) and butyrophilin-like (BTNL)
proteins share significant homology and structural
features with B7-molecules and like B7-molecules consist
of regulatory molecules that modulate T-cell mediated
immune responses [1-11]. Although T-cell regulation by
BTN and BTNL proteins is now unfolding, little is still
known about the proteins’ role in inflammation and
proliferative disorders. Polymorphism in the human
BTNL?2 gene has been linked to inflammatory disorders
such as sarcoidosis, ulcerative colitis (UC), rheumatoid
arthritis and myositis [12-16], and to prostate can-
cer [17]. Furthermore, over-expression of Btnl2 has been
reported in Mdrla~'~ mice, a mouse model of intestinal
bowel disease [2], and Btn2a2 deficiency was recently
described to potentiate anti-tumor responses [10].
Moreover, a few studies have identified an association
between human BTN3 and ovarian cancer [5, 18, 19]. As
several of human and murine BTN and BTNL genes are
expressed in the intestine, their regulation may be
relevant for gastrointestinal disorders. In order to
determine how BTN and BTNL genes are regulated in
intestinal inflammation and tumors, we used real-time
PCR to map the expression of human BTN and BTNL
genes in patients with UC, irritable bowel syndrome
(IBS) and colon cancer, and analyzed the presence of
murine Btn and Btnl genes in mucin deficient mice
(Muc2~'7), a mouse model that reflects clinical and
cellular features of human ulcerative colitis [20, 21], and
in Apc™™* mice, a spontaneous mouse model of
intestinal cancerogenesis [22].
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Results and Discussion

Expression of human and murine BTN and BTNL
RNA in normal colon

Using real-time PCR we examined the expression of
human BTN and BTNL genes in normal colon. The level
of expression varied considerably with relatively high
expression of BTN2AI, BTN2A2, BTN3Al, BTN3A2,
BTN3A3, BTNL3, and BTNLS8 genes, and low levels of
BTNIAI, BTNL2, and BTNL9 mRNA (Figure 1A).
Variable Btn and Btnl gene expression was also identified
in the murine colon; while Btnll and Btnl4 genes showed
relatively high expression levels, Btn2a2 and Btnl9
transcripts were on the limit of detection (Figure 1B).
An extended analysis of Btnl9 mRNA expression in a
panel of tissues demonstrated low expression in murine
mesenteric lymph nodes, thymus, spleen and liver, and
levels below the limit of detection in small intestine
(Supporting Information Figure S1).

Altered expression of human BTN and BTNL genes
in UC and colon cancer indicates a role in
dampening of intestinal inflammation and
tumor immune surveillance

To assess BTN and BTNL genes’ regulation in gastrointesti-
nal disorders, we analyzed their expression in colon tissue
from UC and IBS patients, and compared to the expression
in healthy subjects with no prior history of gastrointestinal
disorders. Our data showed a significant upregulation of
BTNIAI, BTN2A2, BTN3A2, and BTN3A3 genes in UC
patients compared to healthy controls (Figure 2A, Table 1).
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Figure 1. Expression of BTN and BTNL genes in human (A) and mouse (B) colon. Real-time PCR analysis was conducted in colon biopsies of healthy
subjects (n = 18) (A), and colonic tissue from C57BL/6 mice (n = 10) (B). The expression of Btn1a1, Btn2a2, and Btnl9 was below the limit of detection for
some of the animals. Each gPCR analysis was run in duplicate. Results were analyzed using the 22t method with HPRTT (A) and g-actin (B) as a reference

gene. Symbols represent individual values and horizontal lines the median.

192 © 2016 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



Lebrero-Fernandez et al.

BTN and BTNL genes in inflammation and cancer

BTN1A1 BTN2A1 BTN2A2 BTN3A1 BTN3A2
*kk
*kk
10 **‘”‘ 10° 10° P 10 10 .
—‘:‘- o 0
00 o e lee e 10 o 10° &5 40 &
10%] 20% 0 bad 100 100% o0 @8 000 000 %g ezgg& ooge® &
o o " B o ¥ < T % e 0l o °
g 10" 1072 10" 107! 10
el
& é@ & ¥ é‘& & ¥ S8 R & & ¢ q}@ PEIRS
E ¥ ¥ ¥ ¥ ¥
o
T
‘2 BTN3A3 BTNL2 BTNL3 BTNL8 BTNL9
(<]
2 402 Ak 107 - 10 10" oo**—*** 10°
® xx . o oo WL oy
£ 10 Gp tee ae 100 282 e 10° o e 0 ote
° oo Gam 00 T W A ° 25 %0 it
2 10° % St N 1T I 10 o 107%] 9550 —oqe- &
k] ° 0
& 10" 10° 102 10 10°
&,@ & ¥ &@. & ¢ &“* & ¥ %@ & ¥ S @ ¥
() () Q‘Q Q\O ‘bﬁ
B
BTN1A1 BTN2A1 BTN2A2 BTN3A1 BTN3A2
10" 10°
107
10° 10"
4
105 102
10°
s 10° - 107
< 2 <
g 0(& \)&o
Eo¥ K
o
T
° BTN3A3
c
= 10’ 10
g 10?
%10 10°
2 10 10
5 10°
& 102 c . 107
Ib ‘
'k& 0&0
¥ <

Figure 2. Expression of human BTN and BTNL genes in intestinal inflammat

ion and colon cancer. (A) Gene expression in total RNA derived from colon of

healthy individuals (n = 18), patients with IBS (n = 8) and UC (n = 16) was assessed by qPCR, run in duplicates, and determined using the 272t method
with HPRT1 as a reference gene. Statistical significance between groups was assessed using Kruskal-Wallis test followed by Dunn's multiple comparison
test (*P<0.05, **P<0.01, ***P<0.001, and ****P < 0.0001). Symbols represent individual values and horizontal lines the median. (B) Gene expression

in tumor tissue and unaffected tissue from colon cancer patients (n=17)

was analyzed by qPCR, run in duplicates, and determined using the 274t

method with HPRTT as a reference gene. Wilcoxon matched-pairs signed rank test was used for statistical analysis (*P < 0.05, **P<0.01, ***P<0.001,
and ****P < 0.0001). Connecting lines show values from samples taken from the same individual.

In contrast, the expression of most of the BTNL genes was
unchanged; only BTNL8 was substantially altered in UC
colon displaying significantly decreased mRNA levels
(Figure 2A, Table 1). This suggests that the reported

BTNL2 single nucleotide polymorphisms (SNPs) associated
with UC [13] most likely affect the biological property of the
encoded protein, as in the case of sarcoidosis [12], rather
than gene expression level. The contrasting pattern of
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Table 1. Summary of gene expression data.

UC patients Colon cancer patients
BTN1AT 1 o
BTN2AT — -
BTN2A2 1 o
BTN3AT > -
BTN3A2 T o
BTN3A3 111 o
BTNL2 1
BTNL3 — 1
BTNLS H H
BTNL9 o !
Muc2~~ mice
Proximal Middle Distal Apc™™+ mice TUM

Btnlal e - l 1

Btn2a2 — — — "
Btnl1 - 1 L !

Btnl2 s - — —
Btnl4 o ! 1l o
Btnl6 o 1 1l -
Btnl9 — — 1 ND

Gene expression in UC and colon cancer patients as compared to healthy
controls or adjacent unaffected tissue, respectively. Gene expression in
Muc2™'~ and small intestinal polyps derived from Apc™™* mice as
compared to Muc2*/~ or adjacent unaffected tissue, respectively. 1
indicates significant up-regulation (1 P<0.05, 11 P<0.01, 1171
P<0.001,and 1117 P<0.0001). | indicates significant down-regulation
(] P<0.05, || P<0.01, ||] P<0.001 and [|]] P<0.0001). < no
significant up- or down-regulation. ND: not detectable.

regulation of the BTN genes and BTNLS in UC is intriguing
as human BTN3 and BTNLS reportedly possess divergent
functions in their capacity to stimulate peripheral T cells:
while BTN3 seems to suppress T-cell proliferation and
cytokine secretion [5, 7], BTNLS8 has been demonstrated to
augment activation of T cells [4]. If BTN3 and BTNLS
exhibit similar functions in the gut mucosa, upregulation of
BTN3 and downregulation of BTNL8 would result in the
same scenario, namely inflammation induced suppression of
T-cell mediated immune responses and may represent a
feedback mechanism to limit the ongoing inflammation.
Previous studies report increased expression of pro-
inflammatory cytokines such as IL-6 and IFN-v in UC as
compared to healthy controls [23]. Examining the associa-
tion between the regulation of BTN and BTNLS8 genes and
the elevated levels of IL6 and IFNy RNA revealed an inverse
correlation between IFNy and BTN3A3 (Supporting
Information Figure S2) but no correlation between the
pro-inflammatory cytokines and the BTNIAI, BTN2A2,
BTN3A2 or BTNLS genes (data not shown). The association
between the increased expression of BTN3A3 and decreasing
IFNy levels, as well as recent data that provide evidence that
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murine Btn2a2 is a co-inhibitory molecule that negatively
modulates T-cell mediated immune responses [10], suggests
that BTN molecules indeed may represent a feedback
mechanism counteracting the effect of inflammation.
Although a powerful immune response may be host-
protective, a tight regulation of the intestinal BTN and
BTNL genes may be important for attenuating T-cell
mediated immune responses and thus for limiting tissue
damage and progression to chronic inflammation. To our
knowledge, the immune regulatory capacity of human and
murine BIN1A1 has yet not been characterized, and thus,
the consequence of an over-expression of this gene in
conditions associated with inflammation remains to be
investigated. In addition to patients with UC, we also
analyzed colonic samples from patients with IBS. As shown
in Figure 2A, our data demonstrated unchanged levels of
both BTN and BTNL mRNA. Thus, normal BTN and BTNL
gene expression in IBS, a condition without macroscopic
signs of intestinal inflammation, but altered gene expression
in inflamed UC colon, suggests inflammation-driven BTN
and BTNL gene regulation.

SNPs in BTNL2 have been reported to be associated with
increased susceptibility to prostate cancer [17], and high
BTN3 expression levels in ovarian cancer has been suggested
to contribute to immune evasion by damping the activity of
infiltrating T cells [5]. To elucidate the importance of BTN
and BTNL mediated immune regulation in colon cancer we
investigated mRNA expression of these genes in tumor tissue
and in adjacent unaffected tissue from the same individuals.
The analysis revealed unaffected BTN levels but a significant
downregulation of BTNL2, BTNL3, BTNLS8, and BTNL9
mRNA in the colon tumors (Figure 2B, Table 1). Although
only a few studies have addressed the function of the human
BTNL proteins and hence their role in health and disease is
still not well documented, it is plausible to speculate that a
downregulation of BTNL genes in the tumor may be an
additional way of tumors to modulate tumor-specific T-cell
responses, especially as BTN and BTNL molecules have the
ability to control both off and 8 T-cell mediated
responses [1-11, 24-26]. Indeed, in view of recent studies
demonstrating the capacity of human V81 y3 T cells to kill
colonic cancer cells [27, 28], and ydT17 cells to promote
colorectal cancer progression by secreting IL-17 [29], an
altered tumor-associated expression of BTNL genes may
have implications in the immune surveillance against
colonic tumors. To determine whether the altered expres-
sion of the BTNL2, BTNL3, BTNLS, and BTNL9 genes was
associated with expression of pro-inflammatory cytokines,
we examined the expression of IL-6 and IFN-vy in the colon
tumors. In contrast to IFNy RNA that showed similar levels
of expression in colonic tumors and adjacent unaffected
tissue (data not shown), the expression of IL6 RNA was
significantly upregulated in the tumors (Supporting
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Information Figure S3). The increased level of IL6 tran-
scripts, however, did not correlate with the decreased level of
the BTNL genes (data not shown).

Btn and Btnl genes are regulated in murine
models of spontaneous colitis and tumorigenesis

The advent of genetic manipulation has moved mouse models
of human disease, such as inflammatory bowel disease (IBD)
and intestinal cancer, to the forefront. To better understand
the role of Btn and Btnl family members in intestinal stress,
Btn and Btnl genes were assessed for expression in Apc™™ ™+
mice and in Muc2~'~ animals. Similar to UC, inflammation
in Muc2™'~ mice results in loss of colon architecture and
increases proximally from the distal part of the colon
where the inflammation starts and is most prominent [20,
21, 30, 31]. We compared the expression of Btn and Btnl
genes in distal, middle, and proximal colon of Muc2™'~
animals, and Muc2™'~ controls without signs of inflamma-
tion. The analysis revealed a significant downregulation
of Btnlal, Btnll, Btnl4, Btnl6, and Btnl9 genes in the distal
part of the large intestine of Muc2 '~ animals, but no
difference in levels of expression in the proximal, less affected
part of the colon, suggesting inflammation-related regulation
of these genes (Figure 3A, Table 1). The observation that
downregulation of Btnll, Btnl4, and Btnl6 expression
associated with inflammation was particularly intriguing as
these genes are essentially restricted to intestinal epithelia [9].
We previously reported that Btnll attenuates the epithelial
response to activated TCRa" and TCRyS ™" intraepithelial
T lymphocytes (IELs), resulting in reduced production of
pro-inflammatory mediators such as IL-6 and CXCLI1 [9].
Furthermore, our recent data show that Btnll and Btnl6
have the capacity to promote IEL proliferation [11]. As
intraepithelial y& TCR IELs contribute to epithelial cell
growth and differentiation [32], a reduced expression of
mucosal Btnl genes may not only result in higher levels of IL-6
and CXCL1, which are major contributors to intestinal
immune pathology by promoting influx of monocytes and
neutrophils respectively [33, 34], but may also impair
epithelial cell regeneration and tissue repair. Hence, under-
expression of intestine specific Btnl molecules may have
consequences for the control of tissue destructive inflamma-
tion and may contribute to the progression to chronic
inflammation. Although our and others recent investigations
have provided growing evidence for immune regulation by
Btnll and Btnl6 [3, 9, 11] the function of Btnl4 and Btnl9
remain to be defined.

In contrast to the reported overexpression of Btnl2 RNA
in Mdrla~'~ mice [2], we observed no significant change in
Btnl2 mRNA expression in Muc2 ™'~ animals. This discrep-
ancy may be explained by genetic background differences
between the FVB Mdrla~'~ and C57BL/6 Muc2~'~ mice, but

BTN and BTNL genes in inflammation and cancer

may also result from the distinct molecular deficiencies
initiating disease in the two models or from differences in the
microbiota known to drive the inflammation in at least the
Muc2~'~ model. With regard to Btnl2, the Muc2™'~ mice
seem to be more similar to human UC as has been observed
also in other studies [31].

Analysis of Btn and Btnl genes in Apc™™ ™ mice revealed
increased levels of Btnlal and Btn2a2 genes in isolated small
intestinal polyps as compared to adjacent unaffected tissue
(Figure 3B, Table 1). In contrast, the polyps displayed
unchanged Btnl mRNA levels, with the exception of Btnll
that showed a slight, yet significant decrease as compared to
healthy controls. High expression of Btnlal and Btn2a2,
both reported to inhibit activation of T cells [6, 10, 35], in
intestinal tumors may contribute to immune evasion by
damping the activity of infiltrating T cells. This is consistent
with a recent study reporting impaired tumor growth and
increased tumor infiltration by immune cells in Btn2a2'~
mice indicating a potentiated anti-tumor response in the
absence of Btn2a2 [10]. Likewise, attenuated levels of Btnll
that, as discussed earlier, attenuates the epithelial response to
activated intestinal IELs and promotes IEL proliferation,
may lead to increased levels of IL-6 which in a chronic phase
of inflammation can contribute to colitis associated cancer
by enhancing the proliferation and survival of tumor-
initiating intestinal epithelial cells [36]. Moreover, v TCR
IELs exhibit lytic activity against transformed epithelial
cells [37-39], and thus reduced levels of IELs, as a
consequence of attenuated Btnll, may further promote
tumor development.

Concluding Remarks

Although previous studies report an association of BTN and
BTNL with inflammation and cancer [5, 12-18], this is to
our knowledge the first study that provides a comprehensive
expression analysis of these genes in intestinal inflammation
and colon cancer. Although only Btnlal, Btn2a2, Btnl2, and
Btnl9 are clear orthologs of human BTN and BTNL
molecules [40], broad functional potentials may be
conserved across the murine and human BTN and BTNL
family. Indeed, even though particularly the orthologs
Btnlal and Btn2a2 appeared to be differently regulated
during inflammatory stress across the two species as evident
from the divergence in expression in intestinal pathology,
inflammation as well as carcinogenic stress consistently
down-regulated the expression of BTNL genes both in
human and in mouse suggesting conserved inter-species
regulation of these genes. Although further analysis will be
necessary to evaluate the consequence of the regulation of
the BTN and BTNL genes and to clarify if the different
regulation is a cause or effect of inflammation, our data
clearly add strength to the evidence of a link between BTN

© 2016 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 195
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Figure 3. Expression of murine Btn and Btn/ genes in intestinal inflammation and cancer. (A) Expression of Btn and Btn/ genes in proximal, middle and
distal colon sections of Muc2'~ (n = 10) and Muc2~~ (n = 10) mice was analyzed by gPCR, run in duplicates, and results were normalized to g-actin. The
expression of Btn1al, Btn2a2, and Btnl9 was below the limit of detection for some of the animals. Statistical significance was assessed using the Mann—
Whitney test (*£<0.05, **P<0.01, ***P<0.001, and ****P<0.0001). Symbols represent individual values and horizontal lines the median. (B)
Expression of Btn and Btn/ genes was examined in intestinal polyps (TUM) and adjacent unaffected intestinal tissue of Apc™™* mice (n = 10) by qPCR, run
in duplicates, and normalized against g-actin. Wilcoxon matched-pairs signed rank test was used for statistical analysis (*P<0.05, **P<0.01,
***P<0.001, and ****P<0.0001). Connecting lines show values from samples taken from the same mouse.
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and BTNL family members and inappropriate T-cell
activation and inflammation. In summary, identification
of tumor and UC specific genetic regulation is necessary to
understand the forces driving development of these diseases
and in the longer run identify targets for diagnosis and
therapeutics. Our results identify a substantial and signifi-
cant modulation of several of human and murine BTN and
BTNL genes in colonic inflammation and intestinal tumors,
and thus present several BTN and BTNL family members to
further investigate for UC and colon cancer susceptibility.

Materials and Methods
Patients and specimen collection

Sixteen patients with UC were included at the time of
diagnosis (6 males and 10 females, aged 19-66, median age
42). All patients had an active extensive colitis with Mayo
score 5-11, median 9. Patients were recruited at the out- and
inpatient clinics, and the endoscopy units at Sahlgrenska
University Hospital, Gothenburg, and Sodra Alvsborgs
Hospital, Boras, Sweden. None of the UC patients had other
severe diseases such as heart, lung or neurological disease, or
active malignancies. Biopsies were taken from a narrow
inflamed area in the rectum. Further, 8 patients with IBS were
included (all females, aged 22—60, median age 38). The
patients were recruited at the outpatient clinic at Sahlgrenska
University Hospital, Gothenburg, Sweden and met the Rome
III criteria for diarrhea-IBS [41]. Exclusion factors included
collagenous and lymphocytic colitis based on standard
criteria, known celiac disease or other food allergies. Routine
histology defined biopsies as non-inflammatory. Addition-
ally, 18 healthy subjects with no prior history of gastrointesti-
nal disorders or bowel symptoms occurring within the prior
seven days were included as controls in this study (1 male and
17 females, aged 23-48, median age 29). Sigmoidal colon
biopsies were obtained 25-35 cm proximal from the anus of
IBS and healthy controls during an unprepared sigmoidos-
copy. Intestinal biopsies during colonoscopy/sigmoidoscopy
were placed in RNAlater (Ambion ", Foster City, CA) for 24 h
before freezing at —80°C and subsequent RNA extraction.
Seventeen individuals undergoing curative resection of
colon tumors at the Sahlgrenska University Hospital were
included in the studies (10 males and 7 females, aged 42-79,
median age 63). Additional patient data is presented in
Supporting Information Table S1. None of the cancer
patients suffered from autoimmune disease or had under-
gone radiotherapy or chemotherapy for at least three years
prior to colectomy. Immediately after colectomy, biopsies
were collected from the tumor tissue and from unaffected
mucosa located at least ten centimeters away from the tumor
and placed in RNAlater (Ambion ", Foster City, CA) for 24 h
before freezing at —80°C and subsequent RNA extraction.

BTN and BTNL genes in inflammation and cancer

Ethical statement

This study was performed according to the Declaration of
Helsinki and approved by the Regional Ethical Review Board
in Gothenburg. All volunteers gave a written informed
consent before participation.

Mice

Muc2™'~ mice on the C57BL/6 background were bred as
Muc2™'~ x Muc2™'~ at the University of Gothenburg.
Protocols were approved by the Gothenburg animal ethics
committee (GoOteborgs djurforsoksetiska namnd; permits
310-2010 and 280-2012), and institutional animal use and
care guidelines were followed.

The Apd™™* mutation occurred and is maintained on
the C57BL/6 genetic background. The Ap™™™ breeding
was maintained by crossing male Apc™™ " mice with female
Apc™* mice. Both male and female mice from this breeding
were used for experiments. All mice were bred and maintained
at the department of Experimental Biomedicine, University of
Gothenburg. Animal experiments in this study were approved
by the animal ethics committee in Gothenburg (Goteborgs
djurforsoksetiska namnd; permit 110-2013).

Preparation of mouse tissues

Muc2”'~ and Muc2*'~ mice were sacrificed at 8—24 weeks of
age. The colon was loosened from fat and luminal contents
were removed. The colon was opened longitudinally, rinsed
with phosphate buffered saline (PBS), divided into proximal,
middle and distal colon, and saved in RNA later (Qiagen,
Valencia, CA).

ApcMi™™ mice were sacrificed at 15 weeks of age. The small
intestines were flushed with PBS from both sides using blunt
end gavage needles to remove fecal material, and cut open
longitudinally. Small intestinal polyps and adjacent un-
affected tissue were collected and saved in RNA later

(Qiagen, Valencia, CA).

RNA extraction and cDNA preparation

Human and murine tissue was lysed and homogenized
(Tissuelyserll, Qiagen, Valencia, CA) and total RNA was iso-
lated using RNeasyk mini kit (Qiagen, Valencia, CA),
including DNAse I digestion. Human specimen was treated
with Qiashredder (Qiagen, Valencia, CA) before RNA isola-
tion. RNA concentration was determined spectrophotomet-
rically (NanoDrop ND-1000). The Omniscript kit (Qiagen,
Valencia, CA) was used for cDNA synthesis, using 2000 ng
RNA as template in a total reaction volume of 20 pL for
human samples, and SuperScript™™ III Reverse Transcriptase
kit (InvitrogenTM, Life Technologies, Carlsbad, CA) was used
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for cDNA synthesis, using 1000 ng RNA as template in total
reaction volume of 20 wL for murine samples.

Quatitative real-time PCR

Expression of human and murine BTN and BTNL comple-
mentary DNA (cDNA) as well as human IL6 ¢cDNA was
measured by quantitative real-time PCR using GoTaq" qPCR
Master Mix, according to manufacturer’s instructions
(Promega, Madison, WI). The qPCR was performed on a
LightCycler480 thermal cycler (Roche, Mannheim, Germany).
Btn and Btnl PCR primers, listed in Supporting Information
Table S2, span exon—exon borders to avoid amplification of
genomic DNA. Primers for detection of IL6 mRNA were
purchased from Applied Biosystems (Hs00985639_m1; Foster
City, CA). RNA expression was normalized to the expression
of a housekeeping gene: human HPRTI or murine S-actin.
Each qPCR analysis was run in duplicate.

Statistical analysis

Data were generated using GraphPad Prism version 6.04.
The unpaired 2-tailed nonparametric Mann—Whitney test
was used for comparison between two independent groups,
while Kruskal-Wallis test followed by Dunn’s multiple
comparison was applied to evaluate differences between
three groups. Statistical significance between two paired
groups was determined by Wilcoxon matched-pairs
signed rank test. Differences were considered as statisti-
cally significant when P<0.05 (*P<0.05, **P<0.01,
**P<0.001, and ****P <0.0001).

Author Contribution

C.L-F. performed experiments, analyzed data, prepared
figures for the manuscript and contributed to manuscript
writing; U.A.W. performed experiments and analyzed data;
P. A.and Y.W. performed experiments; H.S., M.S., B.G., and
L.G.B. provided samples of human biological material; S.L.
C. contributed to experimental design and manuscript
writing; M.Q-J. and L.O. contributed to experimental
design, interpreted the data and contributed to manuscript
writing; A.B-F. designed and supervised the project,
interpreted the data and wrote the paper. All authors
approved the final version.

Acknowledgements

The authors thank all patients and volunteers who partici-
pated in the study, prof. Mary Jo Wick (Gothenburg
University) for providing Muc2 '~ mice, and prof. Gunnar
C. Hansson (Gothenburg University) for providing Muc2™'~
mice and for critical reading of the manuscript. This work was

Lebrero-Fernandez et al.

supported by the Swedish Research Council (ABF: 621-2011-
4917, MQJ: 55X-13428, LO: 521-2012-1962, SLC: 521-2012-
2713, MS: 13409, 21691, and 21692), The Swedish Cancer
Foundation (MQJ: 130593, SLC: 140447), and Sahlgrenska
University Hospital (MQJ: 144381, LO: ALFGBG-435451,
MS: ALFGBG 438151).

Conflict of Interest

None declared.

References

1. Nguyen, T., X. K. Liu, Y. Zhang, and C. Dong. 2006. BTNL2, a
butyrophilin-like molecule that functions to inhibit T cell
activation. J. Immunol. 176(12):7354-7360.

2. Arnett, H. A, S. S. Escobar, E. Gonzalez-Suarez, A. L.
Budelsky, L. A. Steffen, N. Boiani, M. Zhang, G. Siu, A. W.
Brewer, and J. L. Viney. 2007. BTNL2, a butyrophilin/B7-like
molecule, is a negative costimulatory molecule modulated in
intestinal inflammation. J. Immunol. 178(3):1523-1533.

3. Yamazaki, T., I. Goya, D. Graf, S. Craig, N. Martin-Orozco,
and C. Dong. 2010. A butyrophilin family member critically
inhibits T cell activation. J. Immunol. 185(10):5907-5914.

4. Chapoval, A. L., G. Smithson, L. Brunick, M. Mesri, F. L.
Boldog, D. Andrew, N. V. Khramtsov, E. A. Feshchenko, G. C.
Starling, and P. S. Mezes. 2013. BTNLS, a butyrophilin-like
molecule that costimulates the primary immune response.
Mol. Immunol. 56(4):819-828.

5. Cubillos-Ruiz, J. R., D. Martinez, U. K. Scarlett, M. R.
Rutkowski, Y. C. Nesbeth, A. L. Camposeco-Jacobs, and J. R.
Conejo-Garcia. 2010. CD277 is a negative co-stimulatory
molecule universally expressed by ovarian cancer micro-
environmental cells. Oncotarget 1(5):329-338.

6. Smith, 1. A., B. R. Knezevic, J. U. Ammann, D. A. Rhodes,
D. Aw, D. B. Palmer, 1. H. Mather, and J. Trowsdale. 2010.
BTN1A1, the mammary gland butyrophilin, and BTN2A2 are
both inhibitors of T cell activation. J. Immunol. 184(7):
3514-3525.

7. Yamashiro, H., S. Yoshizaki, T. Tadaki, K. Egawa, and N. Seo.
2010. Stimulation of human butyrophilin 3 molecules results
in negative regulation of cellular immunity. J. Leukoc. Biol.
88(4):757-767.

8. Messal, N., E. Mamessier, A. Sylvain, J. Celis-Gutierrez, M. L.
Thibult, B. Chetaille, G. Firaguay, S. Pastor, Y. Guillaume,
Q. Wang, et al. 2011. Differential role for CD277 as a co-
regulator of the immune signal in T and NK cells. Eur. J.
Immunol. 41(12):3443-3454.

9. Bas, A., M. Swamy, L. Abeler-Dorner, G. Williams, D. J. Pang,
S. D. Barbee, and A. C. Hayday. 2011. Butyrophilin-like
1 encodes an enterocyte protein that selectively regulates
functional interactions with T lymphocytes. Proc. Natl. Acad.
Sci U. S. A. 108(11):4376—4381.

198 © 2016 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



Lebrero-Fernandez et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

© 2016 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.

Sarter, K., E. Leimgruber, F. Gobet, V. Agrawal, I. Dunand-
Sauthier, E. Barras, B. Mastelic-Gavillet, A. Kamath, P.
Fontannaz, L. Guery, et al. 2016. Btn2a2, a T cell
immunomodulatory molecule coregulated with MHC
class II genes. J. Exp. Med. 213(2):177-187.
Lebrero-Fernandez, C., J. H. Bergstrom, T. Pelaseyed, and A.
Bas-Forsberg. 2016. Murine butyrophilin-like 1 and btnl6
form heteromeric complexes in small intestinal epithelial cells
and promote proliferation of local T lymphocytes. Front.
Immunol. 7:1.

Valentonyte, R., J. Hampe, K. Huse, P. Rosenstiel, M.
Albrecht, A. Stenzel, M. Nagy, K. I. Gaede, A. Franke, R.
Haesler, et al. 2005. Sarcoidosis is associated with a truncating
splice site mutation in BTNL2. Nat. Genet. 37(4):357-364.
Pathan, S., R. E. Gowdy, R. Cooney, J. B. Beckly, L. Hancock,
C Guo, J. C. Barrett, A. Morris, and D. P. Jewell. 2009.
Confirmation of the novel association at the BTNL2 locus
with ulcerative colitis. Tissue Antigens 74(4):322-329.
Mitsunaga, S., K. Hosomichi, Y. Okudaira, H. Nakaoka, N.
Kunii, Y. Suzuki, M. Kuwana, S. Sato, Y. Kaneko, Y. Homma,
et al. 2013. Exome sequencing identifies novel rheumatoid
arthritis-susceptible variants in the BTNL2. J. Hum. Genet.
58(4):210-215.

Price, P., L. Santoso, F. Mastaglia, M. Garlepp, C. C. Kok, R
Allcock, and N. Laing. 2004. Two major histocompatibility
complex haplotypes influence susceptibility to sporadic
inclusion body myositis: Critical evaluation of an association
with HLA-DR3. Tissue Antigens 64(5):575-580.

Mochida, A., Y. Kinouchi, K. Negoro, S. Takahashi, S. Takagi,
E. Nomura, Y. Kakuta, M. Tosa, and T. Shimosegawa. 2007.
Butyrophilin-like 2 gene is associated with ulcerative colitis
in the Japanese under strong linkage disequilibrium with
HLA-DRB1*1502. Tissue Antigens 70(2):128-135.
Fitzgerald, L. M., A. Kumar, E. A. Boyle, Y. Zhang, L. M.
McIntosh, S. Kolb, M. Stott-Miller, T. Smith, D. M. Karyadi,
E. A. Ostrander, et al. 2013. Germline missense variants in the
BTNL2 gene are associated with prostate cancer susceptibility.
Cancer Epidemiol. Biomarkers Prev. 22(9):1520-1528.
Peedicayil, A., R. A. Vierkant, L. C. Hartmann, B. L. Fridley, Z.
S. Fredericksen, K. L. White, E. A. Elliott, C. M. Phelan, Y. Y.
Tsai, A. Berchuck, et al. 2010. Risk of ovarian cancer
and inherited variants in relapse-associated genes. PLoS ONE
5(1):e8884.

Le Page, C., A. Marineau, P. K. Bonza, K. Rahimi, L. Cyr, L.
Labouba, J. Madore, N. Delvoye, A. M. Mes-Masson, D. M.
Provencher, et al. 2012. BTN3A2 expression in epithelial
ovarian cancer is associated with higher tumor infiltrating
T cells and a better prognosis. PLoS ONE 7(6):e38541.
Wenzel, U. A., M. K. Magnusson, A. Rydstrom, C. Jonstrand,
J. Hengst, M. E. Johansson, A. Velcich, L. Ohman, H. Strid, H.
Sjovall, et al. 2014. Spontaneous colitis in Muc2-deficient
mice reflects clinical and cellular features of active ulcerative
colitis. PLoS ONE 9(6):e100217.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

BTN and BTNL genes in inflammation and cancer

Van der Sluis, M., B. A. De Koning, A. C. De Bruijn, A.
Velcich, J. P. Meijerink, J. B. Van Goudoever, H. A. Buller, J.
Dekker, I. Van Seuningen, I. B. Renes, et al. 2006. Muc2-
deficient mice spontaneously develop colitis, indicating
that MUC2 is critical for colonic protection. Gastroentero-
logy 131(1):117-129.

Thompson, M. B. 1997. The min mouse: A genetic
model for intestinal carcinogenesis. Toxicol. Pathol. 25(3):
329-332.

Ohman, L., R. Dahlen, S. Isaksson, A. Sjoling, M. J. Wick, H.
Sjovall, L. Van Oudenhove, M. Simren, and H. Strid. 2013.
Serum IL-17A in newly diagnosed treatment-naive patients
with ulcerative colitis reflects clinical disease severity and
predicts the course of disease. Inflamm. Bowel Dis. 19(11):
2433-2439.

Wang, H., O. Henry, M. D. Distefano, Y. C. Wang, J.
Raikkonen, J. Monkkonen, Y. Tanaka, and C. T. Morita. 2013.
Butyrophilin 3A1 plays an essential role in prenyl pyrophos-
phate stimulation of human Vgamma2Vdelta2 T cells. J.
Immunol. 191(3):1029-1042.

Vavassori, S., A. Kumar, G. S. Wan, G. S. Ramanjaneyulu, M.
Cavallari, S. El Daker, T. Beddoe, A. Theodossis, N. K.
Williams, E. Gostick, et al. 2013. Butyrophilin 3A1 binds
phosphorylated antigens and stimulates human gammadelta
T cells. Nat. Immunol. 14(9):908-916.

Sandstrom, A., C. M. Peigne, A. Leger, J. E. Crooks, F.
Konczak, M. C. Gesnel, R. Breathnach, M. Bonneville,
E. Scotet, and E. J. Adams. 2014. The intracellular B30.2
domain of butyrophilin 3A1 binds phosphoantigens to
mediate activation of human Vgamma9Vdelta2 T cells.
Immunity 40(4):490-500.

Devaud, C., B. Rousseau, S. Netzer, V. Pitard, C. Paroissin,
C. Khairallah, P. Costet, J. F. Moreau, F. Couillaud, and J.
Dechanet-Merville. 2013. Anti-metastatic potential of human
Vdeltal(+) gammadelta T cells in an orthotopic mouse
xenograft model of colon carcinoma. Cancer Immunol.
Immunother. 62(7):1199-1210.

Wu, D., P. Wu, X. Wu, J. Ye, Z. Wang, S. Zhao, C. Ni, G.
Hu, J. Xu, Y. Han, et al. 2015. Ex vivo expanded human
circulating Vdeltal gammadeltaT cells exhibit favorable
therapeutic potential for colon cancer. Oncoimmunology
4(3):€992749.

Wu, P., D. Wu, C. Nj, J. Ye, W. Chen, G. Hu, Z. Wang,
C. Wang, Z. Zhang, W. Xia, et al. 2014. GammadeltaT17
cells promote the accumulation and expansion of myeloid-
derived suppressor cells in human colorectal cancer.
Immunity 40(5):785-800.

Wenzel, U. A,, C. Jonstrand, G. C. Hansson, and M. J. Wick.
2015. CD103+CD11b+ dendritic cells induce TH17 T cells in
Muc2-deficient mice with extensively spread colitis. PLoS
ONE 10(6):e0130750.

Johansson, M. E., J. K. Gustafsson, J. Holmen-Larsson, K. S.
Jabbar, L. Xia, H. Xu, F. K. Ghishan, F. A. Carvalho, A. T.

199



BTN and BTNL genes in inflammation and cancer

32.

33.

34.

35.

36.

37.

200

Gewirtz, H. Sjovall, et al. 2014. Bacteria penetrate the
normally impenetrable inner colon mucus layer in both
murine colitis models and patients with ulcerative colitis. Gut
63(2):281-291.

Komano, H., Y. Fujiura, M. Kawaguchi, S. Matsumoto, Y.
Hashimoto, S. Obana, P. Mombaerts, S. Tonegawa, H.
Yamamoto, S. Itohara, et al. 1995. Homeostatic regulation of
intestinal epithelia by intraepithelial gamma delta T cells.
Proc. Natl. Acad. Sci. U. S. A. 92(13):6147-6151.

Kaplanski, G., V. Marin, F. Montero-Julian, A. Mantovani,
and C. Farnarier. 2003. IL-6: A regulator of the transition
from neutrophil to monocyte recruitment during inflamma-
tion. Trends Immunol. 24(1):25-29.

Watanabe, K., S. Kinoshita, and H. Nakagawa. 1989.
Purification and characterization of cytokine-induced neu-
trophil chemoattractant produced by epithelioid cell line of
normal rat kidney (NRK-52E cell). Biochem. Biophys. Res.
Commun. 161(3):1093-1099.

Ammann,J. U., A. Cooke, and J. Trowsdale. 2013. Butyrophilin
Btn2a2 inhibits TCR activation and phosphatidylinositol
3-kinase/Akt pathway signaling and induces Foxp3 expression
in T lymphocytes. J. Immunol. 190(10):5030-5036.
Grivennikov, S., E. Karin, J. Terzic, D. Mucida, G. Y. Yu, S
Vallabhapurapu, J. Scheller, S. Rose-John, H. Cheroutre, L.
Eckmann, et al. 2009. IL-6 and Stat3 are required for survival
of intestinal epithelial cells and development of colitis-
associated cancer. Cancer Cell 15(2):103-113.

Girardi, M., D. E. Oppenheim, C. R. Steele, J. M. Lewis, E.
Glusac, R. Filler, P. Hobby, B. Sutton, R. E. Tigelaar, and A. C.

38.

40.

41.

Lebrero-Fernandez et al.

Hayday. 2001. Regulation of cutaneous malignancy by
gammadelta T cells. Science. 294(5542):605-609.

Groh, V., R. Rhinehart, H. Secrist, S. Bauer, K. H. Grabstein,
and T. Spies. 1999. Broad tumor-associated expression and
recognition by tumor-derived gamma delta T cells of MICA
and MICB. Proc. Natl. Acad. Sci. U. S. A. 96(12):6879-6884.

. Groh, V., A. Steinle, S. Bauer, and T. Spies. 1998. Recognition

of stress-induced MHC molecules by intestinal epithelial
gammadelta T cells. Science. 279(5357):1737-1740.
Abeler-Dorner, L., M. Swamy, G. Williams, A. C. Hayday, and
A Bas. 2012. Butyrophilins: an emerging family of immune
regulators. Trends Immunol. 33(1):34-41.

Longstreth, G. F.,, W. G. Thompson, W. D. Chey, L. A.
Houghton, F. Mearin, and R. C. Spiller. 2006. Functional
bowel disorders. Gastroenterology 130(5):1480-1491.

SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article at the publisher’s web-site.

Figure S1. Btnl9 expression.

Figure S2. BTN3A3 expression inversely correlates with the
expression of IFNvy in colon tissue from UC patients.

Figure S3. Expression of human IL6 in colon cancer.

Table S1. Characteristics of the colon cancer patients
included in the study.

Table S2. Primer sequences.

© 2016 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



