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Abstract

IL-6 is a pleiotropic cytokine increased in CRC and known to directly promote tumor growth.
Colonic myofibroblasts/fibroblasts (CMFs or stromal cells) are CD90* innate immune cells
representing up to 30% of normal colonic mucosal lamina propria cells. They are expanded in
CRC tumor stroma, where they also known as a cancer associated fibroblasts (CAFs). Cells of
mesenchymal origin, such as normal myofibroblasts/fibroblasts, are known to secrete IL-6;
however their contribution to the increase in IL-6 in CRC and to tumor-promoting inflammation is
not well defined. Using /n situ, ex vivo and co-culture analyses we have demonstrated that the
number of IL-6 producing CMFs is increased in CRC (C-CMFs) and they represent the major
source of IL-6 in T2-T3 CRC tumors. Expression of stem cell markers-aldehyde dehydrogenase
(ALDH) and LGR5- was significantly up-regulated in colon cancer cells (SW480, Caco-2 or
HT29) cultured in the presence of conditioned medium from tumor isolated C-CMFs in an IL-6
dependent manner. C-CMF and its derived condition medium, but not normal CMF isolated from
syngeneic normal colons, induced differentiation of tumor promoting inflammatory Th17 cell
responses in an IL-6 dependent manner. Our study suggests that CD90™ fibroblasts/myofibroblasts
may be the major source of IL-6 in T2-T3 CRC tumors, which supports the stemness of tumor
cells and induces an immune adaptive inflammatory response (a.k.a. Th17) favoring tumor growth.
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Taken together our data supports the notion that IL-6 producing CAFs (a.k.a. C-CMFs) may
provide a useful target for treating or preventing CRCs.
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Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-related death in the US. The
optimal approach for prevention, screening and therapy of CRC has yet to be determined.
Despite significant progress in the field, the major processes with promoting tumor growth
and cancer-associated inflammation are poorly determined. Identification of such factors is
critical to developing effective treatments of CRC.

Among the cytokines with pleiotropic functions, IL-6 has been implicated in a wide range of
cancers, including CRC.2 Elevated levels of serum IL-6 is associated with a decrease in
survival of patients with CRC.3

IL-6 is a protein with four straight helices (A, B, C, D), which binds to IL-6R, a type |
transmembrane protein. The IL-6-IL6R requires an interaction with a second transmembrane
protein, gp130. This interaction results in homodimerization of gp130, which then initiates
signaling trough Janus kinases (JAKs).% ° IL-6 is known to act in a paracrine and autocrine
manner on diverse target cells and has been suggested to protect target cells from apoptotic
death, thus functioning as a survival factor.% 6-8

IL-6 has been shown to enhance stemness in prostate tumor cells in a STAT3 dependent
manner’ and to induce expansion of CD44* cancer stem-like cells in hepatocellular
carcinoma.® An increase in epithelial-mesenchymal transition (EMT) has been suggested to
be among the key mechanisms contributing to the IL-6-mediated increase in tumor
invasiveness and metastasis in CRC.19 Through stimulation of VEGF production, IL-6 plays
a key role in CRC associated angiogenesis.11

Inflammatory immune responses also play an important role in cancer development and
progression. IL-6 induces tumor promoting inflammatory responses in both the innate and
adaptive components of immune system.2 6 9 |L-6 has been shown to cooperate with
hypoxia to enhance generation of M2-like tumor promoting macrophages in Non-Small Cell
Lung Cancer and CRC.12:13 More recently, IL-6 was also suggested to be implicated in the
increase of tumor-promoting, 1L-17A-producing T-helper (Th17) cells. 1415

The source of IL-6 within colorectal tumors is currently not well defined. Studies based on
the murine colitis-associated CRC model suggest that IL-6 within the tumors is produced by
hematopoietic-derived cells.5 16: 17 According to Grivennikov et a/®, who used the AOM-
DSS colitis CRC model, ~ 40% of I1L-6 producing cells are dendritic cells, macrophages,
and lymphocytes. However, the lineage of the remaining IL-6 producing cells remains
unclear. The source of IL-6 in sporadic human CRC remains even less defined. Although the
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basal level of IL-6 is low in CRC cancer epithelial cell lines!, they are able to produce IL-6
in culture in response to commensal bacteria and its products.18

Mucosal fibroblasts/myofibroblasts (CMFs or stromal cells) account for up to 30% of lamina
propria cells in normal human colonl® and are increased in CRC tumor stroma.2%: 2! These
cells express the mesenchymal marker CD90" and upon activation become a-smooth actin
(a-SMA) myofibroblasts, also known as a cancer associated fibroblasts or CAFs. We and
other have observed that in normal colonic mucosa these CD90* CMFs produce IL-6, which
is increased upon stimulation with microbial ligands and several inflammatory

cytokine.22: 23

Several independent research teams have shown that cancer mesenchymal stromal cells can
contribute to tumorigenesis via 1L-6 dependent processes.11: 24: 25 Murine bone marrow-
derived gastric myofibroblasts have been shown to promote cancer stem cell spheroids in an
IL-6/JAK2/STAT3 dependent manner.24 Further, a recent study by Nagasaki et a! suggests
that CAFs can produce IL-6, which is critical for tumor angiogenesis.

While it is established that cells of mesenchymal origin are able to secrete IL-6, their
contribution to the upregulated level of IL-6 within the CRC tumor microenvironment is still
unclear. In order to determine this, in human tissue we investigated CRC expression of IL-6
in situand we isolated CD90* stromal cells (CMFs) from CRC and from adjacent normal
tissue (controls) to study ex vivo and in culture. We show that the number of IL-6 producing
cancer derived colonic CD90* cells (C-CMFs or CAFs) is increased in CRC tumors and they
represent the major source of IL-6 in T2-T3 CRC tumors. Further, the C-CMF isolates
produced higher level of 1L-6 when compared to its matched normal CMF. IL-6 was the
critical soluble mediator in C-CMF's capacity to support “stem-like” early progenitor cells
from human CRC cancer cell lines. We also found that C-CMFs, but not its matched
peritumoral CMF control, promote generation of Th17 cells from activated CD4* T cells in
an IL-6 dependent manner.

Material and methods

Antibodies

Fluorochrome-conjugated murine anti-a-smooth muscle actin (a-SMA, clone 1A4)
monoclonal antibodies (Abs) were purchased from Sigma (St Louis, MO).
Fluorochromeconjugated, biotinilated or unconjugated forms of 1gG1,, 19G,,, isotype
controls and monoclonal Abs directed against human CD90 (clone 5E10), CD4 (clone RPA-
T4), EpCAM (clone 1B7), RORyt (clone AFKJS-9), IL-6 (clone MQ2-13A5), IL-17A
(clone eBio64DEC17), gp130 (clone AN-G30) were purchased from eBioscience (San
Diego, CA). Goat anti-human IL-6Ra biotinylated polycolonal Abs were purchased from
R&D Systems, Inc. (Mineapolis, MN). Zenon Mouse 1gG labeling kits were purchased from
Life Technology (Grand Island, NY).

Human tissue and cells

All human samples were collected from patients undergoing colectomy for colon cancer
were studied under IRB-approved human protocols at the University of Texas Medical
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Branch, University of New Mexico Health Sciences Center, and Legacy Research Tumor
Bank (Portland, OR). For CMF isolation, full thickness fresh human colonic tissue samples
were obtained from discarded colonic surgical resection material from both the CRC tumor
and its adjacent uninvolved normal colonic tissue. T2-T3 tumors were used in this study.
Total mucosal cell preparations were performed as described previously.28 CMFs were
isolated according to the protocol of Mahida et a/. 27, which is routinely used in our
laboratory.19 The purity of isolated CD90* CMFs (98-99%) was confirmed by flow
cytometry, as previously described.19 CaCo-2, HT29 and SW480 colorectal cancer epithelial
cell lines were purchased from ATCC (Manassas, VA). Studies were performed with primary
CMFs isolates at passages 4-10. Cells were cultured at 37°C in 5% CO, atmosphere in
complete Modified Eagle Medium (MEM) as described previously.1®

CMF-T cell co-cultures

Assays were performed using allogeneic CMF: T cell co-cultures. Human CD4* CD45RA*
T cells were purified from peripheral blood mononuclear cell (PBMCs) of healthy donors by
negative selection using Naive CD4* T Cell Isolation Magnetic Bead Kit I (Miltenyi
Biotec., Auburn, CA). Purity of isolated T cells was examined by flow cytometry. The naive
CD4* T cells were then preactivated for 1 hour with anti-CD3/anti-CD28- coupled T cell
activation beads (Life Technologies) and co-cultured with normal (N)- or C-CMFs for 5
days. Neutralizing anti-IL-6 Ab or isotype control was added when needed at a
concentration of 2.5 ug/mL 30 minutes before the addition of T cells. Co-cultures were
incubated for 5 days at 37°C. CD3/CD28 activation beads were removed from the T cells
prior to immunostaining followed by flow cytometry analysis as recommended by the beads
manufacturer.

Flow cytometry

Flow cytometry on freshly digested CMFs and CMF primed T cells was performed as
previously described.1® Briefly, single- and multi-color immunostaining was performed
according to standard surface and intracellular FACS staining protocols (eBioscience). Cells
were analyzed by flow cytometry using LSRII cytometer (BD Biosciences, Franklin Lakes,
NJ) according to the manufacturer's protocol. Area, height and width parameters for forward
and side scatters were used to discriminate single live cells. An additional gate was set up
based on the negativity for the fixable viability dye eFluor® 780 (eBloscience), which was
used to exclude dead cells from the analysis. Flow cytometry data were analyzed with
software FACSDiva 6.2 (Becton Dickenson) and FlowJo (Tree Star, Inc., OR, USA)
softwares.

Confocal microscopy

Confocal microscopy on frozen human colonic tissue sections (10 um thickness) was
performed as previously described® with minor modifications. Briefly, freshly frozen
human colon tissue sections were fixed at room temperature in 1% paraformaldehyde for 20
minutes, blocked with normal murine serum (2.5% in PBS) for 15 min, and then incubated
with mix of AF®546 conjugated anti-human IL-6 mouse mAbs (1 pg/mL) and AF488-
conjugated anti-a-SMA monoclonal Abs (0.2 ug/mL) for 1h. Each staining step was
followed by six washes with PBS with Ca**/Mg**. Isotype controls were included in the
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analyses. The sections were then mounted in SlowFade® Gold antifade reagent with DAPI
(Life Technology, Inc.). Confocal microscopy was performed with a Zeiss LSM510 META
laser-scanning confocal microscope (Carl Zeiss, Thornwood, NY).

Real-time RT-PCR

Real-time RT-PCR analysis was performed as previously described?? according to the
Applied Biosystems's two-step RT real-time PCR protocol (Applied Biosystems, Foster City,
CA). All reagents were purchased from Life Science Technology Inc. The appropriate
assayson-demand™ gene expression assay mix (Life Science Technology Inc) for human
18S RNA and the gene of interest (a 20X mix of unlabeled PCR primers and TagMan®
MGB probe, FAM™ dye-labeled) and 2 uL of cDNA were added to the PCR reaction step.
The reactions were carried out in a 20 pL final volume using a Bio-Rad Q5 real-time PCR
machine according to the following protocol: 2 min at 50°C, 10 min at 95°C (1 cycle) and
15 sec at 95°C and one min at 60°C (40 cycles).

Western Blot analysis

Western blot analysis was used to determine the protein expression of IL-6Ra and gp130 by
cancer epithelial cells using Abs described above. Analysis was performed on 10 ug of
protein as previously described.19

ALDH analysis

Cancer stem-like populations within carcinoma cell lines were examined by staining with
the Aldefluor™ kit (Stem Cell Technologies, Vancouver, BC) according the manufacturer's
Aldefluor staining protocol. The Aldefluor™ reagent system is a non-immunological
method to identify human stem/progenitor cells on the basis of their aldehyde
dehydrogenase (ALDH) activity. Briefly, the uncharged ALDH-substrate, BAAA
(BODIPY® aminoacetaldehyde), is taken up by living cells through passive diffusion.
BAAA is converted by intracellular ALDH into a negatively charged reaction product BAA-
(BODIPY®- aminoacetate), which is retained inside cells, causing the cells expressing high
levels of ALDH to become brightly fluorescence. These cells can then detected and
enumerated in the green fluorescence channel (520-540 nm) of a standard flow cytometer.
All samples were analyzed on a LSRII flow cytometer (Millipore, Bellerica, MA), and
analyzed using FACSDiva 6.2 (Becton Dickenson) software.

Luminex Arrays

Production of cytokines was measured by Milliplex cytokine array assay (EMD Millipore,
Billerica, MA) according to the manufacturer's protocol and as previously published.28 All
samples were analyzed on a Luminex 200 machine (Bio-Rad).

Statistical analysis

Unless otherwise indicated, the results were expressed as the mean + SE of data obtained
from at least three independent experiments done with duplicate sets in each experiment.
Differences between means were evaluated by one—way ANOVA using Tukey's test for
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multiple comparisons. Values of £<0.05 were considered statistically significant.
Association between gene expressions was examined using Spearman correlation analysis.

Results

IL-6 is increased in CRC tumors

Despite recent evidence pointing to a pro-tumorigenic function of 1L-6 during CRC
development, its expression and compartmentalization within the CRC tumors remains
contradictory. Thus, we first determined the level of IL-6 expression in CRC tumors from
patients with sporadic CRC T2-T3 tumors. We observed a significant 2-47 fold increase in
IL-6 mRNA expression in 11 out of 16 CRC tumor tissues when compare to the matched
normal adjacent colonic mucosa (Figure 1a). /n situ analysis of CRC tumors and adjacent
normal colonic mucosa with immunostaining followed by confocal microscopy confirmed
the observations above and demonstrated that IL-6 protein expression is increased within the
CRC tumors when compared to the matched normal colonic mucosa (Figure 1b, in red).

Stromal fibroblasts are the major cell phenotype producing IL-6 in CRC tumors

As demonstrated on Figure 1b, we noted that the major increase in IL-6 production was seen
within the CRC tumor stroma, but not in cancer epithelial cells. Cancer-associated CMFs
play a key role in tumor progression and are the major cell phenotype within the tumor
stroma in CRC.21: 22 Expression of myofibroblasts marker a-smooth actin (a-SMA) is
highly increased by CMFs during CRC development.21: 29 We and others previously
observed that intestinal fibroblasts might be an important source of 1L-6.11:22. 23 Thus, we
analyzed the contribution of this major tumor stromal cellular subset to the increase in IL-6
production in CRC. Coimmunostaining for a-SMA and IL-6 demonstrated that IL-6
expression was mostly co-localized with a-SMA* CMFs (formation of yellow-orange color
on merged images, Figure 2). The majority of the CMFs in epithelial cancers are reported to
be activated and to bear the myofibroblast marker a-SMA. However, CD90, which marks
hematopoietic cells and fibroblasts in mice, marks only mesenchymal cells such as
fibroblasts and myofibroblasts (stromal cells) in humans.2!: 22 Thus, using immunostaining
followed by flow cytometry we analyzed the contribution of the CD90™ cells to the I1L-6
production in fresh single cell suspension preparation of human CRC tumors. We observed a
significant increase in the total IL-6 producing cells from the CRC tumors when compare to
normal matched controls. CD90* C-CMFs were the major cell population producing IL-6
within the CRC tumors: up to 35 % of the total cells isolated from the tumor itself (Figure
3a). Next, IL-6-positive cells were gated out of total live cells freshly isolated from tumor or
matched normal mucosa and analyzed for the expression of CD90. The number of IL-6-
producing CD90* CMFs was increased by 2-3 folds, representing up to 70% of IL-6-
producing cells in CRC tumors when compare to 20-30% of IL-6 producing cells in normal
adjacent (peritumoral) colonic mucosa (Figure 3b). Additionally, some increase in the IL-6
producing cells expressing Th17 transcriptional factor RORyt was observed at tumor site.
However, it did not reach significant level when compare to the normal tissue (Supplement,
Figure S1).
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Taken together these data indicate that IL-6 production is strongly increased in stage T2-T3
sporadic CRC tumors, and the IL-6 is predominantly expressed by CD90* tumor stroma
fibroblasts/myofibroblasts.

CRC derived CD90* stromal cells retain IL-6"9" phenotype in culture

In order to study IL-6 expression and function by colonic CD90* CMFs independently from
other cell types, we have established primary cultures of these cells from T2-T3 CRC tumors
(C) and adjacent normal tissue to serve as normal (N) controls. Using real-time RT-PCR we
demonstrated that C-CMF expression of IL-6 is higher when compare to the matched NCMF
pair (Figure 3c). We also observed higher level of the IL-6 production in the C-CMF
condition medium as detected by IL-6 single-plex analysis (Figure 3d). Thus, we established
that primary C-CMF cultures constitutively produce higher IL-6 level when compare to the
matched N-CMFs.

CRC-derived CD90* stromal cells support stem-like population within the colon cancer
cells in an IL-6 dependent manner

IL-6 induces the proliferation of cancer epithelial cells /n vitro and promotes tumorigenesis
in vivo.10.16.30 | jkewise, intestinal myofibroblasts are reported to support growth of normal
intestinal epithelial stem cells.3! Recently, sub-populations of cells within CRC tumors and
cell lines have been shown to express stemness markers such as aldehyde dehydrogenase
1(ALDH1)32 and LGR5.33 Previous finding by others demonstrated bone morrow derived
murine and human gastric myofibroblasts isolated from dysplastic tissue were shown to
stimulate spheroid formation in cancer epithelial cell lines and IL-6 was involved in this
processes.24 Thus, we determined if increased 1L-6 production by C-CMFs enhances
generation of stem-like population within the colon cancer epithelial cell lines SW480,
Caco-2 and HT29. We first demonstrated the expression of IL-6Ra and gp130 receptor on
these cancer epithelial cells (Supplement online, Figure S2). These receptor molecules are
required for the initiation of IL-6 signaling.# Epithelial cancer cell lines were treated with
condition media from C- or N-CMF cultures for 1 week and then ALDH activity and LGR5
expression was analyzed. Although the basal number of ALDH* cells was variable between
tested cancer cell lines, exposure of cancer cells to the conditioned media from C-CMFs, but
not matched N-CMFs, significantly increased the number of ALDH* cells (Figure 4a-b) and
expression of LGR5, a well-defined epithelial stem cell marker, in all three tested colonic
cancer cell line (Figure 5). Further, addition of anti-IL-6 neutralizing mAbs to the condition
media derived from C-CMFs abrogated increases in the stem-like ALDH™ population and
LGRS expression within the tested cancer cell lines (Figure 4-5).

CRC-derived CD90* stromal cells enhance generation of Th17 cells in IL-6-dependent
manner

CD4* Th17 cells are thought to be the key adaptive immunity component of tumor
promoting inflammation.4 15 |L-6 is required for Th17 development.14 15 Therefore, we
examined the expression of the Th17 transcription factor RORyt (gene alias RORC) and its
major cytokine IL-17A mRNA expression in T2-T3 CRC tumors previously analyzed for
IL-6 expression. An increase in ROR yt and IL-17A mRNA was observed in ~ 50 % and
~80% respectively of tested CRC tumors (Figure 6a). By using Spearman correlation
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analysis, a strong association (alpha=0.05) between IL-6 and IL-17A expression (Spearman
r =0.8500) and to a lesser extent between IL-6 and RORyt (Spearman r=0.6084) was
observed in CRC tumors with P summary values of 0.0061 and 0.0124, respectively.
Because our data suggests that in T2-T3 CRC tumors C-CMFs are major source of I1L-6, we
determined the role of IL-6 production by C-CMF in the generation of Th17 cells. We
observed that, in contrast to N-CMFs, co-culturing of CCMFs with CD3/CD28 activated
CD4* T cells for five days resulted in an increased production of IL-17A producing RORyt*
CD4™* T cells. This response was abrogated by anti-IL-6 neutralizing mAbs (Figure 6b).
Further, we reproduced the same increase in Th17 responsesiL-17A by applying only
condition media derived from C-CMF. As shown on Figure 6¢-d stimulation of preactivated
T cells with C-CMF derived condition media resulted in a significant increase of both,
expression of the Th17 transcriptional factor ROR yt by CD4* T cells, as well production of
the Th17 cytokine IL-17A. Further, these effects were abrogated in a presence of anti-1L-6
neutralizing Abs, but not isotype controls. Taken together these data suggest that production
of the IL-6 by C-CMFs in cancer stroma might be among the key processes contributing to
the increase in inflammation promoting Th17 cells in CRC tumors.

Discussion

IL-6 is among the inflammatory cytokines upregulated in solid cancers, including CRC, and
it is thought to be critically involved in the cancerogenesis.? 6 Our data presented herein
support the idea that due to its pleiotropic functions, IL-6 plays a major role in tumor
promoting inflammation and expansion of cancer stem-like cells in CRC.

While much evidence supports the idea that IL-6 signaling is involved in cancer
development and progression, the cellular source of the IL-6 within the solid epithelial
cancers, and in particularly CRC, remains debatable. Based on the studies of the murine
colitis associated cancer AOM-DSS model, a hematopoietic origin (e.g., macrophages) of
the increase in 1L-6 within the CRC has been suggested.5 16 An increase in the 1L-6
producing M2-like macrophage has been noted.34 On the other hand studies using the AOM-
DSS model by Shaker A. et aPC suggested that tumor stromal myofibroblasts were the
source of IL-6 during inflammation associated colon cancer development. Finally, more
recent publications support the idea that cells bearing mesenchymal markers, such as
myofibroblasts/fibroblasts and mesenchymal stem cells, can be important sources of 1L-6
within the human sporadic CRC.11: 24, 25

The importance of CAFs as a source of IL-6 has been recently published by the Nakasaki et
al1l, Our data extends this study and clearly supports the conclusion that tumor stromal C-
CMFs (a.k.a. CAFs) that bear marker of activated fibroblast a-SMA and mesenchymal
marker CD90 are the major cell phenotype producing IL-6 in sporadic CRC T2-T3 tumors.
Importantly, we observed that high IL-6 production was sustained by primary cultured C-
CMFs over multiple passages when compared to cultures of normal matched control CMFs,
indicating a hardwired modification of phenotype. Nagasaki T. et a/also found that LPS and
co-culture with CRC cell lines HT29 and COLMS5 stimulated increases in IL-6 in CAFs,
suggesting that microbial and cancer cell derived stimuli are involved in the IL-6 increase in
C-CMFs.11 Using a broad panel of human matched N- and C-CMF primary isolates, we
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have confirmed that LPS is a strong inducer of IL-6 in CMFs (Supplement online Figure
S3). However, as previously shown for HT29 and COLN511, we observed no increase in
IL-6 production in Caco-2 co-cultured with N-CMFs or C-CMFs when compare to N- or C-
CMFs alone. Because Caco-2, HT29 and COLM5 CRC cell line have different mutations, it
is possible that induction of the 1L-6 expression by CMF in cancer epithelial cells and vise
versa will depend on epithelial cancer cell mutations.

While exact mechanism(s) responsible for the IL-6 increase within the CRC tumor stroma
remains to be elucidated, we and others have suggested that persistence of the inflammatory
processes that contributes to cancer development may also initiate fibroblast apoptosis, and
that bone morrow-derived mesenchymal stem cells may migrate to the tumor and contribute
to the formation of the C-CMF phenotype.?: 35 Mesenchymal stem cells (MSC) are also
known to be strong producers of 1L-6.25 Further, IL-6 has been demonstrated to enhance
mesenchymal stem cell proliferation,3® and to increase the recruitment of MSC to the CRC
tumor site.3% 37 Thus, it is possible that increased migration and proliferation of MSC
together with a decrease in MSC differentiation in the tumor site may be responsible for the
formation of 1L-6"9" C-CMF phenotype. In fact IL-6 producing cells exhibiting a
fibroblastic shape, expressing mesenchymal lineage markers CD90 and vimentin, and
preserving expression of the stem cell marker Oct 4 were recently isolated from CRC.2
Further studies are needed to evaluate this concept.

Fibroblast derived IL-6 may support tumor growth through induction of cancer cell
proliferation, invasiveness and angiogenesis,1: 24 and cancer associated fibroblasts have
been reported to be an essential component of the cancer stem cell niche.38 Aldehyde
dehydrogenase (ALDH) activity is a marker of cancer stem-like cells and early progenitors
in CRC, 3239 and the intestinal stem cell signature marker LGRS identifies normal and CRC
epithelial stem cells.33 We demonstrated that the increase in the I1L-6 production by C-CMFs
increases stem-like cell markers ALDH and LGRS in all three tested CRC cell lines.
Although novel, this data is not without precedence for cells of mesenchymal lineage.
Recently colon cancer-derived mesenchymal stem cells and murine bone marrow derived
fibroblasts have been demonstrated to support tumor spheroid formation, another marker for
cancer stem-like cell population, and 1L-6 was involved in this process.24: 25

IL-17A-producing T-helper (Th17) cell responses have emerged recently as an important
component of adaptive immunity supporting CRC tumor growth.14: 15 Conversely, decreased
IL-17 production by tumor-infiltrating, dually expressing Th1/Th17 T effector cells enabled
TNF-a-mediated killing of cancer cells both in vitro and in vivo.*% An increase in the
inflammatory Th17 cell responses has been shown to promote tumorigenesis in an animal
model*! and to be associated with a poor prognosis in human CRC.42 43 Further, IL-17A
has been shown to enhance angiogenesis in cancer®3 and to play a role in the desmoplasia®*
which occurs during CRC progression.*® IL-6 is critical for the differentiation of T cells to
Th17 cell in healthy individuals.1® We demonstrate here the existence of a significant
association between the increase in the expression of 1L-6 and markers for Th17 cell
responses (IL-17A and RORyt) in CRC T2-T3 tumor tissue. We also demonstrate with our
co-cultures experiments that IL-6 is critically involved in the C-CMF mediated induction of
Th17 cells. The concept of fibroblasts as active regulators of adaptive immune responses at
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gut mucosal sites is strongly supported by reports from our laboratory and others.19: 21, 46-50
However, the regulatory effect of cancer associated fibroblasts on adaptive immunity in
general and Th17 cells in particular remains poorly described.

Taken together with already published data by ourselves and others, the present studies
suggest that, through increased IL-6 production, tumor stromal CD90™ fibroblasts/
myofibroblasts not only directly support growth of stem-like population within CRC cancer
cell lines, but also induce adaptive immune responses (a.k.a. Th17 cells) which favors tumor
growth and expansion. Thus, our data strongly support the significance of IL-6 production
by cancer associated fibroblast as a potential therapeutic target in CRC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What's new?

IL-6 is increased in colorectal cancer (CRC), but its source remains poorly defined. We
found that cancer derived colonic CD90* stromal fibroblasts/myofibroblasts (C-CMFs or
CAFs) are the major source of IL-6 in T2-T3 CRC tumaors. Through secretion of IL-6, C-
CMFs support increases in cancer stem like cells, and induces inflammatory Th17 cell
response known to support tumor growth. Our data suggests that 1L-6 production by C-
CMFs may represent a potential target for treating CRC.
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Figure 1.
IL-6 is increased is tumor stroma in CRC. (a) IL-6 mRNA levels in colon tumors was

compared to the normal tissue controls (real time RT-PCR analysis). The means £ SEM are
shown as the results of duplicates of each paired tumors and normal tissues (n=16 per
group),* = p<0.05. (b) IL-6 protein expression is increased in CRC tumors /n situ. In these
experiments CRC tumor and its surrounding matched normal colonic tissue sections were
stained with DAPI to identify cell nuclei (blue) and anti-1L-6 mAb (clone MQ2-13A5, in
red) and analyzed by confocal microscopy. Low power resolution confocal images of
representative sections from eight matched sets of normal and CRC tumor tissue are shown.
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Figure 2.
The increase in IL-6 protein expression in CRC tumors is mostly seen in tumor stroma and

co-localizes with activated a-SMA* CMFs (also known as CAFs). High power resolution
confocal images from representative sections of eight matched sets of normal and CRC
tumor tissue from the same subject are shown. In these experiments immunostaining of CRC
tumor and its surrounding normal colonic tissue sections was performed, followed by
confocal microscopy. DAPI was used to stain cell nuclei (blue); activated CMFs were
detected by anti-a-SMA mAb (green, clone A4) and stained for IL-6 with mAb (red, clone
MQ2-13A5). A yellow-orange color on merged images indicates co-localization of a-SMA
and IL-6, and thus the expression of IL-6 by CMFs (indicated by arrows).
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Figure 3.
IL-6 production is strongly increased by CD90* CMFs in CRC tumor stroma. (a) Freshly

digested normal colonic mucosal and CRC tumor cell preparations from the same subject
were prepared, stimulated for 4 h with PMA/lono and co-stained with CD90 and IL-6 or
isotype controls and analyzed by flow cytometry. One representative experiment and the
summary of the collective results of 12 separate experiments are shown, * = p < 0.05. (b)
IL-6 producing cells were gated out of total live events in freshly digested normal colonic
mucosal and its matched CRC tumor cell preparations and analyzed for the expression of
CD90. One representative experiment and the summary of the collective results of 12
separate experiments are shown,* = p < 0.05. (c) IL-6 mRNA (real time RT-PCR analysis)
and (d) IL-6 secretion (singleplex cytokine analysis) is increased by primary C-CMFs when
compare to matched N-CMFs. The means * SE are shown as the results of duplicates of ten
tested CMF pairs,* = p<0.05.
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Caco-2

+ +

IL-6 derived from C-CMF condition media contributes to the increase in stem-like ALDH
activity by SW480, Caco-2 and HT-29 CRC cells. 72 h condition media (CM) derived from
C- and matched N-CMF was added to the SW480, Caco-2 or HT-29 cancer epithelial cell
line culture in a ratio of 2:1 (2 parts of CM: 1 part freshly prepared cell growth media) in
presence/absence of IL-6 neutralizing mAbs or isotype control. The cancer epithelial cells
were subjected to the normal or cancer-derived CMF-CM treatment every second day for
one week and then ALDH activity was measured. (a) One representative experiment and (b)
summary of the obtained results is shown. The mean * SE are the results of duplicates of
four experiment per cell line, * =p < 0.05.
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**p<0.05

IL-6 contained in C-CMF condition media (CM) upregulates stem cell marker LGR5 mRNA
expression in cancer cell lines. Matched C-CMF- and N-CMF-72 h CM was added to the
cancer epithelial cell lines SW480, Caco-2 and HT-29. CM and Cancer cell lines were
cultured in a ratio of 2:1 (2 parts of CM: 1 part fresh cell growth media) in presence/absence
of IL-6 neutralizing mAbs or isotype control. The cancer epithelial cells were subjected to
the CM treatment every second day for one week and then LGR5 mRNA expression was
analyzed by using real time RT-PCR. The mean + SE are shown as the results of duplicates
of five experiment per cell line, * =p < 0.05.
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Th17 cells are increased in CRC tumors and C-CMF-derived IL-6 is a contributor to the
proliferation of Th17 cells. (a) IL-6 MRNA, Th17 cell transcription factor RORC mRNA
and IL-17A gene mRNA expression are simultaneously increased in CRC tumors as
determined by real-time RT-PCR. The mean + SE are shown as the results of duplicates of
16 tested CRC tumors (stage II-111), * p < 0.05. (b) C-CMFs induce IL-17 producing
RORyt*CD4* Th17 cells in an IL-6 dependent manner from CD3/CD28-preactivated CD4*
T cells (Act T). CMFs were co-cultured with Act T cells at a ratio 1:3 for 4 days in 24-well
plates. T cell monocultures were included as experimental controls. Anti-1L-6 neutralizing
mADbs or isotype controls were used at concentration 2.5 ug/mL. Th17 transcription factor
RORyt and cytokine 1L-17A was analyzed by immunostaining followed by flow cytometry,
n=5 allogeneic donor pairs were tested twice. The mean + SE, * =p < 005. Condition media
derived from C-CMFs induces (c) RORyt mRNA expression and (d) strong IL-17
production by CD4* T cells in an IL-6 dependent manner. 72 h condition media (CM) from
matched N- or C-CMFs were added to the Act T cells at a ratio 2:1 (2 parts of CM: 1 part
fresh MEM media) for 4 days in 24-well plates. Anti-1L-6 neutralizing mAbs or isotype
controls were used at concentration 2.5 pg/mL. Th17 transcription factor RORyt was
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analyzed using real time RT-PCR and cytokine IL-17A levels were analyzed by luminex,
n=4 allogeneic donor pairs were tested. The mean £ SE, * =p < 005.
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