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Introduction

The overall goal of the proposed study has been to test the hypothesis that membrane and
soluble IL6R play distinct roles in driving tumor progression. Two major Tasks were funded as
outlined in the Statement of Work, which encompasses examining IL6R expression in ovarian
patient tumor samples and performing experiments to define the function of IL6R in the tumor
proper and host microenvironment.

Body

The overall goals have been accomplished and the data published related to Task 1 (1). Task 1
entailed the “ldentification of IL6R isoforms in patient samples.” In the reported studies,
elevated levels of IL6, total IL6R, differential spliced forms of IL6R, ADAM10 and ADAM17 were
found in ovarian tumors. In addition, these studies further demonstrated that both tumor and
host cells contribute to soluble IL6R expression in the tumor microenvironment.

Task 2 entailed “In vivo experiments to determine functions of IL6R isoforms and tumor:stroma
relationships. For this task, mouse breeding colonies and genotyping procedures were set up.
A recent paper was also published related to the characterization and general phenotype of
these mice (2). Xenograft studies using ovarian cancer cell lines in SCID mice demonstrated
that host IL6R may be an important means by which IL6R levels are increased in the tumor
microenvironment along with the importance of IL6R in the tumor proper (1). Further studies
have been published which also show that overexpression of IL6R and to a more modest extent
IL6, in ovarian cancer cells promotes their colonization on the omentum ex vivo and increased
their adherence to plastic as well as plates coated with laminin and collagens | and Il (3). To
test the significance of host derived tumor growth, ovarian tumor cells were next injected
intraperitoneally (IP) into mice deficient in either IL6 or IL6R. In examining tumor adherence to
the omentum following IP injection, mice with a complete loss of IL6 or IL6R exhibited less
ovarian cancer cell adherence to the omentum. To obtain information as to the host cell type in
which IL6R expression is needed for tumor adherence, ovarian cancer cells were injected into
mice with conditional losses of IL6R in either hepatocytes or in myeloid cells
(monocytes/granulocytes). Interestingly, tumor adherence was reduced in both hosts with IL6R
loss, although IL6R loss in host myeloid cells lead to a greater inhibition of tumor adherence to
the omentum compared to loss in IL6R from hepatocytes. At this point, the project was halted
as the initial PI left the institution. A few months later, a new Pl was designated (Susan Waltz)
and the mouse breeding colonies were re-initiated. Unfortunately, having to regenerate the
animal colonies entailed approximately 8-12 months to obtain the complex IL6R-/- mice and the
IL6R conditional mutants as the original colonies were sacrificed prior to the designation of a
new Pl. Over the course of the past year, the focus of the new Pl has been to generate the
appropriate mouse colonies and cell lines to continue experiments designated in Task 2. The
primary goal of these final studies has been to examine the significance and potential
mechanisms associated with host IL6R on ovarian cancer growth and metastasis. The following
is a synopsis of the final data that has been obtained since the new Pl was designated through
completion of the funded studies:

IL6 and IL6R stimulate migration in ovarian cancer cell lines.

Among gynecologic cancers, ovarian cancer has the highest death rate. Treatment may involve
debulking surgery followed by chemotherapy but metastasis often reoccurs. Localized
metastasis within the peritoneum is the most common method of spread and occurs via
malignant ascites or direct extension. IL6 is highly expressed in malignant ascites and serum.
Data recently published by the previous PI, Dr. Angela Drew, demonstrated that IL6 and IL6R
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Figure 1. IL6R overexpression increases
metastasis to the omentum. ES-2-RFP ovarian
cancer cells and ES-2-RFP IL6R cells, which were
engineered to overexpress IL6R were IP injected into
SCID mice and tumor cell spread was monitored by
fluorescence (Top) and by histological analysis
(Bottom).

overexpression in ovarian cancer cell
lines promoted metastasis to the
omentum following intraperitoneal
injection (3). In following up on these
data, we demonstrated that the ovarian
cancer cell line ES-2 overexpressing
IL6R not only increased metastasis to
the omentum following intraperitoneal
(IP) injection into mice but that cells
overexpressing IL6R exhibited increased
migration/invasion within the peritoneal
cavity (Figure 1).

To follow up on increased migratory
ability of tumor cells overexpressing
ILBR, we next sought to determine
whether IL6 signaling regulates tumor
cell migration. To accomplish this, ES-2
human ovarian cancer cells, as well as
ES-2 cells overexpressing IL6 or IL6R
were plated on tissue culture plates and
scratch wounds were made. Over the
course of the experiment, photographs of
the cultures were taken temporally and
the percent migration was measured

based on wound closure. As depicted in
Figure 2, both IL6 and IL6R overexpression lead to significantly more cell migration compared
to control cells. Slight increases, although not significant, were observed following the addition
of exogenous IL6 or soluble IL6R. This data suggests that tumor cell derived IL6/IL6R
signaling may be an important factor regulating the local migration/invasive ability of ovarian
caner cells and that further supplementation of IL6 or ILER may only marginally be required
beyond that present in the tumor cell proper to increase this effect.
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Figure 2, IL6 and IL6R * %
overexpression lead to increased
cell migration in ES-2 ovarian cancer
cells. Control ES-2 cells or cells
overexpressing IL6 or IL6R were
examined for the percent migration
(wound closure) after 30 hours following
a scratch wound. In addition, cells were
exogenously treated with IL-6 or soluble
IL-6R. *, P<0.05 Compared to the 0
corresponding control group.
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Published studies examining IL6-/- and IL6R-/- mice demonstrated a complexity of IL6 signaling
for wound healing in mice with IL6-/- mice exhibiting delayed healing of incisional skin wounds
compared to wild type mice (2). Interestingly, IL6R-/- did not display a delay in wound healing in
vivo. In examining mechanisms that may explain the differences in wound healing phenotypes,
signaling pathways downstream of IL6 signaling were examined. STAT3 phosphorylation was



similarly reduced in mice with IL6 and IL6R deficiencies compared to control 30 minutes after
wounding. However phosphorylation of MAPK (Erk1/2) was undetectable in IL6-/- mice yet
increased in IL6R -/- mice suggesting an importance of Erk activation in wound healing. To
examine the importance of these signaling cascades in wound healing in vivo, mice (wild type,
IL6-/- and IL6R-/- mice) were topically treated with U0126, an inhibitor of MEK1/2 during the
incisional wound period and wounding evaluated. In total, these in vivo wound healing studies
indicated that enhanced ERK activation is important in assisting wound contraction/healing (2).

To test if MAPK signaling may be an important factor in ovarian tumor cell migration, ES-2 cells
with or without IL6 or IL6R overexpression were treated with 40uM U0126 in vitro and
migration/wound closure experiments monitored as in Figure 2. As depicted in Figure 3,
U0126 treatment significantly inhibited the migration of ES-2 cells alone. Impressively, Erk
inhibition also ablated the enhanced migration observed in ES-2 cells overexpressing IL6 or
IL6R.

% Migration

Figure 3. MEK1/2 inhibition ablates
50 wound healing following IL6 and
a0 IL6R overexpression in ES-2 ovarian

cancer cells. Control ES-2 cells or
cells overexpressing IL6 or IL6R were
2 examined for the percent migration
. . (wound closure) after 30 hours following
10 = . a scratch wound. Black bars represent
wound healing following vehicle
treatment while grey bars represent
Control IL-6 OF IL-6R OE wound healing following addition of
40uM UO0126. All grey bars are
significantly reduced compared to their
corresponding black bar control group.

To examine signaling pathways in ovarian cancer cells that are associated with activation of the

IL6 signaling pathway and enhanced cell migration, cells were plated as in Figure 2, wounded

(scratched) and given vehicle, AG490 (Stat Inhibitor) or U0126. After 30 hours, cell lysates were

examined by Western analysis. As shown in Figure 4, inhibition by U0126 completely ablated

Erk phosphorylation and correlated with decreased wound healing as depicted in Figure 3.

STAT3 inhibition did not have a dramatic effect on Erk levels and was also unable to negate the

effects of IL6 or IL6R mediated augmentation of cell migration (data not shown). These studies

suggest that IL6 and IL6R overexpression in the ovarian cancer cell proper can lead to an
increase in tumor cell migration/invasion, which may be dependent on maintaining Erk
phosphorylation. Interestingly, these studies differ with the role of IL6 and IL6R in vivo of which

IL6 is required for efficient wound healing while IL6R is dispensable. However, the results are
consistent in that Erk activation appears to be an important pathway for wound healing.
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Omental colonization is promoted by host IL6R expression and may be inhibited by the
addition of soluble IL6R. To further evaluate the importance of host IL6R in the colonization of
ovarian tumor cells to the omentum, we examined ex vivo omental colonization by ID8 cells to
isolated murine omenta from wild type, IL6R-/- and IL6R flox/AIbCre mice (mice with a
conditional deletion of IL6R in hepatocytes). ID8 cells were obtained from the University of
Kansas and were chosen due to the fact that they are syngeneic with the omenta isolated from
C57BI6 mice so as to eliminate any phenotype related to the cells being recognized as foreign
by the host immune system. The ID8 cells were labeled with tomato red fluorescent protein and
were mixed with omenta noted. As is observed in Figure 5, ID8 cells were unable to efficiently
colonize the omenta from both IL6R-/- and IL6R flox/AlbCre mice. Data from the IL6R
flox/AlbCre mice suggests that sufficient soluble IL6R may be produced in the liver to aid in
ovarian cell colonization/metastasis, as in the absence of this source, colonization is similar to
that observed in IL6R-/- mice. This data also suggests that the levels of IL6R may be important
in this process.
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Figure 5. Assessment of ex vivo colonization of ID8-Tomato Red Cells to Omenta. (A) ID8 mouse
ovarian cancer cells, derived from C57BI/6 mice, were transduced with tomato red lentivirus and
examined by fluorescence microscopy for red protein expression. Naive omenta were excised from 7-11
week old wild-type, ILBR™ and IL6R™/Albumin®® mice using an ice-cold PBS technique previously
published. Briefly, the spleen, pancreas and omentum were dissected en bloc and placed in ice cold
PBS. After a few minutes, the omentum, which rises to the top, was removed and placed in a 24-well
dish with 2x10° ID8-Tomato Red cells and co-cultured with agitation at 37°C, 5% CO, for 6 hours. After
this time, fluorescence was examined using a Xenogen VIS microscopgy system. Note the different
scales on the right. (B) Total flux measurements in photons/sec/cm®x10° were analyzed and graphed
using the Xenogen IVIS microscopy system (N=3 per genotype, *P<0.05 by Student’s t-Test).



Given the data in Figure 5 which suggests that soluble IL6R from the host may dramatically
promote the colonization of ovarian cancer cells to the omentum, we next sought to test this
hypothesis. We isolated omenta from wild type (WT), IL6R-/- and IL6R flox/AIbCre mice. The
omenta were mixed with ID8 cells as in Figure 5 along with either vehicle or soluble IL6R/IL6.
As shown in Figure 6, the number of ID8 colonies on the omentum of IL6R and IL6R
flox/AlbCre mice is reduced compared to controls. However, ID8 attachment was rescued in the
IL6R mutant mice following supplementation with soluble IL6R and IL6. These studies suggest
that blocking IL6 signaling may be an effective therapeutic approach to prevent ovarian cancer
cell spread.

IL6R flox/AlbCre +
WT + sIL6R &miIL6 IL6R-/-+ SIL6R & mIL6 sIL6R& IL6

ke
B 3 :
[
320- P S—
T —_
o
S 151 .
E
£ 104
3
£
S 4]
k3
-
-3
-g 0- T T T
3 Wild-type L6R”  ILBR™*/AIbCe
Vehicle + - + - + -
sIL6R/IL6 - + - + -+

Figure 6. Omental colonization is enhanced in the absence of IL6R by the addition of soluble IL6R
and ligand. (A) Naive omenta were dissected from 11-16 week old wild-type, ILBR™ and
ILBR™/Albumin®* as in Figure 1. 2x10° ID8-Tomato Red cells supplemented with 100 ng/ml soluble
mouse IL6R (sIL6R) and 10 ng/ml mouse IL-6 (IL6) were incubated with these omenta for 16 hours with
agitation at 37°C, 5% CO, after which time colonies were examined by fluorescence microscopy and
counted at 20X (B).



Key Research Accomplishments

» Staffing accomplished to support continuation of project.

+ Obtained and generated IL6R floxed mice (ILBR™), IL-6R deficient mice (IL6R-/-), and
IL6R flox/AlbCre mice. Initiated breeding colonies to generating control and
experimental animals.

* Initiated procedures to successfully genotype mice from breeding colonies.

* Identification of IL6R in the ovarian tumor microenvironment.

* Obtained ID8 cells and generated Tomato Red expressing ID8 cells to follow by
fluorescent imaging.

* Demonstration that differentially spliced isoforms of IL6R are prominent in ovarian
cancer.

* Host expression of IL6R contributes to the total amount of IL6R present in the tumor
microenvironment.

* Finding that IL6R expression enhances the earliest metastasis of ovarian cancer.

* Myeloid cell expression and hepatic expression of IL6R are critical to influence early
tumor cell adhesion to the omentum.

* Demonstrated that IL6 and IL6R stimulate migration of ovarian cancer cells and invasion
into the omentum.

* Overexpression of IL6 and IL6R in ovarian cancer cells leads to increased cell migration
in vitro.

* Migration of IL6 and IL6R overexpressing ovarian cancer cells is associated with Erk
phosphorylation and blockade of Erk activation inhibits IL6 signaling induced migration.

* In vivo, host IL6R deficiency or lack of IL6R production in hepatocytes leads to a
reduction in colonization of ovarian cancer cells, ID8 cells, to the omentum ex vivo.

* Soluble IL6R and IL6 are able to enhance omental colonization of ovarian cancer cells to
omentum isolated from IL6R and IL6R flox/AlbCre host mice.

Reportable Outcomes

Cell lines:

Obtained through an approved material and transfer agreement (MTA) a tumorigenic mouse
ovarian cancer cell line referred to as ID8 cells. These cells were generated at the University of
Kansas from C57B6 mice. The prime advantage of the use of these cell lines is to be able to
examine ovarian dissemination and growth in syngeneic immune-competent mice. We have
successfully grown these cells in culture and have generated stable cell clones which express
Tomato Red so that these cells can be followed through fluorescent imaging techniques in vivo.

Gene Targeted Animals:
Generated breeding colonies for IL6R-/-, and IL6R flox/AlbCre mice to generate conditional
deletions of IL6R in hepatocytes.

Research opportunities provided for individuals based on studies in this award:
Molly McFarland-Mancini, Postdoctoral Fellow, 2006-2009

Premkumar Giridhar, Postdoctoral Fellow, 2009-2010

William D. Stuart, Principal Research Scientist, 2011-2012

Andrew Paluch, Graduate Student, 2012




Manuscripts published and under preparation:

Rath, K.S., Funk, H.M., Bowling, M.C., Richards, W.E., and Drew, A.F. 2010. Expression of
soluble interleukin-6 receptor in malignant ovarian tissue. Am J Obstet Gynecol 203:230
e231-238.

McFarland-Mancini, M.M., Funk, H.M., Paluch, A.M., Zhou, M., Giridhar, P.V., Mercer, C.A.,
Kozma, S.C., and Drew, A.F. 2010. Differences in wound healing in mice with deficiency of
IL-6 versus IL-6 receptor. J Immunol 184:7219-7228.

Giridhar, P.V., Funk, H.M., Gallo, C.A., Porollo, A., Mercer, C.A., Plas, D.R., and Drew, A.F.
2011. Interleukin-6 receptor enhances early colonization of the murine omentum by
upregulation of a mannose family receptor, LY75, in ovarian tumor cells. Clinical &
experimental metastasis 28:887-897.

Paluch A, Stuart WD, and Waltz SE. Manuscript in preparation. IL6 signaling promotes ovarian
tumor cell migration and omental attachment which is regulated by Erk activation and
soluble IL6 signaling.

Conclusion

The combined studies supported by this grant have provided important experimental evidence
related to IL6 signaling in the ovarian tumor cell proper and in the host microenvironment. The
results show that IL6R is present in the tumor microenvironment along with differentially spliced
isoforms. This expression in the tumor microenvironment is upregulated compared to normal
tissues. Moreover, we show that overexpression of either tumor derived or host IL6R is
important in ovarian cancer cell metastasis. We further show that signaling thru IL6 in the tumor
cells leads to enhanced tumor cell migration that can be blocked by inhibiting Erk signaling. In
addition, we provide evidence that soluble IL6 signaling may be an important target to regulate
ovarian metastasis as reduction of IL6R leads to reduced omental colonization of ovarian
cancer cells which can be reverted by addition of soluble IL6 signaling.

References

1. Rath, K.S., Funk, H.M., Bowling, M.C., Richards, W.E., and Drew, A.F. 2010. Expression of
soluble interleukin-6 receptor in malignant ovarian tissue. Am J Obstet Gynecol 203:230
e231-238.

2. McFarland-Mancini, M.M., Funk, H.M., Paluch, A.M., Zhou, M., Giridhar, P.V., Mercer, C.A,,
Kozma, S.C., and Drew, A.F. 2010. Differences in wound healing in mice with deficiency of
IL-6 versus IL-6 receptor. J Immunol 184:7219-7228.

3. Giridhar, P.V., Funk, H.M., Gallo, C.A., Porollo, A., Mercer, C.A., Plas, D.R., and Drew, A.F.
2011. Interleukin-6 receptor enhances early colonization of the murine omentum by
upregulation of a mannose family receptor, LY75, in ovarian tumor cells. Clinical &
experimental metastasis 28:887-897.

10



Appendices

The following three publications are being attached to support the details of the funded tasks
accomplished.
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Expression of soluble interleukin-6 receptor

in malignant ovarian tissue

Kellie S. Rath, MD; Holly M. Funk, BSc; Marcia C. Bowling, MD; William E. Richards, MD; Angela F. Drew, PhD

OBJECTIVE: The objective of the study was to investigate interleukin-6
receptor (IL6R) isoforms and sheddases in the ovarian tumor
microenvironment.

STUDY DESIGN: Expression of IL6R and sheddases was measured in
tissue samples of papillary serous ovarian carcinomas and benign ova-
ries by real-time polymerase chain reaction and immunohistochemis-
try. Murine xenograft samples were tested by enzyme-linked immu-
nosorbent assay to discriminate and evaluate tumor and host
contributions of IL6R.

RESULTS: IL6R expression was increased in malignant ovarian tumors
and localized to epithelial cells. Expression of a soluble splice variant of

IL6R was increased in malignant tumors, as were the sheddases for the
full-length isoform. An in vivo xenograft model showed that host IL6R
expression is also increased and regulated by tumor-associated
inflammation.

CONCLUSION: IL6R is overexpressed in epithelial ovarian malignancies
because of increases in a soluble IL6R variant, in the sheddases for full-
length IL6R and host IL6R expression. Soluble IL6R may be an effica-
cious target for reducing IL6-mediated ovarian tumor progression.

Key words: a disintegrin and metalloprotease domain 10, a
disintegrin and metalloprotease domain 17, cytokine receptor,
inflammation, interleukin-6, ovarian tumor

Cite this article as: Rath KS, Funk HM, Bowling MC, et al. Expression of soluble interleukin-6 receptor in malignant ovarian tissue. Am J Obstet Gynecol
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O varian cancer is the most deadly of
the gynecological malignancies.'
Most gynecologic oncologists initially
treat the disease with debulking surgery,
followed by adjuvant chemotherapy
with platinum and taxane agents. After
an initial response to chemotherapy, the
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cancer will recur in the majority of pa-
tients but with chemoresistant proper-
ties. The efficacy of second-line and sal-
vage therapies for patients who fail initial
surgical and medical therapy is limited
at best. A greater understanding of the
mechanisms by which ovarian cancers me-
tastasize and develop chemoresistance is
essential for reducing the high mortality
associated with these malignancies.
Interleukin-6 (IL-6) is an important
proinflammatory cytokine that is fre-
quently up-regulated in acute and
chronic inflammatory conditions, in-
cluding many cancers (reviewed else-
where?). IL-6 signaling occurs through a
hexameric complex of IL-6, a specific o
receptor (IL6R; glycoprotein [gp]80),
and a shared p-signaling receptor
(gp130).” Dimerization of gp130 leads to
activation of Janus tyrosine kinases and
subsequent translocation of signal trans-
ducer and activator of transcription
(Stat) transcription factors.* Stat3 is the
major Stat induced by IL-6 signaling,
and its nuclear translocation induces a
transcriptional program resulting in in-
flammation, cell survival, or differentia-
tion, depending on the cellular con-
text.”° In addition to membrane-bound
IL6R, several soluble isoforms also exist.”

230.e1 American Journal of Obstetrics & Gynecology SEPTEMBER 2010

Expression of both membrane-bound
and soluble forms of IL6R are largely re-
stricted to hepatocytes and immune
cells, and therefore, signaling through
membrane-bound IL6R is restricted to
these cells. However, the soluble iso-
forms of IL6R are excreted from these
cells types and unexpectedly function as
agonists for IL6R signaling and hence al-
low IL6R-mediated signaling in cells that
do not express IL6R. This occurs
through initial binding of IL-6 to soluble
extracellular IL6R and subsequent bind-
ing of this complex to the membrane-
bound signaling receptor, gp130.

This binding results in dimerization of
gp130, which, in turn, leads to stat3 acti-
vation that occurs in a similar fashion to
that induced by membrane-bound IL6R.
Because gp130 is ubiquitously expressed,
the potential to respond to IL-6 is con-
ferred on all cells in the presence of sol-
uble IL6R. This process, known as trans-
signaling, has been found to be
important in multiple disease states in-
cluding rheumatoid arthritis, asthma,
inflammatory bowel disease, and colon
cancer.” " It has been shown that many
of the inflammatory functions of IL-6
signaling can be prevented by inhibiting
the soluble isoform of IL6R with a solu-



Patient characteristics

Patient no. Age Pathology Stage
1-16 39-71 Normal ovarian tissue

17 69 Mixed papillary serous and undifferentiated tumor vV
18 56 Papillary serous I
19 62 Papillary serous e
20 47 Papillary serous e
21 75 Papillary serous e
22 50 Papillary serous v
23 39 Papillary serous, high grade lne
24 36 Papillary serous cystadenocarcinoma IB
25 68 Papillary serous Ml
26 77 Papillary serous v
27 55 Papillary serous Ml

Rath. IL-6 receptor in ovarian tumors. Am ] Obstet Gynecol 2010.

ble form of gp130.'* Therefore, the solu-
ble isoform plays important roles in in-
flammatory contexts by allowing a
heightened response to IL-6 in all cell
types at the site of inflammatory
challenge.

Soluble IL6R can be generated by 2
distinct processes: differential splicing
and proteolytic cleavage.'”"'® The differ-
entially spliced isoform lacks a trans-
membrane domain and is secreted as a
soluble, functional receptor.'® The pro-
teolytic enzymes responsible for cleavage
of full-length IL6R are a disintegrin and
metalloprotease domain (ADAM)-17,
also known as tumor necrosis factor al-
pha—converting enzyme and to a lesser
extent, ADAM10.7"!° These sheddases

Primers used in RT-PCR analysis
Gene

cleave full-length IL6R in a membrane
proximal site to release a soluble,
functional receptor. A study of IL-6 sig-
naling in an angiotensin-induced car-
diac model suggested that the 2 forms of
soluble IL6R may have different func-
tions leading to either hypertrophy or
hypertension.*

It is well established that IL-6 is up-
regulated in both the serum and ascites
of ovarian cancer patients and is associ-
ated with disease progression.?' > IL-6
has also been implicated in chemothera-
peutic resistance in ovarian cancer cell
lines and in patients with ovarian can-
cer.2>2%2> However, the status of IL6R
expression in ovarian cancer has not
been adequately addressed to date. One

5!
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study reports increased expression of
soluble IL6R in the sera of patients in the
early stages of various tumor types, but
specific data for ovarian cancer were not
available.” Despite the importance of the
soluble isoforms of IL6R in inflammation,
there has not been a characterization of
these isoforms in ovarian cancer.

Given that we have previously shown
that inflammation drives the spread of
ovarian tumors in murine models,?” a
thorough evaluation of inflammatory
IL6R isoforms in the tumor microenvi-
ronment is needed. Here we describe the
increased expression of IL-6, total IL6R,
differentially spliced IL6R, ADAMI0,
and ADAM17 in ovarian tumors. Fur-
thermore, we show that both tumor and
host cells contribute to soluble IL6R ex-
pression in the tumor environment.

MATERIALS AND METHODS

Patient tissue collection and cell lines
Tissue samples from malignant and non-
malignant ovaries were collected from
patients undergoing routine gynecologic
procedures at the University Hospital
and the Christ Hospital in Cincinnati,
OH (Table 1). Normal ovarian tissue was
collected from patients 1-16. Malignant
tissue collected from patients 17-27 were
from primary ovarian epithelial carcino-
mas. Tissues were immediately snap fro-
zen in liquid nitrogen at the time of sur-
gery and stored at —80°C until analysis.
Human ES-2 and SKOV3, clear cell and
serous papillary ovarian carcinoma cell
lines, respectively, were obtained from
American Type Culture Collection (Man-
assas, VA). Cells were maintained in Dul-
becco’s Modified Eagles media with 10%

3!

IL-6

CTCACCTCTTCAGAACGAATTGACAAACAAA

GGTACTCTAGGTATACCTCAAACTCCAAAA

IL6R

GCTGTGCTCTTGGTGAGGAAGTTT

CTGAGCTCAAACCGTAGTCTGTAGAAA

IL6R variant 1 (full-length)

GCCTCCCAGTGCAAGATTCTTCTT

CCGCAGCTTCCACGTCTTCTT

IL6R variant 2 (differentially spliced)

GCGACAAGCCTCCCAGGTT

CCGCAGCTTCCACGTCTTCTT

ADAM10

AATGGATTGTGGCTCATTGGTGGG

TGGAAGTGGTTTAGGAGGAGGCAA

ADAM17

CTTATGTTGGCTCTCCCAGAGCAAA

CATCCGGATCATGTTCTGCTCCAAAA

Rath. IL-6 receptor in ovarian tumors. Am ] Obstet Gynecol 2010.
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fetal calf serum and tested negative for my-
coplasma contamination.

Animal studies

Human tumor cell lines (ES-2 and
SKOV3) were harvested, resuspended in
Matrigel (basement membrane protein
gel, BD Biosciences, Franklin Lakes,
NJ), and implanted in the ovaries of
severe combined immunodeficiency
(SCID) mice (Charles River Laborato-
ries, Wilmington, MA), as previously de-
scribed.”” Groups of mice (n = 6) were
administered acetyl salicylic acid (ASA;
100 mg/kg; Sigma, St Louis, MO), phos-
phate-buffered saline, or thioglycolate
(0.5 mL of a 3% solution; Fluka, Buchs,
Switzerland) by twice-weekly intraperi-
toneal injection. Additional mice with-
out tumors were administered ASA, sa-
line, or thioglycolate. Peritoneal lavage
with phosphate-buffered saline was per-
formed on anesthetized mice. Lavage
fluid was centrifuged and stored at
—80°C until analysis. Guidelines for the
care and use of laboratory animals ap-
proved by the University of Cincinnati
Institutional Animal Care and Use Com-
mittee were followed.

RNA isolation and reverse
transcription—polymerase chain
reaction (RT-PCR)

Ribonucleic acid (RNA) was extracted
from patient tissue samples with the
RNeasy lipid kit (Qiagen, Valencia, CA)
and quantified with a spectrophotome-
ter (Nanodrop, Wilmington, DE). Re-
verse transcription was performed with
the Thermoscript II kit (Invitrogen,
Carlsbad, CA). Real-time polymerase
chain reaction (PCR) was performed
with primers specific for IL-6, both iso-
forms of IL6R (total IL6R), full-
length IL6R (variant 1), differentially
spliced IL6R (variant 2), ADAM10, and
ADAM17 (Table 2) with a Realplex Mas-
tercycler (Eppendorf, Netheler, Ger-
many). Primer specificity was confirmed
by checking product sizes on an agarose
gel and performing a melt-curve analysis
on each run. Gene expression was nor-
malized against the human L32 house-
keeping gene, as previously described.*®

FIGURE 1

Increased expression of IL-6 and IL6R in malignant ovarian tumors
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malignancies and assessed for A, IL-6 or B, total IL6R by quantitative RT-PCR. Asteriskindicates P <
.05; double asteriskindicates P << .001. Immunohistochemical analysis of ovaries from patients with
C, no malignancy or D, malignant tumors demonstrated intense IL6R positivity in the surface epithe-
lium (arrow) and tumor cells but not the stroma (indicated as ). Original magnification for C and D:
x200.

IL-6, interleukin-6; IL6R, interleukin-6 receptor; RT-PCR, reverse transcription—polymerase chain reaction.
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Immunohistochemistry

Immunohistochemistry was performed
on paraffin-embedded samples of both
benign and malignant ovarian tissue to
detect IL6R. Briefly, samples were depar-
affinized, and antigen retrieval was per-
formed in citrate buffer (10 mM with
0.05% Tween 20, pH 6.0) for 10 minutes
at 95°C. Slides were incubated overnight
with rabbit antihuman IL6R (sc-661; de-
tects both isoforms) at a dilution of 1:400
at 4°C, followed by biotinylated goat an-
tirabbit immunoglobulin G (1:200).

230.e3 American Journal of Obstetrics & Gynecology SEPTEMBER 2010

ABC Elite kit (Vector, Burlingame, CA)
and 3,3 diaminobenzidine substrate
(Sigma) were used in the detection, fol-
lowed by hematoxylin counterstain.

IL6R ELISA

Peritoneal lavage fluid from mice was
analyzed by enzyme-linked immunosor-
bent assay (ELISA) (R&D Systems,
Minneapolis, MN), according to the
manufacturer’s instructions, to assess
expression of human and murine soluble
IL6R. Cross-reactivity between human



Differentially spliced variant of IL6R
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and mouse IL6R is negligible with the use
of these species-specific IL6R ELISA Kkits.
The enzymatic reactions were detected at
570 nm and subtracted from back-
ground at 450 nm with a spectrophoto-
metric plate reader.

Statistical methods

Data are represented as mean = SEM
were analyzed by the Mann-Whitney U
test.

RESULTS

Twenty-seven patient samples were col-
lected: 16 with benign ovarian pathology
and 11 with ovarian carcinoma (Table
1). Patient age ranges were not signifi-
cantly different for benign ovary samples
(39-71 years; average, 49.1 years) and
malignant tumor samples (36—77 years;
median, 59.5 years). All tumors were
papillary serous and predominantly stage
HIC according to International Feder-

ation of Gynecology and Obstetrics
classification.

To quantify the production of IL-6
and IL6R in benign ovaries and malig-
nant ovarian tumors, we assessed RNA
expression by real-time PCR. We found
dramatic up-regulation of IL-6 in malig-
nant ovaries compared with benign ova-
ries (Figure 1, A), consistent with previ-
ous reports.”'">* Expression of IL6R was
also found to be up-regulated in ovarian
malignancies (Figure 1, B).

We next sought to identify, by immu-
nohistochemistry, the cell types respon-
sible for IL6R expression in normal and
malignant ovarian tissue. IL6R was pre-
dominantly expressed in the epithelium
of normal ovaries and only minimally
in the stroma (Figure 1, C). In serous
papillary tumors, IL6R expression was
strong in tumor cells and negligible in
the tumor stroma (Figure 1, D). Ovar-
ian IL6R expression was therefore a
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function of both normal and malig-
nant epithelium.

Given the markedly higher proportion
of cells expressing IL6R in malignant
ovaries, it would be reasonable to expect
that the difference in messenger RNA
(mRNA) expression levels between nor-
mal and malignant tissue would be even
greater. This apparent underrepresenta-
tion by quantitative PCR could be due to
differences in transcriptional or transla-
tional efficiencies or to soluble IL6R pro-
tein localizing to malignant ovaries de-
spite being produced elsewhere.

Soluble IL6R is known to be important
in many inflammatory contexts.” To de-
termine whether malignant ovarian tu-
mors were predominantly expressing the
full-length (variant 1) or the differen-
tially spliced isoform that lacks the trans-
membrane domain (variant 2), we used
real-time PCR with primers specific for
each isoform. Interestingly, we found
that the ratio of variant 2 relative to vari-
ant 1 was higher in malignant tumor
samples than in a human monocytic cell
line, normal liver, or benign ovarian
samples (Figure 2).

IL6R expression is largely restricted to
hepatocytes and immune cells (and
some tumor cells); however, expression
of soluble IL6R at sites of inflammation,
tumors, or both allows IL-6 signaling in
other cell types. To determine whether
soluble host IL6R expression contributes
to the increase in IL6R in the context of
an ovarian cancer in vivo, we used a mu-
rine xenograft model. Human ovarian
carcinoma cell lines were implanted or-
thotopically into the ovaries of immune-
compromised SCID mice.

We implanted cell lines positive
(SKOV3) and negative (ES2) for IL6R
expression. The rate of tumor formation
by SKOV3 cells implanted in the ovary
was approximately 50%. Human IL6R
was detected in mice in which SKOV3
cell tumors developed but not in ovaries
in which tumors did not develop or in
ES-2 cell-derived tumors (100% take
rate), indicating the specificity of the
ELISA (Figure 3, A). Mice that developed
ovarian carcinoma had elevated levels of
host (mouse) peritoneal soluble IL6R
when compared with mice that did not
develop carcinoma (Figure 3, B). Tumor
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development was identified by gross
analysis at necropsy and confirmed by
histological analysis (data not shown).

To determine the role of inflammation
in host IL6R expression in ovarian tu-
mors, mice were treated with ASA to
suppress inflammation, thioglycollate to
increase inflammation, or phosphate-
buffered saline (vehicle control) during
tumor progression. Soluble levels of
mouse IL6R were highest in mice treated
with thioglycollate and lowest in mice
treated with ASA (Figure 4, A).

This pattern of expression closely par-
alleled that of tumor burden in the mice,
as assessed by ascite development and
percentage of the diaphragm covered
with tumor (Figure 4, B and inset). Mice
that received inflammation-modulating
drugs but that were not implanted with
tumor cells expressed only baseline levels
of IL6R (Figure 4, A). These data indicate
that the increased expression of host sol-
uble IL6R expression was a direct result
of the presence of tumor in the perito-
neum but was also influenced by the de-
gree of inflammation.

Finally, we evaluated the expression of
the 2 known physiological sheddases
for full-length IL6R, ADAMI17, and
ADAMI10. We found that the expression
of ADAM17 and ADAMI10 was in-
creased in malignant ovaries, as com-
pared with benign tissue (Figure 5). The
dramatic local increase in expression of
these proteases in malignant ovarian tu-
mors provides another mechanism by
which soluble IL6R can be generated in
the tumor microenvironment.

COMMENT

IL6R plays numerous roles in inflamma-
tory responses and tumor progres-
sion.>* In this study, we found that
IL6R is expressed in normal and malig-
nant epithelium. We have demonstrated
several mechanisms by which increased
levels of soluble IL6R occur in the tumor
microenvironment, including increased
expression of a differentially spliced sol-
uble isoform, up-regulation of sheddases
for the membrane-bound form, and in-
creased host expression of soluble IL6R.
The increase of IL6R facilitates enhanced
responsiveness to IL-6 in ovarian malig-

Soluble IL6R protein in mice with human ovarian tumor xenografts
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Increased expression of mouse and human soluble IL-6R protein in mice with human ovarian tumor
xenografts. A, Expression of human sIL6R was increased in the peritoneal lavage fluid of mice that
developed human SKOV3 carcinomas, as compared with mice in which tumors did not develop (P <
.025). No human IL6R was detected in untreated mice or mice implanted with human ES-2 tumor
cells, indicative of the lack of ILGR expression by this tumor cell line. B, Baseline levels of mouse IL6R
were detected in the peritoneal lavage fluid of untreated mice and mice in which SKOV3 tumors failed
to develop. Markedly increased levels of mouse IL6R occurred in mice with either human carcinoma
cell line. Asterisk indicates P < .05.

IL6R, interleukin-6 receptor; SIL6R, soluble IL-6R.

Rath. IL-6 receptor in ovarian tumors. Am ] Obstet Gynecol 2010.
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nancies, contributing to increased phos-
phorylation of Stat3 and up-regulation
of cell-survival pathways.>*%?!
With no inherent kinase activity, IL6R
A functions to recognize its specific ligand
8004 * and to induce dimerization of gp130, the
signaling component of the complex.
IL6R carries out this role in either soluble
or membrane-bound forms; thus, the
600- soluble receptor is effectively an agonist
for IL-6 signaling. In fact, blocking only
the soluble form of IL6R with exogenous
soluble gp130 prevents many, if not all,
of the known functions of IL-6 in inflam-
matory contexts. 12
In the current study, we demonstrate
T that tumor cells preferentially express a
T differentially spliced isoform of IL-6R
L that lacks the transmembrane domain.
Expression of this soluble differentially
spliced isoform has previously been re-
ported in a subset of monocytes and in
0 several carcinoma cell lines.”” In addi-
. . tion, our findings suggest that soluble
PBS ASA Thio PBS ASA Thio IL6R may also beggenefagted in malignant
tumor: - - - + + + ovaries by cleavage of the membrane-
bound form by increased levels of
B Ascites %k ADAM10 and ADAM17 proteases. Pro-
100- 21 '[ : “' duction of soluble IL6R in ovarian tu-

IL6R expression is influenced by mediators
of inflammation during tumor progression

4001

Mouse IL-6R (pg/mL)

200

mor cells may serve to increase IL-6 re-
@ sponsiveness in surrounding tumor
| cells, stromal cells, or peritoneal me-
80- g sothelial cells.

%k Little has been learned about the con-
I_I_l tribution of the stroma to the expression
0 of IL6R within the context of a tumor,
60 PBS ASA Thio owing to the difficulty in identifying the
source of soluble IL6R. Here we have uti-
lized a xenograft model and species-spe-
404 cific ELISAs to allow the distinction
between tumor (human) and host (mu-
rine) IL6R.

Qur data show that, in addition to tu-
20 mor cell production of IL6R, host cells
make a significant contribution to the in-
creased expression of soluble IL6R in the
peritoneal environment and that IL6R
] levels reflect the degree of peritoneal in-

PBS ASA Thio flammation. It was not possible to deter-
A, Suppressing inflammation with ASA during tumor progression significantly reduced host (mouse)  mine whether host-derived IL6R is the
IL6R expression (P < .05). Augmenting inflammation with thioglycollate showed a trend toward  differentially spliced isoform because
increased mouse IL6R expression. B, The pattern of IL6R expression during inflammation modulation  this variant is lacking in mice. It is tempt-
closely resembled that of ascites production (inset) and tumor burden. Asterisk indicates P < .05. ing to speculate that immune cells are a
ASA, acetyl salicylic acid; /L6R, interleukin-6 receptor.

Tumor burden (%)
H %

0

predominant source of host IL6R be-

Rath. IL-6 receptor in ovarian tumors, Am ] Obstet Gynecol 2010. . :
‘ receptor in ovariars tumors, Am ] Obstet Gyneco cause they are abundant in the ascites
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Increased expression of ADAM17 and ADAM10

in malignant ovarian tumor tissue
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Expression of A, mRNA for ADAM17 and B, ADAM10 were increased in the ovaries of patients with
ovarian cancer compared with benign ovaries. Asterisk indicates P << .001.
ADAM10, a disintegrin and metalloprotease domain 10; ADAM17, a disintegrin and metalloprotease domain 17; mRNA, messenger RNA.

Rath. IL-6 receptor in ovarian tumors. Am J Obstet Gynecol 2010.

fluid®***> and are known to be a source of
shed IL6R in inflammatory contexts.>
Given the importance of IL-6 signal-
ing in inflammation, tumor growth, dif-
ferentiation, and chemoresistance, the
identification of IL6R isoforms in malig-
nant ovarian tumors may provide novel
therapeutic opportunities. Here we show
that expression of soluble isoforms of
IL6R is increased by multiple mecha-
nisms, including preferential production
of a differentially spliced variant, in-
creased production of sheddases for
membrane-bound IL6R, and up-regula-
tion of host inflammation-induced solu-
ble IL6R in the tumor microenviron-
ment. Together these data suggest that
trans-signaling through IL6R is a feature
of ovarian tumors and that targeting
IL6R may provide a novel treatment to

decrease the morbidity and mortality of
this disease.
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Differences in Wound Healing in Mice with Deficiency of IL-6
versus IL-6 Receptor

Molly M. McFarland-Mancini,""1 Holly M. Funk,""1 Andrew M. Paluch,*
Mingfu Zhou,* Premkumar Vummidi Giridhar,* Carol A. Mercer,T Sara C. Kozma,* and
Angela F. Drew*

IL-6 modulates immune responses and is essential for timely wound healing. As the functions mediated by IL-6 require binding to its
specific receptor, IL-6Rq, it was expected that mice lacking IL-6Ra would have the same phenotype as IL-6-deficient mice.
However, although IL-6Ra~deficient mice share many of the inflammatory deficits seen in IL-6—deficient mice, they do not display
the delay in wound healing. Surprisingly, mice with a combined deficit of IL-6 and IL-6Ra, or IL-6—deficient mice treated with an
IL-6Ra-blocking Ab, showed improved wound healing relative to mice with IL-6 deficiency, indicating that the absence of the
receptor contributed to the restoration of timely wound healing, rather than promiscuity of IL-6 with an alternate receptor.
Wounds in mice lacking IL-6 showed delays in macrophage infiltration, fibrin clearance, and wound contraction that were not seen
in mice lacking IL-6R« alone and were greatly reduced in mice with a combined deficit of IL-6 and IL-6Ra. MAPK activation-
loop phosphorylation was elevated in wounds of IL-6Ra—deficient mice, and treatment of wounds in these mice with the MEK
inhibitor U0126 resulted in a delay in wound healing suggesting that aberrant ERK activation may contribute to improved
healing. These findings underscore a deeper complexity for IL-6Ra function in inflammation than has been recognized
previously. The Journal of Immunology, 2010, 184: 7219-7228.

acute phase responses, inflammation, and lymphocyte dif-

ferentiation. Numerous cell types produce IL-6, especially at
sites of inflammation. IL-6 functions are mediated by binding to its
specific receptor, IL-6Ra (gp80 and CD126). IL-6Ra is the only
known receptor for IL-6, and its expression is predominantly re-
stricted to hepatocytes and immune cells. Recently, ciliary neuro-
trophic factor (CNTF) and IL-27, two other members of the
IL-6 family, have been demonstrated to bind IL-6Ra in vitro but
with lower affinity than IL-6, and thus, the in vivo relevance of
these findings remains unclear (1, 2). IL-6 engagement of IL-6Ra
induces homodimerization of the ubiquitously expressed, common
IL-6 family signaling receptor gp130 (IL-6 signaling transducer).
Mammalian IL-6, however, cannot directly engage gp130 in the
absence of IL-6Ra (3).

IL-6Ra contains an extracellular Ig-like domain, a cytokine re-
ceptor homology module, a transmembrane domain, and a non-
signaling intracellular domain. The cytokine receptor homology
module is made up of two fibronectin type III domains and is
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responsible for recognition and binding of IL-6 and gpl130
(reviewed in Ref. 4). Typical for a cytokine receptor, IL-6Ra
does not possess kinase activity. Ligand-bound IL-6Ra induces
dimerization of gp130 (5). The Janus family kinases, JAK1, JAK2,
and TYK2, are constitutively associated with the cytoplasmic tail
of gp130 and phosphorylate gp130 dimers (6, 7). The transcription
factors Stat3 and, to a lesser extent, Statl dock at any of four
C-terminal tyrosines on gpl130 (8, 9). JAKs phosphorylate the
Stat proteins inducing Stat dimerization, translocation to the nu-
cleus, and transcription of genes with IL-6-responsive elements
(10). IL-6-induced Stat3 activation is negatively regulated
by suppressor of cytokine signaling 3 and Src homology region
2 domain-containing phosphatase 2 binding to a membrane-
proximal gp130 phospho-tyrosine residue (Y759), resulting in
Ras activation and ERK signaling (11-13). Both Stat3 and Erk
activation result in cell proliferation, survival, differentiation, and
inflammation, and both are frequently upregulated in tumors.
IL-6 signaling can also occur through a soluble form of the re-
ceptor that can bind IL-6 and subsequently induce gp130 dimeriza-
tion (3). This process is known as trans-signaling and allows cells
that do not express IL-6Ra to respond to IL-6 (14). Soluble forms
of IL-6Ra occur as the result of either of two distinct processes:
alternative splicing or proteolytic cleavage (15-17). The
importance of each isoform in physiologic processes is not
clearly understood. It is known from mice overexpressing
human soluble IL-6Ra that the soluble isoform plays a role in
sensitizing cells to IL-6 signaling and prolonging IL-6 half-life
(18). Inhibition of the soluble form of IL-6Ra in vivo is sufficient
to block many of the known functions of IL-6 signaling, such as
modulation of the inflammatory response (19, 20). Neutrophil in-
filtration and apoptosis are early events in the inflammatory re-
sponse that trigger IL-6Ra shedding and subsequent monocyte
infiltration (19-22). Despite high expression of membrane-bound
IL-6Ro, human osteoblasts are unable to respond to IL-6 unless
the receptor is cleaved to produce the soluble form (23). It has not
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been well established whether any nonredundant function exists
for the membrane-bound form of IL-6Ra.

IL-6-deficient (/I6 ') mice were generated ~15 y ago (24, 25).
Their multiple phenotypic abnormalities are not surprising, because
of the pleiotropic functions ascribed to IL-6. Although /i6 '~ mice
have no apparent developmental abnormalities, they have an im-
paired capacity to mount immune responses to several pathogens
and to generate acute-phase responses (24). In addition, they have
reduced capacity for liver regeneration and develop age-related
obesity (26, 27). 1l6~'~ mice display resistance to experimental
autoimmune conditions, such as encephalitis, and protection against
bone loss after ovariectomy (25, 28). Studies using experimental
tumor models in /I6 '~ mice have reported both tumor-protective
and tumor-promoting effects for IL-6, depending on the tumor
model used (29-31). A better understanding of the functions of
IL-6 and its receptor in different contexts may provide opportunities
for more effective manipulation of IL-6 signaling in the treatment of
inflammation and cancer.

116~'~ mice display significant defects in wound healing. Wound
healing is a tightly regulated process in which platelets and fibrin
immediately fill the wound bed with an insoluble clot, and significant
neutrophil immigration occurs shortly thereafter (reviewed in Ref.
32). Re-epithelialization proceeds by adjacent keratinocyte prolifer-
ation and migration over the wound area. Neutrophils in wounds are
important for microbe neutralization, but their absence from sterile
wounds does not delay healing (33, 34). Monocyte/macrophages are
subsequently recruited and play roles in the clearance of debris and
the provision of growth and angiogenic factors. Macrophages in
wounds typically express markers indicating alternate activation
pathways with functions in tissue remodeling and angiogenesis,
rather than classically activated macrophages that function to kill
pathogens. Wounds in mice with inhibited macrophage function dis-
play excess fibrin and cellular debris and heal more slowly than those
in untreated mice (35). Wound healing is delayed in //6 '~ mice as
a result of impaired re-epithelialization, angiogenesis, and macro-
phage infiltration (36, 37).

In this paper, we report on mice with complete and conditional
deficiencies of IL-6Ra, which were generated to better understand
the relationship between soluble and membrane-bound receptor and
to identify any phenotypic discrepancies that may exist, as com-
pared with 716~/ mice. Although IL-6 and IL-6Ra are believed
to be exclusive and essential components of IL-6 signaling
in vivo, we report both similarities and differences between the
phenotypes of 116 '~ and Il6ra~'~ mice. These studies indicate an
unanticipated compensatory improvement in wound healing in
li6ra~’~ mice but not in 1/6~'~ mice, which suggests a greater
complexity in IL-6Ra function than was previously appreciated.

Materials and Methods

Generation of 1l6ra-knockout mice

IL-6ra—deficient mice were generated by the insertion of a targeting vector
into the /L-6ra genomic locus. The targeting vector included the selection
cassette loxP-frt-pMClneopA-frt in which the neo gene is flanked by frt
sites. Murine IL-6ra exons 4, 5, and 6 were inserted between the loxP
sequences. The construct was introduced into embryonic stem (ES) cells
on a C57BL/6 background for homologous recombination. To prevent
changes in the level of gene expression in mice carrying the floxed
allele, the resulting loxP sites of the recombined allele were located in
nonconserved intronic sequences known to share no sequence conservation
between mouse and human and to be devoid of transcription factor binding
sites. Recombined ES cell clones were identified by PCR, and a successful
single insertion was confirmed by Southern blot analysis. Blastocysts
containing ES cells with the floxed allele were implanted, and germline
mice were bred with Ella-cre mice on a C57BL/6 background, resulting in
the deletion of IL-6ra exons 4, 5, and 6 (the cytokine receptor binding
module) and the Neo cassette. Further breeding with C57BL/6 mice was
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carried out to remove the Cre construct, and mice were then bred to
homozygosity for the deleted /L-6ra allele. Genotypes were confirmed
by PCR analysis and Southern blotting. Studies included in this paper
have been reviewed and approved by the University of Cincinnati
Institutional Animal Care and Use Committee.

Southern blot analysis

Genomic DNA was prepared by phenol/chloroform extraction and digested
overnight with restriction enzymes. Samples were loaded onto a 0.8%
agarose gel in tris-acetate EDTA buffer and electrophoresed. The gel was
stained with ethidium bromide for 10 min in tris-acetate EDTA buffer,
imaged by UV, and then transferred overnight in 20X SSC onto a positively
charged nylon membrane (Roche, Basel, Switzerland). Digoxigenin (DIG)-
labeled probes were prepared using the PCR DIG Probe Synthesis Kit
(Roche), according to the manufacturer’s instructions. The membrane was
hybridized with 50 ng/ml DIG-labeled probe, followed by chemilumines-
cent detection with anti-DIG alkaline phosphatase Ab and CSPD substrate.

Generation and maintenance of mice with conditional
expression of IL-6Ra

Mice with a floxed allele of IL-6ra (Il6ra™*) were first crossed with FLPe*"*
mice (38) to delete the FRT-flanked Neo cassette in the targeting vector.
Progeny with successful excision of Neo, as determined by PCR, were
crossed with mice expressing Cre recombinase under the control of the
albumin promoter (AlbCre™) (39) or the lysozyme M promoter (LysM-
Cre™) (40). Progeny lacking the FLPe allele were selected for further breed-
ing. 16ra™"/AIbCre*™* mice were maintained as homozygotes for both
alleles. 116ra™"/LysMCre*~ mice used in experiments were bred from col-
onies of 1l6ra™™ and 116ra™ ﬂ/LysMCre+/ * mice. All mouse strains were on
a C57BL/6 background.

Genotyping

DNA from ear clippings was isolated by using the SYBR Green Extract-N-
Amp Tissue PCR kit (Sigma-Aldrich, St. Louis, MO). Primers for the
wild-type (WT) IL-6ra allele (5'-CTGGGACCCGAGTTACTACTT-3'
and 5'-CAGCAACACCGTGAACTCCTTT-3'), the floxed IL-6ra allele
(5'-GCCTGGGTGGAGAGGCTTTTT-3" and 5'-CCCAGTGAGCTCCA-
CCATCAAA-3"), and the excised IL-6ra allele (5'-CTGGGACAGGGA-
AGGGCTTTT-3' and 5'-CCCAGTGAGCTCCACCATCAAA-3') were used
in real-time PCR analysis. AlbCre, LysMCre, and FLPe mice were genotyped
as per protocols from their originating laboratories (JAX Mice Database, The
Jackson Laboratory, Bar Harbor, ME).

Harvesting of normal and inflammatory-challenged tissues

Spleen, liver, and lung tissues were collected from euthanized mice for
analysis. Plasma was prepared from EDTA-treated blood collected from the
retro-orbital plexus. Hepatocytes were prepared from anesthetized mice by
in situ liver perfusion and Percoll gradient separation, as described previ-
ously (41). Thioglycolate-elicited macrophages and granulocytes were col-
lected by peritoneal lavage 24 or 48 h after i.p. injection of 3%
thioglycolate broth. Cells were incubated on plastic for 1 h to enrich for
adherent macrophages. Acute-phase responses were assessed in plasma
and livers collected from mice given a s.c. injection of 100 pl turpentine
at various intervals prior to sacrifice.

Air-pouch experiments were performed as described previously (20).
Briefly, mice were injected s.c. in the center of the back with 6 and 4 ml
sterile air at days —6 and —3, respectively, to create an air pouch. In-
flammation was elicited at day O by injecting 1 ml 1% carrageenan (Sigma-
Aldrich) in PBS into the air pouch. Lavage was performed at days 3 and 7
after carrageenan administration. Lavage fluid was spun onto slides with
a cytospin (Thermo Shandon, Pittsburgh, PA) and stained with Kwik-Diff
(Thermo Shandon). Differential cell counts were performed by a hematol-
ogist (C.A.M.) on three to four microscope fields per sample.

Full-thickness excisional wounds were prepared on shaved dorsal skin
by 4-mm-punch biopsy (small wounds; Acuderm, Fort Lauderdale, FL) or
with a fine-scissor cutting around a 1-cm? template (large wounds). Mice
were housed individually, and wounds were left undressed. Wounds were
photographed and examined daily, and the percentage of wound closure was
assessed as the size of the remaining wound area relative to the original
template. Wounds were collected after 1, 2, 5, 8, and 11 d for analysis. For
MEK inhibition, wounds were treated daily with topical U0126 (10 pg
dissolved in 25 pwl DMSO; Selleck Chemicals, Houston, TX) or vehicle
alone. In other experiments, mice were given daily peritoneal injections
of Abs specific for mouse IL-6Ra (500 pg/mouse; BioExpress, West
Lebanon, NH), mouse gpl130 (7.5 pg/mouse; eBioscience, San Diego,
CA), mouse IL-27/p28 (37 pg/mouse; Shenandoah Biotech, Warwick,
PA), or rat IgG (Sigma-Aldrich) diluted to a similar concentration in PBS.
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Real-time PCR analysis

RNA from WT and /l6ra~'~ mice was isolated using the Nucleospin II Kit
(Macherey-Nagel, Bethlehem, PA). One microgram of mRNA was reverse
transcribed with the Thermoscript II Kit (Invitrogen, Carlsbad, CA). Twenty
nanograms of cDNA was used for subsequent PCR analysis. Quantitative PCR
was performed using the Realplex Mastercycler (Eppendorf) and
the following primers: L32 (Rpi32) 5'-CTTAGAGGACACGTTGTGAG-
CAATC-3" and 5'-GCTGTGCTGCTCTTTCTACAATGGCTTTT-3'; hapto-
globin, 5'-TATGGATGCCAAAGGCAGCTTTCC-3" and 5'-TCGCTGTG-
GTTCAGGAAGAGGTTT-3"; serum amyloid A (SAA), 5'-AGAGGAC-
ATGAGGACACCATTGCT-3' and 5'-AGGACGCTCAGTATTTGTCAGG-
CA-3’; and fibrinogen, 5'-GATGAACAAATGTCACGCAGGCCA-3’ and
5'-GCCCAAATAATGCCGTCGTCGAAA-3'. Each analysis was repeated
at least twice to ensure reproducibility. To ensure specificity, real-time melt
curves were analyzed, and band sizes were checked on agarose gels. Values
were normalized against murine L.32, housekeeping gene.

Western blotting and ELISA

Protein lysates were prepared from liver and spleen tissue and quantified by
proteinassay (Bio-Rad DC; Bio-Rad, Hercules, CA) for Western blotting. Re-
duced samples were electrophoresed on 8% polyacrylamide gels and trans-
ferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA).
Membranes were blocked in 5% milk for 1 h. Primary Ab dilutions were ap-
plied at 4°C overnight at the following dilutions: rabbit anti-mouse IL-6Ra
IgG (1/400; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti—3-actin
(1/1000; Cell Signaling Technology, Beverly, MA), phospho-Stat3 (1/800,
Ser727; Cell Signaling Technology), Stat3 (1/1000, C-20; Santa Cruz Bio-
technology), phospho-p44/42 MAPK, ERK1/2, and p44/42 MAPK (1/1000,
numbers 4370 and 4695; Cell Signaling Technology). Primary Abs were
detected with donkey anti-rabbit IgG-HRP (1/10,000; Novus Biologicals,
Littleton, CO) and luminol (ECL Plus; PerkinElmer, Wellesley, MA). ELI-
SAs were used to detect murine soluble IL-6Ra (R&D Systems,
Minneapolis, MN) and SAA (Invitrogen) in EDTA-treated plasma.

Histology and immunohistochemistry

Wound tissues were collected into Glyofixx fixative (Thermo Shandon) at
necropsy and processed into paraffin. A separate group of wounds was fixed
in zinc fixative (BD Biosciences, San Jose, CA) for CD31 immunostaining.
4 pm sections were prepared and routinely stained with H&E. Re-
epithelialization was assessed by measuring the percentage of the wound
area covered with keratinocytes. Immunohistochemistry was performed on
dewaxed tissues after Ag retrieval by heating in citrate buffer or EDTA
(F4/80). Sections were blocked with 10% serum, 5% BSA in TBS. Primary
Abs were used at the following dilutions: F4/80 (1/400; eBioscience),
CD31 (BD Biosciences), fibrinogen [1/1000 (42)], and arginase I (1/100;
BD Biosciences). Arginase staining was performed with the Mouse-on-
Mouse Blocking kit (Vector Laboratories, Burlingame, CA). Endogenous
peroxidase was blocked prior to adding biotinylated secondary Abs (1/200;
Vector Laboratories). ABC Elite kit (Vector Laboratories) and diamino-
benzidine (Sigma-Aldrich), VectorRed (Vector Laboratories), or Fast Red
(Sigma-Aldrich) substrates were used. Morphometry was performed by
investigators unaware of the genotypes of the mice. Vascular density
was assessed by counting luminal structures in three high-power fields
per wound. Macrophages were quantified by measuring the percentage
of two randomly selected high-power fields within the wound area that
were positive for the substrate (VectorRed) above a predetermined thresh-
old (ImagelJ software). Fibrin staining was assessed by a pathologist un-
aware of the mouse genotypes.

Statistics

Statistics were performed by the Mann-Whitney U test for pairwise com-
parisons or the Kruskall-Wallis test for multiple comparisons. Data are
expressed as average * SEM.

Results

Generation of Il6ra™"™ mice

Mice with a floxed allele of IL-6ra (Il6ra™*) were generated by
homologous recombination with a vector containing LoxP sites
around exons 4-6 and a neomycin cassette (Fig. 1A). 116ra™* mice
were crossed with Ella-Cre mice, and the offspring were interbred
to obtain mice with a complete deficiency of IL-6Ra (EIla-Cre*'~/
IL-6Ra ") (Fig. 1A). Southern blotting indicated an absence of
the WT 11-kb genomic DNA fragment and the presence of the
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predicted 9-kb excised allele in mice homozygous for the floxed
allele (Fig. 1B). Subsequent breeding to remove the Cre-
recombinase gene was performed. The absence of mRNA for
IL-6ra was determined by real-time PCR on liver and lung tissue
(Fig. 1C). IL-6Ra protein was absent from liver and spleen lysates
prepared from [l6ra”’~ mice and present in WT (ll6ra*™)
and heterozygous (Il6ra*™’~) mice (Fig. 1D). Similarly, soluble
IL-6Ra was abundant in [l6ra™ and ll6ra™~ mice and
undetectable in /[6ra”’~ mice (Fig. 1E). Although the presence
of a truncated IL-6Ra protein in /[6ra”’~ mice cannot be formally
excluded, such a product is unlikely because of 1) the presence of
an incomplete domain, 2) unpaired cysteine residues because of
the deletion of the cytokine homology domain, and 3) the inability
of a polyclonal Ab raised against the entire extracellular domain
of IL-6Ra to recognize any product in null mice while detecting
abundant product in WT mice. I[6ra~’~ mice were normal in
appearance and were born in the expected Mendelian ratio.

li6ra™"" mice have a defective response to IL-6

IL-6 is critical for the acute-phase response to s.c. injected turpen-
tine (43, 44). To assess the response of li6ra~"" mice, groups of
mice were s.c. injected with turpentine. Hepatic production of the
acute-phase reactants fibrinogen, haptoglobin, and SAA was mark-
edly diminished or absent in ll6ra™"~ mice, as assessed by real-time
PCR (Fig. 2A) and by ELISA for SAA (Fig. 2B). Similar results
were obtained in /6 '~ mice (Fig. 24, 2B), as reported previously
(43). Thus, IL-6 signaling function is abrogated in l6ra™"~ mice in
the context of generating an acute-phase response.

IL-6 has been shown to be important in the progression of inflam-
matory responses from a neutrophil-dominant phase to a macro-
phage-dominant phase (21). To determine whether this is also the
case in Jl6ra”’~ mice, we created s.c. air pouches in mice and
injected carrageenan as described previously (20). Although the
proportion of neutrophils and macrophages in the pouch fluid
was not different between the groups 3 d after carrageenan admin-
istration, neutrophil resolution was impaired after 7 d (Fig. 2C), and
macrophage infiltration was delayed (Fig. 2D) in both [I6 '~ and
ll6ra~'~ mice. Given that IL-6Ra is believed to be the exclusive
binding partner required to facilitate the interaction with the
common IL-6 family receptor gp130, it was not surprising to find
that deficiencies of either IL-6 or IL-6Ra induced the same
phenotypic abnormalities compared with WT mice.

Hepatocyte production of IL-6R« is critical for the acute-phase
response but myeloid cells secrete most of the circulating IL-6R«

IL-6Ra expression has been reported to be predominantly restricted
to hepatocytes and immune cells. To elucidate the importance of
each compartment in IL-6Ra—dependent processes, we generated
mice with conditional deficiency of IL-6Ra in either hepatocytes
or lysozyme M-expressing cells (macrophages and granulocytes)
by crossing II6ra™™ mice with mice expressing Cre recombinase
under the control of the albumin (AlbCre) or lysozyme M (LysMCre)
promoters, respectively. Significant reduction in IL-6Ra expression
was observed in hepatocytes of AlbCre**/Il6ra™" mice (Fig. 3A)
and in thioglycolate-elicited macrophages of LysMCre™/1l6ra™™
mice (Fig. 3B). Interestingly, expression of soluble IL-6Ra in
plasma was more dependent on immune cell secretion than on
hepatic production, because LysMCre*' ™ /1i6ra™™ mice had lower
levels of IL-6Ra levels (39.95% of WT) than AlbCre**/li6ra™"
mice (67.95%) (Fig. 3C). No differences were seen between WT
and 16ra™ mice lacking Cre (data not shown). It is also
noteworthy that macrophages, granulocytes, and hepatocytes
together apparently account for almost all of the circulating IL-
6Ra in unchallenged mice, because the sum of the proportional
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FIGURE 1. Generation of /L-6ra—deficient mice. A, Schematic depicting exons 2-6 of the genomic /L-6ra gene, the targeted construct containing LoxP
sites (A) around exons 4-6 and a neo cassette, and the recombined allele after Cre recombinase-mediated excision. B, Southern blot analysis of tail DNA
from WT, homozygous, and heterozygous IL-6ra—targeted alleles, indicating expected band sizes of 11 kb (WT) and 9 kb (knockout). C, Real-time PCR
with primers specific for exon 5 of murine /L-6ra indicating an absence of IL-6ra RNA in homozygous knockout mice. Data are expressed as fold change
relative to WT mice. D, Western blot analysis of liver and spleen tissue collected from mice (two of each genotype) with WT, heterozygous, and
homozygous alleles for IL-6Ra. E, Absence of sIL-6Ra in plasma of homozygous H6ra~'~ mice (n = 12) but not in ll6ra*’* (n = 11) or ll6ra™ ™ mice

(n = 12), as measured by ELISA. #p < 0.05. sIL-6R, soluble IL-6R.

deficits in circulating IL-6Ra in AlbCre**/1l6ra™™ (30.6% deficit)
and LysMCre* ™ /1l6ra™" (62.7% deficit) mice equaled 93.4% of the
levels in WT mice. To determine the contributions of hepatocytes
and immune cells to soluble IL-6Ra during inflammatory challenge,
plasma and livers were collected from mice subjected to turpentine
injection or cutaneous wounding. Despite increased expression of
mRNA for IL-6ra in livers of WT mice subjected to acute-phase
protein induction (Ref. 45 and our own unpublished data), no in-
crease in the expression of soluble IL-6Ra was seen in mice
challenged with turpentine or cutaneous wounding (Fig. 3C, 3D).
‘We next compared acute-phase reactants in mice with conditional
expression of IL-6Ra. As expected, generation of an acute-
phase response was completely muted in AlbCre**/116ra™™ mice
compared with WT or 116ra™™ mice (Fig. 3E, 3F). This is consistent
with hepatocytes being the predominant cell type responsible
for acute-phase responses. No significant difference was seen

between LysMCre* ~/116ra™™ mice and WT (Fig. 3E, 3F) or LysM-
Cre ™'~ /116ra™ mice (data not shown). Despite in vitro reports that
soluble IL-6Ra can enhance acute-phase protein expression in
HepG2 cells (46), no hepatic acute-phase response was detected
in AlbCre**/1l6ra™™ mice despite their having two-thirds of the
WT expression of soluble IL-6Ra (Fig. 3C, 3D). Apparently,
membrane-bound IL-6Ra is essential for the hepatic acute-phase
response to IL-6.

The deficit in wound healing is not as severe in H6ra™’~ mice
as in 116~ mice

It has previously been reported that wound healing is markedly
delayed in /16"~ mice (36, 37). We generated full-thickness small
and large excision wounds to determine whether IL-6Ra '~ mice
shared a similar phenotype. To our surprise, we found that /l6ra~'~
mice did not share the same dramatic delay in wound healing seen
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in 716~ mice. Instead, /l6ra”'~ mice with large excision wounds
healed almost as well as WT mice upon gross examination (Fig.
4A). 116~ mice exhibited reduced wound closure rates and
frequently had open wounds for several days longer than WT or
Il6ra”'~ mice (Fig. 5A). Differences in small biopsy punch wounds
(4 mm in diameter) were subtle, as wounds healed rapidly (data not
shown). However, large wounds of 7/6~'~ mice frequently became
expanded beyond the boundaries of the original wound (Fig. 4A),
presumably by scratching or dragging of the wound with the
mouse’s limbs. This assumption was made because the extended
edge of the wound was always on the caudal edge, which is more
accessible to the legs of mice, and because this action was
occasionally observed. Ulcers generated from this activity were
seen in only one WT mouse (1 of 12 mice; 8%) with resolution
within 24 h. I[6 "'~ mice all developed ulcers (12 of 12 mice,
100%), which had not healed at 8 d but were healing in some
mice by the 11th day. Only 2 of 11 ll6ra~’~ mice (18%)
developed ulcers adjacent to the wound area, and both were
resolved within 24 h. Whether the formation of these ulcers
was prompted by prolonged irritation from an open wound,

psychological/stress-induced defects in 7/6~'~ mice (47), or phe-
notypic defects in wound contraction was not determined.
Histological evaluation of the wound was performed to quantify
differences in the multiple processes involved in successful wound
healing. Re-epithelialization was markedly delayed in both
116"~ and Il6ra~'~ mice compared with WT mice in both large
(Figs. 4B, 5C) and small wounds (Fig. 5D). Separate experiments
performed in mice with conditional expression of IL-6Ra
indicated that hepatic expression of IL-6Ra was more important
for re-epithelialization than that of myeloid cells (Fig. 5E).
Delayed re-epithelialization in //6ra”'~ mice was an unexpected
finding because macroscopic wound closure rates were similar to
WT mice. Instead, wound contraction rates were similar in WT
and Il6ra~'~ mice but delayed in /I6 "'~ mice, accounting for the
macroscopic observation of a smaller defect in /l6ra '~ mice than
in 716"~ mice (Fig. 5A, 5B). Deficits in the formation of granu-
lation tissue were seen in both /6 '~ and ll6ra”'~ mice but were
more pronounced in /16 '~ mice. Deficits included delays in mac-
rophage infiltration (Fig. 4C, 4D), fibrin clearance (Fig. 4E),
and vascularization (Fig. 4F). These deficits have previously been
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FIGURE 4. Cutaneous wound healing occurs more
efficiently in Il6ra™'~ and 16/~ /Il6ra™"~ mice than
in 716~'~ mice. A, Photomicrographs of large excision
wounds made in dorsal skin after 2, 8, and 11 d. Scale
bar, 1 cm. B, H&E sections indicating complete ree-
pithelialization (arrows) in WT mice and impaired re-
epithelialization in other groups of mice (arrows) 11
d after large excisional wounding (original magnifica-
tion X100). C—F, Immunohistochemical analysis of
large wounds for macrophages [F4/80 Ab, day 6
(C); arginase 1 (Argl), day 5 (D); and fibrinogen
(fbg, day 8, pink/red reaction product) (E)]. “G” indi-

IL-6R-DEFICIENT MICE

1167~/ ll6ra™'-

H6- l6rarl-

I6ra!- 1167~ ll6ra--

cates granulation tissue, arrows indicate the newly
formed epithelial layer, and arrowheads point to the
superficial eschar. F, Blood vessels were indicated by
immunohistochemistry for CD31 (PECAM, day 5).

Scale bar, 100 uM (D, F); 500 pM (E). Original

magnification X400 (C, D, F) and X25 (E). Argl,
arginase 1; fbg, fibrinogen.

;L’t b

+
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reported in 116~ mice (37, 48). Both fibrin clearance and granu-
lation tissue formation can be attributed to macrophage activity
in healing wounds. Granulation tissue formation in /l6ra '~ and
116~ /1l6ra™'~ mice was variable and ranged from being similar
to WT to the severe deficits seen in 716 ™'~ mice. However, large
wounds of /I6”'~ mice consistently displayed the most severely
impaired wound healing with regard to all parameters studied except
re-epithelialization (Figs. 4, 5A, 5B).

As differences were seen in wound healing between I/6 '~ and
Ii6ra™"~ mice, we wanted to determine whether IL-6 uses another
receptor in the absence of IL-6Ra or whether the absence of the
receptor itself may account for the improved wound-healing phe-
notype in Il6ra”’~ mice. Some promiscuity exists in the
IL-6 family of cytokines as high concentrations of CNTF or the
IL-27 subunit p28 have been shown to induce a low level of sig-
naling through IL-6Ra (1, 2, 49), and differing phenotypes have
been reported between receptor and ligand knockouts for CNTE.
However, mammalian IL-6 is not known to have any activity in-
dependent of IL-6Ra. We hypothesized that if IL-6 could signal
through another receptor, then wound healing would be expected to
be delayed in mice with a combined deficit of IL-6 and IL-6Ra.
Instead, closure of large excisional wounds in /I6 '~ /ll6ra™'~ mice

occurred on a time frame most similar to 1l6ra™’~ mice, as did the
formation of granulation tissue (Fig. 4). Apparently, absence of the
receptor is more important for rescuing wound healing in /l6ra'~
mice than is promiscuous IL-6 activity.

To confirm that the depletion of IL-6Ra improves wound
contraction in /I6 '~ mice, we treated mice with Abs specific for
IL-6Ra and gp130. As expected, depletion of gpl130 delayed
wound contraction in WT mice (Fig. 5F, 5G), consistent with its
previously defined role in wound healing (50) but had no effect on
116~'~ mice (data not shown). However, although depletion of
circulating IL-6Ra did not affect wound contraction in WT mice,
it dramatically improved wound contraction in /i6 '~ mice (Fig.
5F, 5G), similar to data obtained in mice with a combined genetic
deficit of IL-6 and IL-6Ra. These data are consistent with the
notion that IL-6Ra both facilitates wound healing in an IL-6—
dependent fashion but also impairs wound healing in a manner
that does not involve IL-6. To determine whether IL-27 p28 binding
to IL-6Ra accounts for this negative effect of IL-6Ra in wound
contraction, we treated mice with an Ab specific for murine p28.
The dose used was sufficient to prevent exogenous p28 from
inducing primary murine macrophages from expressing IL-10
and suppressing IL-17 in vitro (data not shown). No difference in
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wound contraction was seen with this treatment in either WT or
116~ mice (data not shown).

To identify a mechanism that could explain the timely wound
healing observed in the absence of IL-6Ra regardless of the
presence or absence of IL-6, we investigated signaling pathways
known to be induced by IL-6Ra signaling. Stat3 phosphorylation
was reduced to a similar extent in 716", ll6ra”’~, and 116~/
Nl6ra~'~ mice (Fig. 6A) compared with WT mice at 30 min after
wounding and is therefore unlikely to explain differences between
genotypes. At later time points, Stat3 phosphorylation in knockout
mice was not different from that in WT mice (data not shown).
However, phosphorylation of the MAPK ERK1/2 was undetectable
in 716~ mice yet increased in Hl6ra~'~ relative to WT mice 1 d
after wounding (Fig. 64). ERK phosphorylation in 16~/
li6ra™'~ was similar to that of WT mice but notably higher than
that of 716/~ mice. Given the importance of ERK activation in
promoting wound healing, we wondered whether ERK activation
could account for the difference seen between mice lacking
IL-6 or IL-6Ra. To test this hypothesis, we treated mice with
a MEK1/2 inhibitor (U0126) to prevent ERK activation. Topical
application of U0126 reduced ERK phosphorylation in wounds of
both WT and /l6ra” '~ mice compared with vehicle-treated con-
trols (Fig. 6B). The difference in wound contraction rates was
significantly delayed in Il6ra~'~ mice treated with U0126 com-
pared with vehicle control-treated mice but did not reach

significance in WT mice (Fig. 6C). These data suggest that, despite
diminished Stat3 activation in 116/~ and Ii6ra™’~ mice, enhanced
ERK activation in /[6ra”'~ mice may rescue wound contraction.

Discussion

In this paper, we provide the first report of mice with a complete
deficiency of IL-6Ra and of mice with conditional deletion of
IL-6Ro.. Il6ra~'~ mice share many of the phenotypic abnor-
malities reported in 7/6 '~ mice. However, ll6ra”’~ mice do not
display the dramatic delay in wound healing seen in JI6 '~ mice.
Wound healing in mice with a combined deficit of IL-6 and IL-
6Ra resembles wound healing in WT and Il6ra™'~ mice more than
that in /I6~'~ mice, suggestive of a previously unknown role for
IL-6Ra that does not involve IL-6.

Similar to 116/~ mice, Il6ra”’~ mice show deficiencies in the
modulation of inflammatory responses. Using a model of sterile
inflammation, we show that /l6ra”’~ mice demonstrate a similar
defect in neutrophil resolution and in progression to a macro-
phage-dominated response as /16 '~ mice. Similarly, mice of both
genotypes share a complete inability to generate an acute-phase
response after inflammatory challenge with turpentine. Mice with
a conditional deletion of IL-6Ra in hepatocytes but not in
macrophages or granulocytes shared the inability of H6ra '~
mice to generate a response to turpentine. These results confirm
the importance of the hepatocyte in this response and indicate that
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FIGURE 6. ERK activation is increased in
H6ra™"~ mice compared with WT mice. A, Total
and phosphorylated (p) Stat3 and ERK were
assessed in small punch biopsy wounds collected
after 30 min (Stat3) or 1 d (ERK) by Western
blotting. Densitometry results for the blots are
provided to the right. *p < 0.05. B, Total and p-
ERKs were assessed in small wounds generated in
WTand Il6ra™"" mice treated topically with vehicle
(DMSO) or with the MEK inhibitor U0126. Wounds
were harvested after 1 d, and western blotting was
performed on lysates. C, Wound contraction was
assessed macroscopically in large wounds of WT
(left panel) and Il6ra™'~ mice treated daily with
vehicle (DMSO) or U0126. #p < 0.05.
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soluble IL-6Ra expression by inflammatory cells is neither
required nor sufficient. Given that mice with IL-6Ra deficiency
in hepatocytes still have almost two-thirds of the levels of circu-
lating soluble IL-6Ra as WT mice yet have the same defect in
generating an acute-phase response as I/6ra_'~ mice, we conclude
that membrane-bound IL-6Ra on hepatocytes is essential for the
acute-phase response.

Through studies in mice with conditional expression of IL-6Ra.,
we demonstrated that macrophages and granulocytes produce the
majority of soluble circulating IL-6Ra (62.7%) in unchallenged
and challenged mice and that hepatocytes produce most of the
remainder (30.6%). The greater contribution by immune cells is
consistent with immune cell-derived IL-6Ra being secreted and
transported to distant inflammatory sites. Soluble IL-6Ra
delivered to an inflammatory area allows IL-6 signaling through
all cells present and, hence, a rapid response to injury or infection.
Hepatic expression of IL-6Ra, however, appears to be more
relevant to cell-type—specific rapid acute-phase responses specifi-
cally mediated by hepatocytes. However, it should be noted that
differences in soluble IL-6Ra expression may exist in mice and
humans, because mice are restricted to proteolytic cleavage and
do not produce the differentially spliced form. It is of interest
that the combined hepatic and granulocytic contribution of
IL-6Ra apparently accounts for almost all (93.4%) of the soluble
IL-6Ra expression in mice. It is possible that compensation from
other compartments may occur in mice lacking IL-6Ra in particular
cell types or that incomplete knockdown of IL-6Ra in macrophages
and granulocytes with the lysozyme M promoter [95-99% efficiency
in mature cells; 75-79% efficiency in bone marrow-derived cells (40)]
accounts for residual IL-6Ra expression. However, the finding that
macrophages, granulocytes, and hepatocytes are the major producers

of soluble IL-6R« is consistent with tissue expression studies (51).
Our study did not address lymphocyte production of soluble IL-6Ra,
but it is likely that these cells produce the remaining circulating IL-
6Ra in unchallenged mice and that their production increases during
immune responses (52).

On the basis of the similarities that we found between the
phenotypes of 716 '~ and Il6ra~'~ mice, it was somewhat sur-
prising to find differences between these genotypes in wound-
healing responses. Inflammation is an influential part of wound
healing, and early granulation tissue contains many of the inflam-
matory cell types, cytokines, and angiogenic vessels typical of
inflammation. Deficits in macrophage infiltration and subsequent
fibrin clearance in JI6 '~ mice were not typical in wounds of
li6ra~’~ mice. The improved wound-healing phenotype in IL-
6Ro. ™'~ mice indicates a divergence in functionality between
IL-6 and IL-6Ra and possibly a compensatory mechanism in
the absence of IL-6Ra. As mice with a combined deficiency of
IL-6 and IL-6Ra demonstrated a wound-healing phenotype
closely aligned with that of Nl6ra™’~ mice, it is likely that the
absence of IL-6Ra played a greater role in rescuing the
phenotype in Il6ra~'~ mice than did IL-6 promiscuity. However,
mice with both deficits did not heal as efficiently as Ni6ra™’~ mice.
Therefore, we cannot eliminate the possibility that IL-6 may also
signal through a different receptor in these mice.

Many interrelated processes involved in wound healing were
improved in /l6ra~’~ mice compared with 1/6 '~ mice, including
macrophage infiltration, fibrin clearance, and angiogenesis. That re-
epithelialization was delayed in both /I6 '~ and Il6ra™'~ mice was
surprising given the differences in wound closure rates. It seems that
restored wound contraction and granulation tissue formation in
1I6ra”"~ mice accounts for the appearance that wounds are healing
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efficiently, despite the delay in keratinocyte migration over the wound
bed. Interestingly, experiments in mice with conditional expression
of IL-6Ra indicated that hepatocyte IL-6Ra was more important
in cutaneous wound re-epithelialization than that of macrophages
and granulocytes. This finding is unexpected given that most circu-
lating IL-6Ro comes from macrophages and granulocytes and be-
cause these cell types are numerous in healing wounds. Apparently,
one or more of the numerous acute-phase reactants or growth fac-
tors produced by the liver in response to IL-6 contribute to re-
epithelialization.

In both knockout mice and Ab-depletion studies, we showed that
depletion of IL-6Ra rescues wound healing in 716~ mice. No
difference in Stat3 phosphorylation was seen between any of the
wounds in the knockout mice, which in each case was less than the
phosphorylated Stat3 observed in WT mice. Similarly, the lack of re-
epithelialization in both /16—’ ~ and I/6ra~'~ mice, a Stat3-dependent
process, argues against this mechanism alone accounting for the
rescued wound healing observed in I/6ra”'~ mice. Our data imply
that IL-6Ra contributes positively to wound healing in an IL-6—and
Stat3-dependent manner but potentially hinders wound contraction
in an IL-6-independent fashion. This mechanism is unlikely to
involve other IL-6 family ligands because they predominantly
induce Jak/Stat signaling. However, because select ligands in the
IL-6 family, specifically IL-27 p28 and CNTF, have been shown to
mediate low-affinity binding to IL-6Ra in vitro (1, 2), we in-
vestigated the effect of blocking IL-27 p28 in vivo. We reasoned that
if the interaction of this ligand with IL-6Ra accounted for the
inhibitory effects of wound contraction by IL-6Re, then blocking
p28 with a specific Ab should rescue wound contraction in 716/~
mice. Instead, no differences in wound contraction were seen in
either WT or /16’ mice treated with Abs to p28. CNTF blocking
experiments were not performed because CNTF production is
restricted to glial and CNS cells, and CNTF does not possess
a signal peptide for secretion. Instead, we investigated ERK ac-
tivation as both a downstream mediator of IL-6Ra signaling (13,
53, 54) and as an important effector of wound contraction (55).
ERK phosphorylation was increased in wounds of [l6ra '~ mice
but not 716/~ mice, and blocking ERK activation with a MEK
inhibitor delayed wound healing in I/6ra~'~ mice. These data
suggest that increased ERK activation increases wound contraction
in 1I6ra~'~ mice but not in /16 ~'~ mice. We observed that topical
application of the MEK inhibitor U0126 inhibited wound contraction
to a greater extent in II6ra”"~ mice than in WT mice. Although it is
tempting to speculate that wound healing in the absence of IL-6Ra
may be more dependent on ERK activation than in WT mice, such
a conclusion would be premature, because more studies are needed to
determine the contributions of the MAPK or other signaling
pathways and mechanisms to the healing process in /6ra”'~ mice.
In addition, it should be noted that the importance of such
a mechanism remains to be determined, because it may prove to
be specific to mice or may occur only in the context of the
nonphysiological absence of IL-6Ra.

Questions still remain regarding the mechanism by which de-
letion of IL-6Ra could lead to increased ERK activation,
independently of IL-6 signaling. It could be that IL-6Ra plays
a role in gpl130 internalization and membrane expression, or
a cytoplasmic phosphorylation site of IL-6Ra (56) may be
involved in ERK suppression in the wound microenvironment.
Sparse data suggest that gpl30 and/or IL-6Ra interact with
several adaptor proteins upstream of ERK activation, such as
Grbl, Src homology region 2 domain-containing phosphatase
2, Vav, and Src family kinases (8, 53, 57-60). The depletion of
IL-6Ra protein may deregulate the balance between these positive
and negative effectors of the MAPK pathway, leading to increased
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ERK activation. In support of this idea, treatment of HepG2 cells
with soluble IL-6Ra in the absence of IL-6 led to a complete
inhibition of early growth response protein 1, a gene downstream
of ERK activation (61). Similarly, cross-talk between gpl30
and/or IL-6Ra and the EGF family receptors has been reported
in several tumor cell lines (62-66) and in primary mammary
epithelial cells (67). It is also possible that increased ERK
activation in the absence of IL-6Ra is due to indirect effects on
the expression or activity of other cytokines or on receptors other
than gp130. It is not clear what the effect of IL-6Ra deficiency
would have on these interactions. However, given the similarity
between healing wounds and the tumor microenvironment and
given that Abs against IL-6Ra are already in clinical usage in
patients with rheumatic diseases, there is a strong rationale for
better understanding this novel role for IL-6Ra in regulating
ERK activation.
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Abstract One of the earliest metastatic events in human
ovarian cancer, tumor spread to the omentum, may be
influenced by expression of interleukin 6 (IL6) and its
cognate receptor (IL6Ra). Previous reports have shown
that IL6 and IL6R« expression is elevated in the serum and
ascites of patients with ovarian cancer and that this can
influence in vitro processes such as cell survival, prolifer-
ation and migration. In this study, overexpression of
IL6R«, and to a lesser extent IL6, enhanced tumor growth
on the omentum. Moreover, adherence to plastic and to
peritoneal extracellular matrix components was enhanced
in tumor cells overexpressing IL6 or IL6Ra. Host pro-
duction of IL6 and IL6Ro was also sufficient to influence
tumor adherence to the omentum. Expression of LY75/
CD205/DEC205, a collagen-binding mannose family
receptor, was directly influenced by IL6Ra expression.
Blocking LY75 with antibody reduced the adherence of
tumor cells overexpressing IL6Ro to matrices in vitro
and to the omentum. The association between IL6Ro
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expression and LY75 expression has not been previously
reported, and the promotion of cellular adherence is a novel
role for LY75. These studies indicate that overexpression
of LY75 may be an additional mechanism by which IL6
signaling influences the progression of ovarian cancer, and
suggests that blocking LY75 could be a valuable clinical
strategy for reducing the early metastasis of ovarian cancer.

Keywords LY75 - CD205 - Interleukin-6 - Ovarian
cancer - Omentum - Metastasis

Abbreviations
IL6 Interleukin-6
IL6Ra  IL6 receptor alpha

JAK Janus-associated kinase
Stat Signal transducer and activator of transcription

ERK Extracellular signal-regulated kinase
DMEM Dulbecco’s modified Eagles medium
RFP Red fluorescent protein
Introduction

Although metastasis accounts for the majority of deaths
associated with ovarian cancer, little is known of the pro-
cesses involved. Difficulties in detecting and studying early
disease have confounded the problem. While it is known
that localized peritoneal tumor dissemination predominates
over hematogenous and lymphatic routes of spread, espe-
cially in the early stages of disease, the exact mechanisms
have remained obscure. Ovarian serosal involvement is
known to be associated with tumor cell exfoliation and the
development of malignant ascitic aggregates, but the
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cellular interactions involved in ovarian tumor metastasis
are not well defined.

The omentum, a peritoneal organ rich in adipose tissue
and immune cells, has been shown to be a preferred site of
metastatic dissemination in ovarian cancer patients.
Immune cells such as macrophages and lymphocytes are
localized to specialized structures in the omentum known
as milky spots. Tumor cells colonize the omentum via
initial contact with milky spots. The mesothelial layer
overlying much of the omentum is fenestrated over the
milky spots, exposing immune cells and extracellular
matrices rich in fibronectin, vitronectin, and collagen.
Ovarian tumor cells express integrin ligands for matrix
molecules that may influence tumor cell adhesion. The role
of immune cells in facilitating tumor cell colonization of
the omentum is not well studied.

Interleukin-6 (IL6) has been associated with the pro-
gression of multiple cancer types, including ovarian cancer.
Increased expression of IL6 in ascites fluid and serum of
patients is associated with disease stage. Recently, we
showed that the specific alpha receptor for IL6, IL6
receptor alpha (IL6Rx), is also upregulated in ovarian
cancer patients [1]. Both the membrane-bound and soluble
isoforms of IL6Ro function as agonists for IL6 signaling.
IL6 binds IL6Ro and a common family signaling receptor,
gpl130, as a hexameric complex resulting in the dimeriza-
tion of gpl30 and subsequent activation of the janus-
associated kinase (JAK)-signal transducer and activator of
transcription (STAT), Extracellular signal-regulated kinase
(ERK), and PI3K pathways. The downstream effects of
such diverse pathways can result in cell survival, prolif-
eration, migration, and anchorage-independent growth, and
affects processes such as wound healing, inflammation, and
tumorigenesis.

Many of the effects of IL6 signaling can be attributed to
activation of the Stat3 signaling pathway and the sub-
sequent increases in genes involved in cell survival and
inflammation. However, many other genes are also
upregulated by IL6 signaling. LY75 has not previously
been associated with IL6 signaling. LY75 is a mannose
family receptor expressed on thymic cortical epithelium,
myeloid dendritic cell subsets, and on other leukocytes to a
lesser extent [2—4]. LY75 has been reported to play a role
in endocytic uptake of antigen and presentation to lym-
phocytes via MHC class II molecules [2, 5]. An endoge-
nous ligand for LY75 has not yet been defined, but
targeting antigens such as HIV gag protein, Yersinia pestis
PLA protein, and the EBNAI1 nuclear antigen of Epstein
Barr Virus to LY75-specific antibodies has resulted in
lymphocyte expansion [6, 7]. Undefined ligands for LY75
have been reported in apoptotic cells and in a subset of
dendritic cells, indicating possible roles in the recognition
of dying cells and in self-tolerance, respectively [8].

@ Springer

Downregulation of LY75 has been reported in colorectal
carcinoma cell lines and has been correlated with tumor
differentiation [9, 10], indicating possible roles for LY75 in
tumor suppression. In contrast to these findings, here we
report that in ovarian cancer cells LY75 expression is
upregulated in association with IL6Ro overexpression, and
results in enhanced adherence of ovarian tumor cells to the
omentum, a process that can be blocked with antibodies
specific to LY75.

Methods
Cell culture, transfection and transductions

ES2 and SKOV3 human clear cell and serous papillary
ovarian carcinomas were obtained from ATCC. IDS, a
spontaneously transformed murine ovarian epithelial cell
line, was obtained from Dr. K. Roby (University of Kan-
sas). All cells were maintained in Dulbecco’s modified
Eagles medium (DMEM) (Cellgro) with 10% serum
(HyClone) and without antibiotics, and tested regularly for
mycoplasma. Cells were initially transfected with red
fluorescent protein (RFP; DsRed, Clontech) as previously
described [11]. The transfection of human IL6 and IL6R«
sequences (ATCC) cloned into pcDNA plasmid (Invitro-
gen) or empty vector (pcDNA) was carried out by using
JetPEI (PolyPlus Transfection). Selection was performed
with hygromycin (Invitrogen). For transductions, we used
prevalidated shRNA specific for human IL6, IL6Ra
(Sigma), or a scramble sequence known to show no cross-
reactivity to human or murine RNA (Sigma). RNA was
cloned in the pLKO.1 vector and packaged in lentivirus.
Selection was performed with puromycin (InvivoGen).

Cell proliferation and survival assays

The thiozolyl blue tetrazolium bromide (MTT) assay was
performed as described [12] with the following modifica-
tions. ES-2 (500 cells/well) and SKOV3 (1,000 cells/well)
were plated in 96-well plates in quadruplicate for 5 and
7 days, respectively. Monoclonal antibodies specific for
CD205 (10 pg/ml; AbD Serotec) and keyhole limpet
hemocyanin (mouse IgG,g isotype control antibody;
10 pg/ml; R&D Systems) and recombinant human IL6 and
IL6Ro (10 and 100 ng/ml, respectively; PeproTech) were
added as indicated. Each assay was performed a minimum
of three times.

Growth in soft agar was assessed by plating 2,500 cells
suspended in 0.4% soft agar in complete DMEM in trip-
licate in 6-well plates precoated with 0.6% agar in com-
plete growth medium, followed by incubation at 37°C, 5%
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CO,. After 12 to 14 days, colonies were stained with 0.1%
crystal violet, photographed, and counted.

Anoikis was assessed on 6-well plates precoated with
poly-HEMA (Sigma) as previously described [13]. 1 x 10°
cells per well were plated and incubated on a shaking
platform at 37°C, 5% CO, for 24 h. Viable cell were
counted with a hemocytometer after trypan blue staining.

Adhesion and migration assays

Migration was assessed by plating 50,000 cells in the top
chamber of cell-culture inserts (8 pm pore size, Thincert,
Geiner Bio-One) in serum-free media. Medium containing
10% serum was placed in the lower chamber. After 24 h,
media was removed and the top of the filter was wiped with
a Q-tip to remove non-migrated cells. Migrated cells on the
lower side of the filter were stained with Kwik-Diff
(Thermo Shandon), photographed, and counted in three
fields at 100x magnification. Assays were performed in
triplicate.

Cell adhesion was assessed by plating 20,000 cells on
uncoated 96-well polystyrene plates (Costar 3596) or on
plates precoated with human collagen I (5§ pg/well; BD
Biosciences, 354243), collagen II (2 pg/well; EMD,
234184), or laminin (2 pg/well; BD Biosciences, 354232).
After 30 min, non-adherent cells were gently removed by
washing with PBS. Remaining adherent cells were quan-
tified by adding 0.1% crystal violet and then measuring
absorbance at 570 nm (Molecular Devices Thermomax
Microplate Reader). Adherence to other matrix proteins
was assessed with ECM Fluorometric Cell Adhesion Array
Kit (Millipore) as per the manufacturer’s instructions.
Antibody blocking experiments were performed with
antibodies specific for human integrin oL (eBioscience),
LY75 (AbD Serotec), LYVE-1 (R&D Systems), integrin
o2 (R&D Systems) and MMP-2 (Oncogene) and IgG
(control antibody) at a concentration of 10 pg/ml).

In vivo and ex vivo tumor models

We used mice of the following genotypes: SCID, IL6 '™,
IL6Ra™  (Jackson Laboratories), IL6Ra ", IL6Ra™M/
LysMCre+, IL6RoV/AlbCre™ [14]. All mice were main-
tained on a C57B16 background and housed in PIV cages.
Tumor implant formation in mice was assessed in vivo
after injection of 5 x 107 cells into the peritoneum. RFP-
expressing tumor cells were imaged with a panoramic
macrofluorescence imaging system (Lightools Research,
Encinitas, CA). Images were analyzed with ImagePro
Express software (Image Processing Solutions, North
Reading, MA) to assess fluorescent tumor coverage of the
diaphragm as a percentage of total diaphragm area.

For ex vivo experiments, omental tissue was identified
and isolated as previously described [15]. Briefly, the
omentum, pancreas, and spleen were removed en bloc,
placed in ice cold PBS, and the floating omentum was
excised. Omenta were harvested either from mice in which
tumor cells were administered in vivo 6 h prior to harvest
or from naive mice for ex vivo exposure to tumor cells. Ex
vivo exposure was achieved by placing omenta in separate
wells of a 24-well plate and adding 2 x 10° tumor cells
and incubating for 6 h with gentle shaking in a CO,
incubator at 37°C. After this time, the media was replaced,
and omenta were maintained in ex vivo culture as previ-
ously described [15]. Conditioned media and fluorescent
imaging (Xenogen IVIS) data were collected at various
intervals for further analysis.

Detection of IL6 and IL6Ra mRNA and protein

Species-specific ELISAs for human and mouse IL6
(eBioscience) and IL6Roa (R&D Systems) were performed
according to the manufacturers’ recommendations. RNA
was isolated from cultured cells or murine omenta with a
Nucleospin II kit (Clontech). RNA was prepared from
patients samples with RNeasy Lipid Tissue kit (Qiagen).
cDNA was generated by gene-specific priming with the
Thermoscript II reverse transcription kit (Invitrogen).
Quantitative real-time PCR (Q-PCR) was performed with
HotStar Taq DNA polymerase (Qiagen), using the primers
listed in Supplementary Table I, and detected with the
Realplex Mastercycler (Eppendorf). Primer specificity was
confirmed by checking product sizes on an agarose gel and
by performing a melt-curve analysis on each run. Gene
expression was normalized against the human and mouse
ribosomal L32 genes.

Gene expression analysis

Publicly available datasets on ovarian cancer were taken
from the NCBI GEO database. For this study, the following
ovarian carcinoma datasets were analyzed: GSE2109
(241 samples, IntGen, 2005, https://expo.intgen.org/geo/),
GSE3149 (153 samples) [16], and GSE6008 (103 samples)
[17]. These datasets were subsequently reduced to retrieve
relevant and well represented cancer subtypes. The fol-
lowing subsets were used for analysis in this study:
GSE2109—normal ovarian tissue (4 samples) and serous
adenocarcinoma (41 samples); GSE3149—ovarian cancer
stages III (111 samples) and IV (21 samples); GSE6008—
serous surface papillary carcinoma (106 samples) and
serous adenocarcinoma (24 samples).Statistical analysis of
gene expression was conducted using the R package. Sig-
nificance of differential expression and coexpression was
set to P-value <0.0001.

@ Springer



890

Clin Exp Metastasis (2011) 28:887-897

Results

Tumor Expression of IL6 and IL6R« increase
metastasis to the omentum

We and others have previously shown that the greater
omentum is an early and preferred site of metastasis for
ovarian cancer cells [15, 18, 19]. Moreover, expression of
IL6 and IL6Ro has been associated with the progression of
ovarian cancer in patients [1, 20, 21], though no causative
relationship or mechanism have been demonstrated. To
investigate whether overexpression of IL6 and its receptor
in ovarian tumor cells can influence early tumor metastasis,
we generated expression variant cell lines using overex-
pression vectors and shRNA knockdown constructs of IL6,
IL6Ra, and control sequences. We used two human ovarian
carcinoma cell lines (ES-2, clear cell carcinoma; and Skov-
3, serous papillary carcinoma) each with low endogenous
expression of IL6 and IL6R«, in which we had previously
established stable expression of RFP. The level of
expression of RFP was not different in the IL6 and IL6R«x
expression variants, as assessed by fluorometric readings of
precounted cells (data not shown). Successful overexpres-
sion and knockdown of IL6 and IL6R« in stable cell lines
was confirmed for ES-2 by Q-PCR (Fig. la, b). Protein
overexpression was determined by ELISA (Fig. 1c) but
levels were below the limit of detection for knockdown cell
lines. Expression levels in Skov-3 cell lines was also
assessed (Supplementary Fig. 1A-C). Interestingly, a
modest increase in IL6Ro levels occurred in IL6 over-
expressing cells but these levels were much lower than that
achieved by IL6R« overexpression. No increase in IL6 was
seen in IL6Ro overexpressing cells.

To determine an appropriate means of assessing early
tumor colonization, we next injected the tumor cells into
the peritoneum of mice and confirmed that (i) the earliest
tumor colonization occurred on the omentum, as previously
shown by Khan et al. [15]; and that (ii) similar proportional
results were obtained by quantifying fluorescent tumor
cells in omental homogenate preparations or by imaging
the surface fluorescence of intact omenta (Supplementary
Fig. 1D). Thus, analyses were performed on intact omenta
to allow assessment at multiple time points. At 6 and 48 h
after intraperitoneal injection, tumor cells overexpressing
IL6 or IL6Rx accumulated on the omentum at a greater rate
than control vector-expressing cells (Fig. 1d, e). Although
the duration of in vivo tumor cell exposure was insufficient
for the development of adaptive immune responses, the
experiments were repeated in immunocompromised SCID
mice to ensure that results were not influenced by specific
lymphocyte responses. Consistent with the results in
immune-competent mice, IL6Ra overexpression enhanced
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the early accumulation of tumor cells to the omentum in
SCID mice (Fig. 1f).

Effect of IL6 and IL6Ra on proliferation, survival,
and migration in ovarian cancer cell lines

As IL6Ra expression, and to a lesser extent IL6, increased
early metastasis to the omentum, we used a series of in
vitro assays to determine whether the effects were medi-
ated by increased proliferation and/or survival, enhanced
migration, or increased adherence of tumor cells in vitro.
We found minor increases in metabolic activity by MTT
assay (Supplementary Fig. 2a), and increased anchorage-
independent growth in both IL6 and IL6Rx overexpressing
cells (Supplementary Fig. 2B). This finding is consistent
with the proliferative effects previously attributed to IL6
signaling in some cell lines [22, 23]. Reduced anoikis rates
have been reported in ovarian cancer cell lines in response
to stress, a process that also induces IL6 production [13].
To determine if decreased anoikis accounted for enhanced
survival rates in cells overexpressing IL6 and IL6Ra, we
assessed anoikis in the IL6 expression variants and did not
observe differences between the cell lines (Supplementary
Fig. 2C). Cell migration and invasion have also been
shown to be influenced by IL6 signaling and may con-
tribute to enhanced colonization of the omentum by tumor
cells. To determine if this was occurring in ovarian cell
lines, we examined the effect of IL6 and IL6R« expression
on cell migration in vitro. Migration through uncoated cell
culture inserts was not significantly different in cells
overexpressing IL6 or IL6Ra (Supplementary Fig. 2D).

IL6 and IL6Ro expression influence tumor cell
adhesion

We next examined the effect of altered IL6 and IL6R«
expression on tumor cell adherence. Initial experiments
indicated that overexpression of IL6, and to a greater extent
IL6R«, increased adhesion of ES2 and SKOV3 cells to
plastic (Fig. 2a). To determine the effect of IL6 and IL6R«
expression on adherence to individual matrix proteins rel-
evant to the peritoneal environment, cells were assayed on
culture plates precoated with extracellular matrices.
Overexpression of IL6 and IL6Ro enhanced adherence to
laminin and collagen I and II, compared with empty vector-
expressing cells (Fig. 2b), but not to fibronectin, vitronec-
tin, tenascin, or collagen IV (data not shown). Similar to
the results with the plastic substratum, the enhancement of
attachment was more pronounced in cells overexpressing
IL6Ru as opposed to IL6. Interestingly, knockdown of IL6
and IL6R« did not significantly reduce adherence in ES2 or
Skov3 cell lines (Fig. 2b). This result may reflect the low
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Fig. 1 IL6 and IL6Ro expression increases early metastasis to the
omentum. a ES-2 cell line overexpressing human IL6 (left panel) or
IL6Ra (right panel) and control vector (CV) were generated, and
mRNA expression was analyzed by Q-PCR. Two lines (A and B) were
tested for each construct. Data are expressed as fold change compared
with cells expressing empty (control) vector (CV; overexpression
experiments) or a scrambled sequence (pScramble; knockdown exper-
iments). b ES-2 cell lines with knockdown constructs for IL6 (left
panels) or IL6Rw (right panel) were generated and analyzed for IL6 and
IL6Ro mRNA expression by Q-PCR. ¢ Increased IL6 or IL6Ra protein
expression was detected by ELISA of conditioned media collected from

levels of endogenous IL6 and IL6Ra expression in the
parental cell lines. In a scenario wherein IL6 signaling in
tumor cells is minimal or low, adherence would be
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f Representative images of omenta 48 h after intraperitoneal injection
of ES-2 cells (in vivo imaging)

determined by other adhesion molecules known to be
expressed in ovarian cancer cells such as integrins, [CAM-
1, and VCAM-1, and by proteolytic cleavage of matrix
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proteins [24-26]. However, given that IL6 and IL6R« are
frequently overexpressed in ovarian cancer, IL6 signaling
may represent an additional important mechanism.

As IL6Ru levels were more dramatically upregulated
than IL6 by transfection with overexpression constructs,
we incubated cell lines with exogenous IL6 and IL6R« to
determine whether adhesion could be further enhanced in
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Fig. 2 IL6 and IL6Rx overexpression enhances adhesion of ovarian
tumor cell lines. a Adherence to plastic was increased in ES-2 cells
overexpressing IL6 or IL6Ro compared with empty vector (CV).
Adherence was assessed by increased optical density (570 nm) after
crystal violet staining. b Adherence to collagen I and II and to laminin
was increased in ES-2 and Skov-3 cells, as assessed in (a). Results are
expressed as percent inhibition relative to the same cell line exposed
to vehicle alone £S.E.M. *P < 0.05
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IL6 overexpressing cells to reach the level of adherence
observed in IL6Ra overexpressing cells. While soluble IL6
had only a minor effect on the adherence of cells over-
expressing IL6Ro, exogenous administration of soluble
IL6R« enhanced the adherence of IL6-overexpressing cells
to plastic almost to the levels of IL6Ra-overexpressing
cells (Supplementary Fig. 3). Control vector-expressing
cells showed augmented adherence after exogenous
administration of both IL6 and soluble IL6Rw, but the
levels did not reach those of IL6- or IL6Ra-overexpressing
cells. Doses of IL6 and IL6R« higher than those shown did
not further enhance adherence. This may suggest limita-
tions in the administration or availability of exogenous IL6/
IL6Ra or an adherence advantage in cells that express
autocrine IL6 or IL6Rw. These experiments indicate that
the exaggerated adherence phenotype of cells over-
expressing IL6Ro compared with IL6 was at least partly
accounted for by the greater expression of IL6Re, and
perhaps that IL6R« rather than IL6 is the limiting factor in
the cellular environment. The absence of IL6 in the culture
media or FCS indicates that endogenous production of IL6
by tumor cells is the predominant source.

Host IL6Ra expression contributes to tumor spread
to the omentum

Although tumor cells are believed to be an important
source of IL6 and IL6Ro within the tumor microenviron-
ment, both IL6 and IL6R« are secreted in soluble forms
that contribute to IL6 signaling. Therefore, host expression
of IL6 and IL6Ra may be important in any phenotype
conferred upon tumor cells. To determine whether host IL6
or IL6Ra could influence tumor cell adherence to the
omentum, we injected tumor cells expressing only the
empty vector into mice with a complete genetic deficiency
of IL6 or IL6Ra. The absence of host-derived IL6 or IL6R«
significantly reduced the adherence of tumor cells to the
omentum, with the greatest effect on IL6Re ™"~ mice
(Fig. 3a). This suggests that host IL6/IL6Ra expression
may also influence tumor adherence to the omentum. No
additive effect was seen in mice with a double deficiency of
IL6 and IL6Ra (Fig. 3a) indicating that the tumor-
promoting effects of IL6 and IL6Ro utilize the same
mechanism, most likely the IL6 signaling pathway.
Through our previous experiments involving mice with
conditional IL6R« deficiency, we identified myeloid lineage
cells as the primary source of circulating IL6R«, in both basal
and inflammatory states, and hepatocytes as the secondary
source [14]. To determine which source of IL6Ra was
important for tumor adherence to the omentum, tumor cells
were administered to mice with IL6Ro deficiencies in either
hepatocytes (IL6Ro™"/AlbCre™) or myeloid lineage cells
(IL6RaY ﬂ/LysMCre+). The perturbation of tumor adherence
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Fig. 3 Host IL6Ra expression contributes to tumor cell adherence to
the omentum. a Mice with deficiencies in IL6 and/or IL6Rx were
injected i.p. with 5 x 10° ES-2 cells expressing control vector. After
6 h, omenta were harvested, imaged to detect fluorescence, and
cultured ex vivo for 48 h and then imaged again. Results represent the
surface area of the omentum to which fluorescent tumor cells had
adhered, expressed as arbitrary fluorescence units £S.E.M. b Mice
with conditional deficits of IL6Ro were treated the same as in (a) and
imaged after 12 and 48 h. ¢ Naive omenta were harvested from mice
with conditional and complete IL6Ro deficits and ES-2 tumor cells
(2 x 10°) were added ex vivo. The graph shows tumor adherence
after 6 h in ex vivo culture, expressed as arbitrary fluorescence units
+S.EM. *P < 0.05

was greater in IL6Ra™"/LysMCre™ mice (Fig. 3b). In fact,
the level of adherence mirrored the contribution of each cell
type to circulating levels of IL6Ro in that IL6Ro™™ mice had
the greatest tumor adherence, followed by IL6Ra™%/Alb-
Cre™ mice, IL6R«™/LysMCre", and IL6R™'~ mice. In
order to determine if macrophages of the omentum could
directly contribute to tumor cell adherence by production of
IL6R«, we administered tumor cells to omenta ex vivo.
Without the contribution of extra-omental sources of IL6Ra,
a greater reduction in tumor adherence was observed in
omenta from IL6Ro™/LysMCre* mice than IL6Ra™/
AlbCre ™" mice or IL6R«™ mice (Fig. 3c). This finding may
indicate an important and potentially targetable role for

milky spot macrophages of the omentum in facilitating
ovarian tumor metastasis via IL6Ra production.

IL6Ru expression enhances LY75 production

To address the mechanism by which IL6 signaling may
influence cellular attachment to the omentum, we investi-
gated molecules known to be relevant to the omental
environment. We asked whether IL6Ra overexpression in
cell lines affected the expression of fibrillar collagen-
binding receptors [integrin f1 (ITGB1), discoidin domain
receptor 2 (DDR2), glycoprotein VI (GP6), leukocyte-
associated IG-like receptor-1 (LAIR-1)] and the mannose
receptor family members (MRC1, MRC2, LY75, PLA2R),
and of several other adhesion molecules that are present in
the ovarian tumor/omental microenvironment, including
integrins 3, o2, a4, oS5, ol1, al., oM, oV; ICAMI; and
VCAMI. While IL6 and IL6Ro overexpression showed
some correlation with the expression of MMP2, CLDN4,
ITGA2, ITGAL, LYVE1, MUCI16, and LY75, the most
consistent effect involved LY75 mRNA. LY75 mRNA
expression was upregulated in both ES-2 and Skov-3 cells
overexpressing IL6 and IL6R« and was decreased in cells
in which endogenous IL6 and IL6Ra expression had been
knocked down (Fig. 4a). Previously reported fusion pro-
teins consisting of regions of LY75 and DCL-1 in human
samples [27] were not detected by Q-PCR (data not
shown). Addition of exogenous IL6 and IL6R« to parental
cells enhanced the expression of LY75 mRNA (Fig. 4a).
Flow cytometry indicated that increased expression of
LY75 protein was also observed on the surface of cells
overexpressing IL6Ra (Fig. 4b).

Antibody blocking experiments were performed to
determine whether the enhanced adherence exhibited by
IL6Ra-overexpressing cells could be attributed to MMP2,
CLDN4, ITGA2, ITGAL, LYVE1l, MUC16, or LY75
expression. Only the antibody specific for LY75 resulted in
decreased in vitro adherence of IL6R« overexpressing cells
(Fig. 4c). This antibody had little or no effect on control
vector-expressing cells (Fig. 4c). Blocking LY75 did not
affect cell proliferation in cells overexpressing IL6Ro or
control vector (data not shown). Adherence to murine
omentum was next tested in ex vivo cultures. Again, the
blocking antibody to LY75 significantly reduced the
attachment of tumor cells overexpressing IL6Ra (Fig. 4d).
Perhaps not surprisingly, the antibody also had a significant
effect on the empty-vector-expressing cells. The presence
of host IL6Ra in the omenta may have contributed to this
inhibitory effect. To determine the effect of the anti-LY75
antibody in mice lacking IL6R« expression, the experiment
was repeated on omenta from IL6Ro '~ mice. Compared
with the IgG2B-specific control antibody, the antibody
against LY75 had a greater inhibitory effect on tumor

@ Springer



Clin Exp Metastasis (2011) 28:887-897

894
A ES-2
30 *
20 *
g 104
5 *
w0
m
o
Q
£
o
5 1 s
w S “\\,ﬁqp 60‘0 &
Sy &
x W
0.2
B C

100

Counts
-
(=1
(=]

Adherence (% of control)

Skov-3
2
x %
=)
o
8 16 e & &
£ oxg}v R V@Q’
o A
o
w
0.2

2 3
1 10 | yps 10 10 80

14004

- -
o N
2 o
o o
PR

800 1
600 1
4004
200 *
G 6 6 & o
e \-}‘\ B \-}'\ ‘\07'

cv IL6Ra OE

Tumor Adherence
(arb. fluor. units)

Fig. 4 IL6 and IL6Ro expression correlates with LY75 expression
and tumor adherence. a Q-PCR indicating that the manipulation of
IL6 or IL6Ra expression results in concomitant increases in LY75
mRNA expression in both ES-2 (left panel) and SKOV-3 (right panel)
cell lines. Exogenous IL6 and IL6Ro concentrations were 10 and
100 ng/ml, respectively. b Flow cytometric analysis of LY75
expression on ES-2 cells expressing control vector (shaded histo-
gram) and IL6Ra (open histogram). The inset shows the IgG control
and LY75 antibody for the control vector-expressing cells. ¢ Preincu-
bation of tumor cells with anti-LY75 and anti-LYVE-1 antibodies
(10 pg/ml) significantly inhibited adherence of IL6Ra-overexpressing

adherence in wild-type mice than in IL6Ro '~ mice
(Fig. 4e). These data indicate that both host- and tumor-
derived IL6Ro can influence LY75 expression and sub-
sequent tumor adherence to the omentum.

LY75/CD205/DEC205 in ovarian cancer
As there was little available in the published data to

explore a relationship between IL6Rx and LY75 expres-
sion, we performed an analysis of studies deposited in the
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NCBI GEO database. We found that LY75 is significantly
overexpressed in serous adenocarcinoma compared with
normal ovary (Fig. 5a), and consistent with our data, we
found positive correlations between LY75 and IL6R«
expression in two independent datasets on ovarian cancer
[GSE2109, n = 130 (Fig. 5b) and GSE3149, n = 132
(data not shown)]. Insufficient information was provided to
identify a potential correlation between tumor stage and
LY75 expression. A significant correlation between LY75
and IL6 was not found. This may reflect the multiple
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Fig. 5 IL6Rx and LY75 A
expression in public databases.
a Significant overexpression of
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(grade I-1II; n = 41) as
compared with normal ovary
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pathways affecting IL6 production and/or that IL6R« rather
than IL6 expression may be rate-limiting in IL6 signaling.

Discussion

IL6 expression, which has been linked to the progression of
several cancer types, is upregulated in ovarian cancer.
However, IL6 signaling influences tumor progression in
both positive and negative ways and via multiple pathways.
A clearer understanding of how IL6 influences particular
cell types in the appropriate tumor microenvironment will
be required to specifically target the metastatic pathways
that influence tumor-induced mortality. Here we have
shown that LY75 is upregulated as a result of IL6R«
expression and that it contributes to ovarian tumor cell
adherence to the omentum. This finding suggests that LY75
is a potential target for reducing the early metastasis of
ovarian cancer within the peritoneum.

In the current study, we have shown that altering the
expression of IL6 and IL6R« in tumor cells can affect the
adherence of tumor cells to several substrates including
plastic, collagen types I and II, laminin, and the surface of
the omentum, and that this effect can be blocked by anti-
bodies to LY75. Minor changes in cell proliferation were
also seen with increased IL6 and IL6Ro expression, but
these changes were not blocked by antibodies to LY75.
Given the increased expression of IL6 and IL6Ra expres-
sion in ovarian cancer, we therefore propose that LY75
expression is increased in tumor cells as a result of
increased IL6 signaling. Although murine IL6 exhibits
species specificity for murine IL6R«, human IL6 does not.
Therefore, the availability of tumor-derived human IL-6 in
our model facilitates IL6 signaling and the subsequent
induction of LY75 in tumor cells. However, according to
our in vitro and in vivo data in knockout mice, both tumor-
and host-derived IL6Ra can influence tumor LY75 pro-
duction and subsequent adherence. This is perhaps not
surprising as it is known that IL6R« is secreted as a soluble

Tumor -4 -2 0 2 4

agonist in IL6 signaling. In fact, our data in conditional
IL6Rx-deficient mice suggest that myeloid cells within the
omentum, most likely milky spot macrophages, may pro-
vide sufficient IL6Ro to enhance tumor adherence. Given
that the presence of a tumor, or the inflammation associated
with the tumor, can induce increased expression of host IL6
and IL6R« [1, 11], it is likely that host proteins may be
advantageous targets for reducing early metastasis of
ovarian cancer.

Neither IL6 nor IL6Ra expression have previously been
linked to increased LY75 expression. However, both IL6
and LY75 are associated with dendritic cell maturation and
lymphocyte expansion, and both are upregulated in human
B cells treated with IL4 [28]. This suggests not only that
their induction may occur as a result of a shared pathway,
but that their function may be related. Our data showing
that IL6R« expression leads to increased LY75 expression
in tumor cells is supported by correlations revealed through
the examination of large public databases that contain
information on many patients with ovarian cancer.

The LY75 gene is located in a cluster of transmembrane
C-type lectin receptors on chromosome band 2q24 [3]. The
LY75 receptor is a single polypeptide chain receptor with a
short cytoplasmic domain containing functional endocyto-
sis motifs that direct its internalization through clathrin-
coated pits to endosomes for MHC loading and subsequent
immune responses [29]. The cytoplasmic domain is also
believed to play a role in interleukin-4 receptor signal
transduction. The extracellular domain consists of an
N-terminal cysteine-rich domain, a fibronectin type II
domain, and ten C-type lectin domains that lack carbohy-
drate-binding function [2, 5]. The undefined cellular
ligand/s for LY75 are expressed by both live and necrotic
cells, and bind within the C-type lectin domains [8]. The
fibronectin domain is the most highly conserved of all the
extracellular domains of the mannose receptor family and
is predicted to bind collagen [30, 31]. Antigen presentation
is the main function attributed to LY75. Targeting antigens
to LY75 for uptake in the absence of dendritic cell
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stimulatory factors leads to self-tolerance, while the addi-
tion of maturation stimuli such as toll-like receptor ligands
or antibodies to CD40 induce specific immune responses
[32-34]. Interestingly, unlike other mannose receptor
family members, LY75 is upregulated in mature dendritic
cells as a result of both increased transcription and
increased shuttling to the cell surface, and this increase
coincides with decreased endocytic activity [27]. These
findings may indicate a role for LY75 that is independent
of endocytosis and antigen presentation. As mature den-
dritic cells typically home to secondary lymphoid organs,
LY75 may play a role in cell-cell or cell-matrix interac-
tions. Likewise, tumor cells overexpressing LY75 may also
home to secondary lymphoid organs such as the omentum,
as suggested by our data.

The gene for DCL-1/CD302 is immediately adjacent to
LY75 and forms an intergenic splice variant with LY75
consisting of the intracellular and transmembrane domains
of DCL-1 and the extracellular domain of LY75 with an
additional C-type lectin domain [27]. This fusion protein
has been detected in Hodgkin’s Lymphoma cell lines [35]
and in small amounts in some myeloid dendritic cells [27].
We were unable to detect LY75/DCL-1 fusion protein in
human ovarian tumor cell lines in our mouse model.
However, similar to LY75, DCL-1 is predicted to have
endocytic and cell-adhesion functions with little or no
lectin-binding capacity [36]. The predicted collagen-bind-
ing properties of LY75 may enhance cell adhesion in the
peritoneal environment.

Tumor expression of LY75 has been reported to be
diminished in some malignancies such as breast and rectal
carcinoma and unchanged in urothelial carcinoma, relative
to non-tumorigenic tissue [9, 10, 37], Interestingly, TERT
immortalization of urothelial cells is associated with
downregulation of LY75 [38]. The association of LY75
with higher differentiation and decreased proliferative
potential in colorectal carcinomas suggests that LY75 may
suppress tumor growth, a role similar to, and perhaps
involving, interleukin-4 receptor [37]. No associations
between LY75 expression and ovarian cancer have previ-
ously been reported, but depletion of LY75-positive den-
dritic cells delays ovarian tumor progression in a mouse
model [39]. This antitumor effect also occurred when
CDl1c-positive dendritic cells were depleted, and the
mechanism involved enhanced antitumor immunity and
reduced tumor vascularization [39]. As we did not
manipulate the number of LY75-expressing dendritic cells
in vivo, and as our adherence phenotype occurred in vitro
in the absence of immune cells, our IL6Ro-induced LY75
adherence phenotype likely represents a novel function for
LY75.

The combination of the specific tumor microenviron-
ment, ascitic dissemination pathways, and early omental
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colonization may create a situation in which LY75
expression favors the colonization of ovarian tumors.
Increased expression of IL6 and IL6Ro in patients with
ovarian cancer may enhance LY75 expression in tumor
cells and facilitate tumor adherence and colonization of the
omentum. Indeed, we found a previously unreported cor-
relation between IL6Ro and LY75 expression in patients
with ovarian cancer in large public databases, providing
some clinical significance for our findings. Our study
therefore demonstrates a novel mechanism by which IL6
signaling may contribute to tumor progression and suggests
an opportunity for reducing the mortality associated with
ovarian cancer.
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