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PROJECT TASKS

TASK 1. To examine the mechanism by which IL-17 induces angiogenesis. We will: (time frame, months 1-13)

la. determine whether IL-17 contributes to RA synovial fluid (SF)-induced angiogenesis employing HMVEC
chemotaxis in vitro as well as in matrigel plug assay in vivo. (time frame, months 1-5). As indicated in the progress
report we have examined the contribution of IL-17 to RA SF-mediated in vitro studies as well as role of IL-17 in
matrigel plug assay in vivo.

1b. examine which IL-17 receptor is involved in RA SF-induced angiogenesis in vitro. (time frame, months 6-9).
We have demonstrated that IL-17 RC plays an important role in RA synovial fluid mediated endothelial cells. We may
need to confirm our results using IL-17RA-/- mice. In that event we will require 20 mice per treatment group in three
different groups (IL-17, PBS and bFGF). Hence we will require 60 C57BL/6 mice.

1c. investigate whether PI3K pathway is required for IL-17-induced chemotaxis in vitro and whether AKT-/-
mice are deficient in IL-17-mediated blood vessel formation in matrigel plug assay in vivo. (time frame, months
9-13). We have shown that AKT is important in IL-17 mediated endothelial migration. We will continue to work on the
animal experiments. In the first set up we will require (6 treatment groups x20 mice) 120 C57BL/6 mice, and for the
second set up we will require (3 treatment groups x20 mice) 60 C57BL/6 mice. This aim will totally require 180 mice.

TASK 2. To determine whether IL-17 plays a role in endothelial cell homing in RA ST severe combined
immunodeficient (SCID) chimera model. We will: (time frame, months 14-24)

2a. examine whether IL-17 injected into RA ST engrafted into SCID mice plays a role in HMVEC cell homing.
(time frame, months 14-18).In aim 2a we will require 10 mice in three treatment groups (IL-17, PBS and bFGF),
therefore we will need 30 SCID mice for this subaim. As an alternative approach we may need to use an adenoviral
vector (Ad) expressing IL-17 and or CMV control. In that event we will require 10 mice in 4 treatment groups (Ad-IL-
17, Ad-CMV, PBS and bFGF). Hence 40 SCID mice will be utilized. This subaim may require 70 SCID mice in total.
10 different RA synovial tissues will be implanted into the SCID mice employed in each treatment group.

2b. investigate whether neutralization of IL-17 and/or specific 1L-17 receptor could reduce HMVEC cell
migration into RA ST engrafted into SCID mice. (time frame, months 18-21).For aim 2b we will require 10 mice
per 7 treatment groups (anti-IL-17RA, anti-1L-17RC, anti-IL-17RA and RC, anti-IL-17, 1gG control, PBS and bFGF)
therefore we will require 70 SCID mice. 10 different RA synovial tissues will be grafted into the SCID mice utilized in
each treatment group.

2c. determine whether IL-17 synergizes with TNF-a, in mediating endothelial cell homing into RA ST engrafted
into SCID mice. (time frame, months 21-24). For aim 2c we will require 10 mice per 6 treatment groups (IL-17,
TNF-a, IL-17 plus TNF-a, 1gG control, PBS and bFGF), therefore we will require 60 SCID mice. 10 different RA
synovial tissues will be implanted into the SCID mice used in each treatment group.

TASK 3: to examine the indirect role of IL-17 in mediating angiogenesis and arthritis. We will:

(time frame, months 24-36)

3a. examine whether IL-17-induced angiogenesis in vitro will be suppressed by blocking VEGF.

(time frame, months 24-26).For aim 3a we will require 3 to 5 different HMVEC lines which will be purchased from
Lonza.

3b. investigate whether IL-17 angiogenesis in matrigel plug assay in vivo is due to VEGF.

(time frame, months 26-30). In aim 3b we will require 20 mice in four treatment groups (IL-17 plus 1gG, IL-17 plus
anti-VEGF, PBS and bFGF), therefore we will need 80 C57BL/6 mice for this subaim. As a potential pitfall we may
need to use 80 CXCR2-/- mice (20 mice in four treatment groups) in order to determine whether IL-17-induced
angiogenesis is partially through corresponding ligands to CXCR2.

3c. determine whether neutralization of VEGF ameliorates IL-17-induced arthritis in mice.

(time frame, months 30-36). In aim 3c we will require 20 mice in four treatment groups (Ad-I1L-17 plus IgG, Ad-IL-
17 plus anti-VEGF, Ad-CMV control plus 1gG and Ad-CMV control plus anti-VEGF), therefore we will need 80
C57BL/6 mice for this subaim. Alternatively we may need to neutralize joint CXCL1 and CXCLS5 in this experimental
arthritis model to determine whether IL-17-induced arthritis and angiogenesis is partially mediated through these
chemokines. In that event we will require 20 mice in four treatment groups (IgG control, anti-CXCL1, anti-CXCL5 and
anti-CXCL1 and 5) therefore we will need 80 mice. This subaim may require 160 C57BL/6 mice in total.
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The specific aims of this proposal will remain unchanged and will be performed as initially
proposed.

INTRODUCTION

TH-17 cells are a newly discovered CD4 helper T-cells that produce interleukin-17A (also known as
IL-17). IL-17 is found in Rheumatoid Arthritis (RA) synovial tissue and fluid, and the percentage of
TH-17 cells is significantly higher in RA synovial fluid compared to RA or normal peripheral blood (1,
2). IL-17 has been shown to have a profound effect in experimental models of arthritis however its role
in Rheumatoid Arthritis is undefined. Angiogenesis is an early and a critical event in the pathogenesis
of RA. Since our preliminary data suggests that IL-17 plays an important role in RA angiogenesis, this
grant was proposed to determine the mechanism by which IL-17 induces neovascularization.

Our overriding hypothesis is that IL-17 mediates angiogenesis in RA through activation of the PI3K
pathway, and this effect may be dependent or independent of other proangiogenic factors. To test this
hypothesis we will investigate the contribution of IL-17 and its receptors to RA synovial fluid-mediated
endothelial migration and blood vessel growth. We will also identify signaling pathways that are
involved in IL-17-mediated neovascularization and examine whether mice deficient in a particular
signaling pathway are unable to mediate neovascularization through IL-17. To further examine the role
of [L-17 and its synergistic effect with TNF-a in inducing HMVEC migration in vivo, we will employ a
RA synovial tissue (ST) severe combined immunodeficient (SCID) chimera mouse model.
Additionally, the indirect role of IL-17 in induction of angiogenesis and arthritis will be examined by
blocking the effect of VEGF in in vitro and in vivo models of angiogenesis and experimental arthritis.
The unmet need is to elucidate the mechanisms by which IL-17 mediates angiogenesis in RA and to
determine whether targeting IL-17 and/or its intermediary molecules will provide a therapeutic
intervention for RA patients.

BODY

This report is written demonstrating our annual progress and research results are demonstrated
according to the tasks outlined in the statement of work.

In task 1, we proposed to examine the mechanism by which 1L-17 induces angiogenesis, (time frame,
months 1-13).

la. determine whether IL-17 contributes to RA synovial fluid (SF)-induced angiogenesis
employing HMVEC chemotaxis in vitro as well as in matrigel plug assay in vivo. (time frame,
months 1-5).

We asked whether the IL-17 identified in human RA synovial fluid is chemotactic for human
microvascular endothelial cells (HMVECs). In these experiments, we demonstrated that human RA
synovial fluid is chemotactic for HMVECs, similar to positive control VEGF (Figure 1A).
Furthermore, human RA synovial fluid immunodepleted with anti-IL-17 significantly reduced HMVEC
chemotaxis (p<0.05), compared with control IgG-treated fluids (Figure 1A). Interestingly, angiogenic
factors present in human RA synovial fluid are mostly produced by RA synovial tissue fibroblasts
(VEGF, bFGF, VCAMI, IL-6 and ELR+ CXC chemokines) or macrophages (TNF-a, IL-8 and IL-1f)
(3). IL-17 is the only lymphokine that contributes to human RA synovial fluid-mediated angiogenesis,
suggesting that T cells may also be important in this process.

A recent publication demonstrated that tumor growth in subcutaneous and lung metastases are
enhanced in IL-17-/- mice compared to the wild type controls, suggesting that IL-17 may suppress
tumor development (4). Conversely, others have shown that IL-17 markedly increases
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neovascularization in rat cornea (5) and vascularization in tumors (6), indicating that IL-17 may
promote angiogenesis. However, there is also evidence demonstrating that IL-17 induces production of
proangiogenic factors including nitric oxide (NO), hepatocyte growth factor (HGF), CXCL1/KC,
CXCL2/MIP-2, prostaglandin (PGE)1, PGE2 and VEGF from RA synovial fibroblasts, and the

production of some of these factors is further enhanced by TNF-a (7).

Since production of potent proangiogenic factors such as VEGF is induced by IL-17 in RA synovial
tissue fibroblasts and HMVECs (Figure 2) we therefore asked whether neutralization of both VEGF and
IL-17 may have a stronger effect in reducing RA synovial fluid-induced endothelial migration. Our
results demonstrate that immunodepletion of IL-17 and VEGF in RA synovial fluids does not have an
additive or synergistic effect in reduction of HMVEC migration beyond the effect noted with
neutralization of one factor alone (Figure 1B). As shown with IL-17(8), VEGF-induced HMVEC
chemotaxis is mediated through PI3K (9, 10). Therefore, the lack of synergy between IL-17 and VEGF
in inducing HMVEC chemotaxis may be due to both mediators using the same signaling pathway or
that as shown previously HMVEC cell migration is within a bell shaped curve (11, 12); therefore, the
synergistic effect could not be detected.
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Figure 1. RA synovial fluid-induced HMVEC chemotaxis is mediated by IL-17 and IL-17 does
not synergize with VEGF in RA synovial fluid induced HMVEC migration. A. anti-IL-17 (10
pg/ml) or control IgG was added to RA synovial fluids from 8 patients (1:20 dilution) (1h at 37°C) prior
to performing HMVEC chemotaxis in response to human RA synovial fluids. B. RA synovial fluids
from 8 patients (1:20 dilution) were incubated with antibodies to IL-17 (10 pg/ml), VEGF (10 pg/ml),
or both as well as isotype control, PBS or VEGF for 1h prior to performing HMVEC chemotaxis in
response to RA synovial fluids. The values represent the mean + SE. * represents p <0.05.
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Figure 2. 1L-17 induces expression of VEGF from RA synovial tissue fibroblasts and HMVECs.
RA synovial tissue fibroblasts or HMVECs were either untreated or treated with IL-17 (50ng/ml) for
various time points. Thereafter, the mRNA was harvested and used to measure VEGF mRNA levels in
RA synovial tissue fibroblasts (A) and HMVECs (B) by real-time RT-PCR. The data are shown as fold
increase above untreated cells and are normalized to GAPDH. Values are the mean = SE, n=4.

1b. examine which IL-17 receptor is involved in RA SF-induced angiogenesis in vitro. (time
frame, months 6-8).

We have previously shown that HMVECs express both IL-17 receptors (8). These experiments were
performed to determine which IL-17 receptor is involved in HMVEC tube formation and chemotaxis.
IL-17 induced HMVEC tube formation in matrigel was examined employing concentrations of IL-17
ranging from 0.001 ng/ml to 100 ng/ml, the optimal concentration of IL-17 to induce HMVEC tube
formation was 50 ng/ml (p<0.05) (data not shown). Neutralization of IL-17RC (30%) or both IL-17
receptors (45%) on HMVECs significantly decreased (p<0.05) IL-17-mediated HMVEC tube formation
(Fig. 3A-G). Blockade of IL-17RA alone was inefficient in this process. Consistent with the HMVEC
tube formation data, some reduction of HMVEC chemotaxis was noted with an anti-IL-17RA antibody,
although it was not significant. Inhibition of chemotaxis was significant when IL-17RC (40%) or both
receptors (47%) were neutralized (Fig. 3H). Collectively, our data suggest that IL-17RC plays a
more important role in IL-17-mediated HMVEC tube formation and chemotaxis compared to IL-
17RA.
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Figure 3. IL-17-mediated HMVEC tube formation and chemotaxis is mediated primarily through
IL-17RC. HMVECs were incubated with antibodies to IL-17RA, IL-17RC, both IL-17RA and RC or
IgG for 45 minutes at 37°C. Cells were then added to polymerized matrigel, IL-17 (50ng/ml) was
placed in the wells, and the plate was incubated for 16h at 37°C (in triplicate). Photomicrographs taken
of representative wells treated with PBS (A), FGF (20 ng/ml) (B), IL-17 (50 ng/ml) plus 1gG (C), IL-17
(50 ng/ml) plus anti-IL-17RA (10ug/ml) (D), IL-17 (50ng/ml) plus anti-1L-17RC (10ug/ml) (E) and IL-
17 (50ng/ml) plus anti-IL-17RA and RC (10ug/ml) (F) in which IL-17-induced tube formation is
significantly reduced by the neutralization of IL-17RC or both receptors (p<0.05). (G.) Data presented
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demonstrates mean number of branch points/tubes in each treatment group from three experiments. (H.)
HMVECs were incubated with mouse anti-human IL-17RA and IL-17RC antibodies (10ug/ml) or
control IgG (10ug/ml) for 1h. Thereafter HMVEC chemotaxis was performed in response to IL-17 (50
ng/ml) for 2h. PBS was used as a negative control, and VEGF (60 nM) as a positive control. Values
demonstrate mean = SE, n=3. * denotes p<0.05.

IL-17 RC is involved in RA synovial fluid-mediated HMVEC chemotaxis. Neutralization of IL-
17RA and RC on HMVECs showed that only IL-17RC was effective in suppressing human RA
synovial fluid-mediated HMVEC migration (Fig. 4). Although IL-17RC plays a major role in IL-17-
mediated HMVEC chemotaxis and tube formation, neutralization of both receptors is more effective in
this process compared to IL-17RC alone. Like monocytes, HMVECs express both IL-17RA and IL-
17RC (13). However, in contrast to HMVEC chemotaxis, IL-17-mediated monocyte migration is
induced through both IL-17RA and RC (13). Interestingly, a novel IL-17 receptor-like protein has been
identified in HUVEC that interacts with fibroblast growth factor receptor 1 and inhibits activation of
the ERK pathway and production of FGF, indicating that various IL-17 receptors may modulate
angiogenesis differently (14).
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Figure 4. RA synovial fluid-induced HMVEC chemotaxis is mediated by IL-17 through ligation
to IL-17RC. HMVECs were incubated with antibodies to IL-17 RA and RC (10 ug/ml), as well as
isotype control for 1h prior to performing HMVEC chemotaxis in response to 8 human RA synovial
fluids. The values represent the mean + SE. * represents p <0.05.

1c. investigate whether PI3K pathway is required for IL-17-induced chemotaxis in vitro and
whether AKT-/- mice are deficient in IL-17-mediated blood vessel formation in matrigel plug
assay in vivo. (time frame, months 9-13).

IL-17 activates ERK, JNK and PI3K pathways in HMVECs. To determine which signaling
pathways in HMVECSs were activated by IL-17, cells were untreated or treated with 1L-17 (50 ng/ml)
for 15-75min. Cell lysates were examined by Western blot analysis, and probed for pERK, pJNK, p-
p38 and pAKT1. Our preliminary data indicate that IL-17 phosphorylates ERK, JNK and AKT1 as
early as 15 min. While the activation of ERK and JNK is gradually reduced at 75 or 65 min (Fig. 5A
and 5B), respectively, AKTL1 is still strongly phosphorylated at 75min (Fig 5C). p38 pathway was not
activated by IL-17 in HMVECs (data not shown). These results collectively suggest that ERK, JNK or
PI3K pathway may be potentially important for IL-17-induced HMVEC migration.
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Figure 5. IL-17 stimulates phosphorylation of ERK, JNK and AKT1 in HMVECs. HMVECs were
stimulated with IL-17 (50ng/ml) for various time points. Cell lysates were probed with p-ERK (A),
pJNK (B) and pAKT1 (C) or pan antibodies. Results are representative of three experiments.

Inhibition of PI3K suppresses IL-17-induced HMVEC tube formation and chemotaxis. To
determine which signaling pathways mediate HMVEC tube formation, chemical inhibitors at
concentrations of 1 and 5 uM were utilized. Inhibition of ERK and JNK was ineffective in suppressing
IL-17-induced HMVEC tube formation, while inhibition of PI3K reduced tube formation by 30-40%
(p<0.05) starting at 1 uM (Fig. 6A-G). Similarly, while inhibition of PI3K (starting at 1uM) reduced
IL-17 induced HMVEC migration (p<0.05) (Fig. 6H), suppression of ERK and JNK had no effect on
this process. These results suggest that IL-17-induced HMVEC tube formation and chemotaxis are
mediated through the PI3K/AKT1 pathway. Consistently, CCL2/MCP-1-mediated endothelial
chemotaxis is through activation of PI3K, as well as the ERK pathway (15). Further, others have shown
that PI3K signaling plays an important role in regulation of VEGF production as well as VEGF-
mediated endothelial migration (9, 16), suggesting that PI3K is involved in the mediation of
angiogenesis by various proinflammatory factors. A recently published paper shows that increased
expression of IL-17 in IFNy -/- mice mediates tumor growth and angiogenesis through STAT3
phosphorylation (17). In contrast to IL-17, which promotes angiogenesis, IL-17F inhibits HUVEC tube
formation, indicating that different IL-17 isoforms may modulate angiogenesis differently (18).
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Figure 6. IL-17 mediates HMVEC tube formation and migration through PI3K activation.
HMVECs were incubated with inhibitors to PI3K (LY294002; 1 and 5 uM), ERK (PD98059; 1 and 5
uM), JNK (SP600125; 1 and 5 puM) or DMSO for 45 minutes at 37°C prior adding to polymerized
matrigel. IL-17 (50ng/ml) was then added to the wells and the plate was incubated for 16h at 37°C (in
triplicate). Photomicrographs taken of representative wells treated with PBS (A), FGF (20 ng/ml) (B),
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IL-17 (50ng/ml) plus DMSO (C), IL-17 (50ng/ml) plus LY294002 (5 uM) (D), IL-17 (50ng/ml) plus
PD98059 (5 uM)(E) and IL-17 (50ng/ml) plus SP600125 (5 uM) (F) in which IL-17-induced tube
formation is significantly reduced by the inhibition of PI3K/AKT1 pathway (p<0.05). G. demonstrates
mean number of tubes/well where LY294002 (1 and 5 uM; PISK/AKTL1 inhibitor) significantly reduces
the number of branch points induced by IL-17 activation in matrigel tube formation assay whereas ERK
(PD98059; 1 and 5 uM) and JNK inhibitors (SP600125; 1 and 5 uM) were ineffective. H. To determine
signaling pathways associated with IL-17 mediated HMVEC migration, cells were treated with the
chemical inhibitors for PI3K (LY294002; 1 and 5uM) or ERK (PD98059; 1 and 5 uM) as well as INK
(SP600125; 1, 5uM) 2h in the Boyden chamber. Only inhibition of PI3K downregulated 1L-17 induced
HMVEC migration. Values demonstrate mean + SE of three experiments in triplicate. * represents p
<0.05.

TASK 2. To determine whether IL-17 plays a role in endothelial cell homing in RA ST severe
combined immunodeficient (SCID) chimera model. We will: (time frame, months 14-24).

Task 2 has not been accomplished.
TASK 3. to examine the indirect role of IL-17 in mediating angiogenesis and arthritis. We will:
(time frame, months 24-36).

Task 3 has not been achieved.
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KEY RESEARCH ACCOMPLISHMENTS
Within this one year time frame we have shown that:
- RA synovial fluid-induced HMVEC chemotaxis is mediated by IL-17 and IL-17 does not
synergize with VEGF in RA synovial fluid induced HMVEC migration.

- Neutralization of IL-17RC but not IL-17RA was involved with suppressing RA synovial fluid-
mediated HMVEC migration.

- Activation of PI3K is responsible for IL-17 mediated HMVEC tube formation and migration.

REPORTABLE OUTCOMES
Publications:

1. Pickens SR, Volin MV, Mandelin II AM, Kolls JK, Pope RM, Shahrara S. IL-17 Contributes to
Angiogenesis in Rheumatoid Arthritis. J. Immunol. 184; 6 :3233-3241, 2010.

2. Shahrara S, Pickens SR, Mandelin AM, Huang Q, Karpus W, Kolls JK, Pope RM. IL-17-mediated
monocyte migration is partially through CCL2/MCP-1 induction. J. Immunol. 184; 8:4479-4487, 2010.

3. Ruth RH, Park CC, Amin MA, Lesch C, Marotte H, Shahrara S and Koch AE. IL-18 as an in vivo
Mediator of Monocyte Recruitment in Rodent Models of Rheumatoid Arthritis. Arthritis Res. Ther. 16;
12: R118, 2010.

4. Thumbikat P, Shahrara S, Sobkoviak R, Done J, Pope RM and Schaeffer AJ. Prostate secretions
from men with CP/CPPS inhibits proinflammatory mediators. J. Urol. 184:1536-42, 2010.

5. Pickens SR, Chamberlain ND, Volin MV, Pope RM, Mandelin Il AM, *Shahrara S: Characterization
of CCL19 and CCL21 in rheumatoid arthritis: Arthritis Rheum 63: 914-922, 2011.

6. Pickens SR, Chamberlain ND, Volin MV, Mandelin AM 2nd, Agrawal H, Matsui M, Yoshimoto T,
Shahrara S. Local expression of IL-27 ameliorate collagen induced arthritis: Arthritis Rheum 2011, In
press. Mar 7. [Epub ahead of print].

7. Picken SR, Chamberlain ND, Volin MV, Pope RM, Talarico NE, Mandelin Il AM and Shahrara S.
Characterization of IL-7 and IL-7R in the pathogenesis of Rheumatoid Arthritis. Arthritis Rheum 2011
In press.

8. Shahrara S. Reply. Arthritis Rheum. 2011 Jun 23. doi: 10.1002/art.30496. [Epub ahead of print].

9. Michael V. Volin, and Shiva Shahrara. Role of TH-17 cells in human disease. Invited review from
Journal of Molecular Cell Biology.
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Invited Lectures:

2010 University of Illinois in Chicago, Rheumatology rounds

2010 American College of Rheumatology Research and Education Foundation Within Our

Reach meeting in Dallas

2010 Northwestern University, Feinberg School of Medicine, Pathology and inflammation
group

2010 American College of Rheumatology 2010 annual meeting held in Atlanta

2011 Department of Microbiology and Immunology lectures in University of Illinois at
Chicago

2011 The Institute for Personalized Respiratory Medicine lectures in University of Illinois at
Chicago

2011 Department of Rheumatology Grand Rounds in University of lllinois
Chicago

Abstracts and/or oral presentations presented at American College of Rheumatology (ACR)
2010:

1. Pickens SR, Volin MV, Mandelin I1 AM, Shahrara S. Local expression of IL-27 ameliorate collagen
induced arthritis. Arthritis Rheum 714: S298, 2010. (Oral presentation)

2. Pickens SR, Volin MV, Pope RM, Mandelin IT AM, Shahrara S. Characterization of CCR7 and its
ligands CCL19 and CCL21 in rtheumatoid arthritis. Arthritis Rheum 1506: S627, 2010.

3. Pickens SR, Volin MV, Mandelin II AM, Kolls JK, Shahrara S. Anti-CXCLS5 therapy ameliorates IL-
17-induced arthritis. Arthritis Rheum 270: S112, 2010.

4. Pickens SR, Volin MV, Pope RM, Mandelin II AM, Shahrara S. Downstream targets of IL-17 in
Rheumatoid Arthritis. Arthritis Rheum 23: S9, 2010.

Submitted abstracts and/or oral presentations for American College of Rheumatology (ACR)
2011:

1. Nathan D. Chamberlain, Michael V. Volin and Shiva Shahrara. CXCL5 an Important IL-17
Mediated Proangiogenic Factor in Rheumatoid Arthritis and Experimental Arthritis Model. Submitted
to ACR meeting 2011.

2. Nathan D. Chamberlain, Sarah R. Pickens, Richard M. Pope, Michael V. Volin and Shiva Shahrara
IL-7 Contributes to Monocyte Migration in Rheumatoid Arthritis. Submitted to ACR meeting 2011.
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3. Sarah R. Pickens, Nathan D. Chamberlain, Michael V. Volin, Arthur M. Mandelin II and Shiva
Shahrara. CCL21 a Novel Proangiogenic Factor in Rheumatoid Arthritis. Submitted to ACR meeting
2011.

4. Nathan D. Chamberlain, Michael V. Volin, Richard M. Pope, Arthur M. Mandelin II and Shiva
Shahrara. Characterization of TLR7 and TLRS8 in Rheumatoid Arthritis. Submitted to ACR meeting
2011.

5. Nathan D. Chamberlain, Michael V. Volin, Richard M. Pope, Arthur M. Mandelin II and Shiva
Shahrara. TLRS5; a Novel and Unidentified Inflammatory Mediator in Rheumatoid Arthritis.
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Employment opportunities:

The funding provided to us by DOD enabled me to secure a tenure track position as an Associate
Professor of Medicine in University of Illinois at Chicago (UIC). My position started at February 1st of
2011 and the funding provided by DOD was the basis of obtaining this opportunity. | am humbled and
grateful for receiving this Investigator Initiated Award from the Department of Defense. This progress
report is being submitted 6 months after our move to the new institution at UIC.

CONCLUSION

In RA patients percent TH-17 cells correlate with disease activity score suggesting that IL-17 can
mediate inflammation at early disease stage and may also be involved in disease progression (19).
Therefore to evaluate the role of IL-17 in RA angiogenesis, we examined which IL-17 receptors and
signaling pathways are associated with rheumatoid arthritis synovial fluid mediated endothelial
migration. We show that although HMVECs express both IL-17RA and RC, RA synovial fluid-
mediated HMVEC chemotaxis is mediated by binding primarily to IL-17RC. We also report that while
IL-17 activates ERK, JNK and PI3K pathways in HMVECs, only inhibition of PI3K reduces IL-17-
induced HMVEC chemotaxis and tube formation. Finally, we show that IL-17 and VEGF neutralization
in RA synovial fluid does not significantly reduce HMVEC migration beyond the effect of one factor
alone. Hence, therapy directed against IL-17 may reduce leukocyte migration by inhibiting
angiogenesis in RA.

Page 12



REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

Stamp, L.K., M.J. James, and L.G. Cleland. 2004. Interleukin-17: the missing link between T-
cell accumulation and effector cell actions in rheumatoid arthritis? Immunology and cell biology
82:1-9.

Shahrara, S., Q. Huang, A.M. Mandelin, 2nd, and R.M. Pope. 2008. TH-17 cells in rheumatoid
arthritis. Arthritis Res Ther 10:R93.

Szekanecz, Z., and A.E. Koch. 2009. Angiogenesis and its targeting in rheumatoid arthritis.
Vascul Pharmacol 51:1-7.

Kryczek, 1., S. Wei, W. Szeliga, L. Vatan, and W. Zou. 2009. Endogenous IL-17 contributes to
reduced tumor growth and metastasis. Blood 114:357-359.

Numasaki, M., J. Fukushi, M. Ono, S.K. Narula, P.J. Zavodny, T. Kudo, P.D. Robbins, H.
Tahara, and M.T. Lotze. 2003. Interleukin-17 promotes angiogenesis and tumor growth. Blood
101:2620-2627.

Numasaki, M., M. Watanabe, T. Suzuki, H. Takahashi, A. Nakamura, F. McAllister, T.
Hishinuma, J. Goto, M.T. Lotze, J.K. Kolls, and H. Sasaki. 2005. IL-17 enhances the net
angiogenic activity and in vivo growth of human non-small cell lung cancer in SCID mice
through promoting CXCR-2-dependent angiogenesis. J Immunol 175:6177-6189.

Numasaki, M., M.T. Lotze, and H. Sasaki. 2004. Interleukin-17 augments tumor necrosis factor-
alpha-induced elaboration of proangiogenic factors from fibroblasts. Immunol Lett 93:39-43.
Pickens, S.R., M.V. Volin, A.M. Mandelin, 2nd, J.K. Kolls, R.M. Pope, and S. Shahrara. IL-17
contributes to angiogenesis in rheumatoid arthritis. J Immunol 184:3233-3241.

Jiang, B.H., and L.Z. Liu. 2008. AKT signaling in regulating angiogenesis. Curr Cancer Drug
Targets 8:19-26.

Nakashio, A., N. Fujita, and T. Tsuruo. 2002. Topotecan inhibits VEGF- and bFGF-induced
vascular endothelial cell migration via downregulation of the PI3K-Akt signaling pathway. Int J
Cancer 98:36-41.

Park, C.C., J.C. Morel, M.A. Amin, M.A. Connors, L.A. Harlow, and A.E. Koch. 2001.
Evidence of IL-18 as a novel angiogenic mediator. J. Immunol. 167:1644-1653.

Volin, M.V, L.A. Harlow, J.M. Woods, P.L. Campbell, M.A. Amin, M. Tokuhira, and A.E.
Koch. 1999. Treatment with sulfasalazine or sulfapyridine, but not 5-aminosalicyclic acid,
inhibits basic fibroblast growth factor-induced endothelial cell chemotaxis. Arthritis Rheum.
42:1927-1935.

Shahrara, S., S.R. Pickens, A. Dorfleutner, and R.M. Pope. 2009. IL-17 induces monocyte
migration in rheumatoid arthritis. J Immunol 182:3884-3891.

Yang, R.B., C.K. Ng, S.M. Wasserman, L.G. Komuves, M.E. Gerritsen, and J.N. Topper. 2003.
A novel interleukin-17 receptor-like protein identified in human umbilical vein endothelial cells
antagonizes basic fibroblast growth factor-induced signaling. J. Biol. Chem. 278:33232-33238.
Arefieva, T.I., N.B. Kukhtina, O.A. Antonova, and T.L. Krasnikova. 2005. MCP-1-stimulated
chemotaxis of monocytic and endothelial cells is dependent on activation of different signaling
cascades. Cytokine 31:439-446.

Hayashi, H., H. Nakagami, Y. Takami, H. Koriyama, M. Mori, K. Tamai, J. Sun, K. Nagao, R.
Morishita, and Y. Kaneda. 2009. FHL-2 Suppresses VEGF-Induced Phosphatidylinositol 3-
Kinase/Akt Activation via Interaction With Sphingosine Kinase-1. Arterioscler Thromb Vasc
Biol

Wang, L., T. Yi, M. Kortylewski, D.M. Pardoll, D. Zeng, and H. Yu. 2009. IL-17 can promote
tumor growth through an IL-6-Stat3 signaling pathway. J Exp Med 206:1457-1464.

Starnes, T., M.J. Robertson, G. Sledge, S. Kelich, H. Nakshatri, H.E. Broxmeyer, and R.
Hromas. 2001. Cutting edge: il-17f, a novel cytokine selectively expressed in activated t cells
and monocytes, regulates angiogenesis and endothelial cell cytokine production. J. Immunol.
167:4137-4140.

Page 13



19. Leipe, J., M. Grunke, C. Dechant, C. Reindl, U. Kerzendorf, H. Schulze-Koops, and A.
Skapenko. Role of Th17 cells in human autoimmune arthritis. Arthritis Rheum 62:2876-2885.

Page 14



APPENDICES

1. Our paper published in J Immunol, 2010, 184:3233-3241, supports our finding presented in this
progress report.

2. A recently published paper in Arthritis and Rheum Arthritis Rheum 2011, In press. Mar 7. [Epub
ahead of print] also validates role of TH-17/IL-17 in experimental arthritis angiogenesis.
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IL-17 Contributes to Angiogenesis in Rheumatoid Arthritis

Sarah R. Pickens,* Michael V. Volin,T Arthur M. Mandelin, IL,* Jay K. Kolls,]IE
Richard M. Pope,*% and Shiva Shahrara*

Angiogenesis is an early and a critical event in the pathogenesis of rheumatoid arthritis (RA). Neovascularization is dependent on
endothelial cell activation, migration and proliferation, and inhibition of angiogenesis may provide a novel therapeutic approach
in RA. In this study, we document a novel role of IL-17 in mediating angiogenesis. Local expression of IL-17 in mouse ankles increases
vascularity. We further demonstrate that I1.-17 is angiogenic by showing its ability to promote blood vessel growth in Matrigel plugs
in vivo. Additionally, IL-17, in concentrations present in the RA joint, induces human lung microvascular endothelial cell HMVEC)
migration mediated through the PI3K/AKT1 pathway. Furthermore, suppression of the PI3K pathway markedly reduces IL-17—
induced tube formation. We also show that both IL-17-induced HMVEC chemotaxis and tube formation are mediated primarily
through IL-17 receptor C. Neutralization of either IL-17 in RA synovial fluids or IL-17 receptor C on HMVEC:s significantly reduces
the induction of HMVEC migration by RA synovial fluid. Finally, RA synovial fluid immunoneutralized with anti-IL-17 and
antivascular endothelial growth factor does not reduce HMVEC migration beyond the effect detected by immunodepleting each
factor alone. These observations identify a novel function for IL-17 as an angiogenic mediator in RA, supporting IL.-17 as a therapeutic
target in RA. The Journal of Immunology, 2010, 184: 3233-3241.

subset that produce IL-17A (also known as IL-17). IL-17

binds to transmembrane receptors, which exist as 1L-17
receptor A (IL-17RA) homodimers or IL-17RA/IL-17 receptor C
(IL-17RC) heterodimers (1). IL-17 RA and RC are widely expressed
in endothelial cells, B and T cells, fibroblasts, and monocytes (2, 3).
TGEF-B, IL-6, IL-1B, and IL-21 have been shown to drive the dif-
ferentiation of Th-17 cells (4-6), although variation between hu-
mans and mice has been described previously (2, 6-8). In humans,
IL-1PB is the most effective inducer of Th-17 cell differentiation,
although this process is enhanced by IL-6 and IL-23 (6).

IL-17 has been shown to have a profound effect in experimental
models of arthritis. Local expression of IL-17 in mouse joints results
in acute inflammation and cartilage proteoglycan depletion (9). The
incidence and severity of collagen-induced arthritis was markedly
attenuated in IL-17—-deficient mice (10). IL-17 also plays an im-
portant role downstream of IL-1 signaling and in response to TLR4
ligands (11, 12). Spontaneous IL-1 receptor antagonist knockout
mice develop a polyarthritis, which is completely suppressed when
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these mice are crossed with IL-17—deficient mice (13), suggesting
that Th-17 cell differentiation may be the reason for the arthritis.
IL-17 is found in rheumatoid arthritis (RA) synovial tissue and
fluid, and the percentage of Th-17 cells is significantly higher in RA
synovial fluid compared with RA or normal peripheral blood (3,
14). IL-17 may play an important role in the pathogenesis of RA
by inducing the production of proinflammatory cytokines and
chemokines from RA synovial tissue fibroblasts including IL-6,
CXCLS/IL-8, CCL2/MIP-3a, CXCL1/growth-related oncogene-
a, and CXCL2/growth-related oncogene- (15-17). IL-17 is also
capable of activating macrophages to expression of IL-1, TNF-a,
cyclooxygenase 2, PGE,, and matrix metalloproteinase-9 (18-20).
We recently demonstrated that IL-17 is directly chemotactic for
monocytes (21), and others have shown that IL-17 activates neu-
trophil recruitment through the stimulation of chemokines such as
CXCLI in rats and CXCL8/IL-8 in humans (22, 23).
Angiogenesis, the development of new capillaries, is involved in
leukocyte ingress into the synovium during the development and
progression of RA (24, 25). However, the role of IL-17 in an-
giogenesis is undefined. There are contradictory results regarding
the role of IL-17 on tumor development and angiogenesis. In
mice, tumors transfected with IL-17 demonstrated markedly less
growth compared with control tumors (26). Additionally, tumor
growth and lung metastasis were increased in IL-17-deficient
mice (27), suggesting that IL-17 inhibits tumor development and
neovascularization. Others have shown that IL-17 increases blood
vessel development in rat cornea and tumor vascularity in animal
models, indicating that IL-17 may be important for angiogenesis
(28). However, there are also data to suggest that IL-17 alone is
unable to induce angiogenesis but can indirectly mediate human
lung microvascular endothelial cell (HMVEC) growth by pro-
moting the mitogenic activity of vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGF), and hepa-
tocyte growth factor (29, 30). Therefore, on the basis of the ex-
isting data, it is unclear whether IL-17 can promote angiogenesis
in RA and whether IL-17 acts directly on endothelial cells through
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binding to its receptors or indirectly by inducing proangiogenic
factors from cells present in the RA synovium.

In the current study, we have therefore evaluated the role of IL-17
in HMVEC migration and tube formation as well as blood vessel
development. Our results demonstrate that local expression of IL-
17 increases vascularity in mouse ankle joints. Using a Matrigel
plug assay, we demonstrate that IL-17 enhances blood vessel
formation in vivo. Although HMVECs express both IL-17RA and
RC, IL-17-induced HMVEC chemotaxis and tube formation are
mediated by binding primarily to IL-17RC and activation of the
PI3K pathway. We report that RA synovial fluid-mediated endo-
thelial migration is significantly reduced by IL-17 and/or IL-17RC
neutralization. Finally, we show that IL-17 and VEGF neutrali-
zation in RA synovial fluid does not significantly reduce HMVEC
migration beyond the effect of one factor alone. Hence, therapy
directed against IL-17 may reduce leukocyte migration by in-
hibiting angiogenesis in RA.

Materials and Methods

Study protocol for local expression of IL-17 in mouse ankle joints

The animal studies were approved by the Northwestern University Institutional
Review Board. Adenovirus (Ad) constructed as reported previously to contain
an IL-17 payload was provided by J. K. Kolls (Louisiana State University
Health Science Center, New Orleans, LA) (31). Four- to six-week-old C57BL/
6 mice were injected intra-articularly with 10’ PFU Ad-IL-17 or Ad-CMV
control. Ankle circumference and articular index score were determined on
days 4 and 10 post—Ad-IL-17 injection and compared with the control group
(data not shown). Ankles were harvested on day 10 post—Ad-IL-17 injection
for histological studies. Levels of IL-17 were quantified by ELISA on days 4
and 10 from ankles treated with Ad-IL-17 or Ad-CMV control.

Abs and immunohistochemistry

Mouse ankles were decalcified, formalin fixed and paraffin embedded, and
sectioned in the pathology core facility of Northwestern University. Mouse
ankles were immunoperoxidase stained using Vector Elite ABC Kits (Vector
Laboratories, Burlingame, CA), with diaminobenzidine (Vector Labora-
tories) as a chromogen. Slides were deparaffinized in xylene for 20 min at
room temperature, followed by rehydration by transfer through graded
alcohols. Ags were unmasked by first incubating slides in boiling citrate
buffer for 15 min, followed by type II trypsin digestion for 30 min at 37°C.
Endogenous peroxidase activity was blocked by incubation with 3% H,0,
for 5 min. Nonspecific binding of avidin and biotin was blocked using an
avidin/biotin blocking kit (Vector Laboratories). Nonspecific binding of
Abs to the tissues was blocked by pretreatment of tissues with diluted
normal goat serum. Tissues were incubated with rabbit polyclonal Ab to
von Willebrand factor (1/100 dilution; Serotec, Oxford, U.K.) or a rabbit
IgG control Ab (Beckman Coulter, Fullerton, CA). Slides were counter-
stained with Harris hematoxylin and treated with lithium carbonate for
bluing. Each slide was evaluated by a blinded observer (32-35) (M.V.V.).
Tissue sections were assigned a vascular score representing the number of
blood vessels in each section. A semiquantitative score of 1 represented
a tissue with few blood vessels, whereas a score of 4 represented a highly
vascularized tissue. Scored data were pooled, and the mean = SEM was
calculated in each data group (n = 5).

Matrigel plug assay in vivo

Toexamine theeffectof IL-17 onangiogenesisinvivo, we used aMatrigel plug
assay. Four-to six-week-old C57BL/6 mice were injecteds.c. inthe dorsal area
with 500 .l Matrigel. Matrigel plus PBS served as negative control, Matrigel
containing bFGF (20 ng/ml) served as positive control, and experimental
conditions included Matrigel with mouse recombinant IL-17 (2 ng). After
10 d, mice were sacrificed, Matrigel plugs were carefully dissected out,
surrounding connective tissue was removed, and plugs were analyzed for
vascularity by hemoglobin measurement or by histology. For hemoglobin
measurement, plugs were weighed by placing them into 1 ml preweighed
double-distilled H,O and then homogenized for 5-10 min on ice and spun.
Using methemoglobin, serial dilutions were prepared to generate a standard
curve from 70 to 1.1 g/d1 (36, 37). Fifty microliters of supernatant or standard
was added to a 96-well plate in duplicate, and 50 pl tetramethylbenzidine
was added to each sample. The plate was allowed to develop at room tem-
perature for 15-20 min with gentle shaking, and the reaction was terminated
with 150 pl 2 N H,SO, for 3—5 min. Absorbance was read with an ELISA
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plate reader at 450 nm. To calculate hemoglobin concentrations, the values
(grams per deciliter) were normalized to the weights of the plugs (grams) (36,
37). On day 10, IL-17 concentrations were quantified in Matrigel plugs
harvested from the IL-17—treated group using ELISA.

For histology, plugs were embedded in paraffin and sectioned in the
pathology core facility of Northwestern University. Histology slides from
different groups were examined by H&E and Masson’s trichrome staining
(37, 38) and scored by a blinded observer (A.M.M.) based on a scale of 0—
4, where 0 = no tubules, 1 = tubules only, 2 = tubules containing RBCs, 3 =
tubules with multilayer wall, and 4 = tubules with multilayer walls with
connective tissues surrounding them.

HMVEC chemotaxis

To examine chemotaxis, HMVECs were incubated in endothelial basal
medium (EBM) with 0% FBS and no growth factors for 2 h before use.
HMVECs (1.25 X 10* cells/25 wl EBM with 0.1% FBS) were then placed in
the bottom wells of a 48-well Boyden chemotaxis chamber (NeuroProbe,
Cabin John, MD) with gelatin-coated polycarbonate membranes (8-pum
pore size; Nucleopore, Pleasant, CA) (37, 39). The chambers were inverted
and incubated at 37°C for 2 h, allowing endothelial cell attachment to the
membrane. The chamber was reinverted, and PBS, positive control VEGF
(10 ng/ml; R&D Systems, Minneapolis, MN), or IL-17 at varying concen-
trations from 0.001 to 100 ng/ml (R&D Systems) was added to the upper
wells, and the chamber was further incubated for 2 h at 37°C. The mem-
branes were then removed, fixed, and stained with the Protocol HEMA 3
stain set (122-911; Fisher Scientific, Waltham, MA). Readings represent the
number of cells migrating through the membrane (the average of three high-
power X40 fields/well, averaged for each triplicate of wells). To test
specificity of IL-17-induced HMVEC migration, HMVEC chemotaxis was
examined with heat-inactivated IL-17 (10 and 50 ng/ml incubated at 100°C
for 15 min) or IL-17 neutralized by anti—IL-17 Ab or IgG control (10 pg/ml
for 1 hin 37°C) (R&D Systems) (21). To examine for chemokinesis, a series
of checkerboard experiments were performed by placing increasing con-
centrations of IL-17 (0, 0.01, 1, and 10 ng/ml) together with HMVECS in the
bottom wells with different concentrations of IL-17 in the top wells. To
determine which IL-17 receptors are important for IL-17 HMVEC migra-
tion, Abs to IL-17RA (R&D MAB177; 10 pg/ml), IL-17RC (R&D AF2269;
10 g/ml), both Abs, or IgG control were added to HMVECsS, incubated for
1 hat 37°C, and further incubated for 2 h in the Boyden chamber with IL-17
(50 ng/ml). To define which signaling pathway(s) mediated IL-17-induced
HMVEC chemotaxis, HMVECs were incubated with inhibitors to PI3K
(LY294002; 1 and 5 pM), ERK (PD98059; 1 and 5 pM), INK (SP600125; 1
and 5 uM), or DMSO for 2 h in the Boyden chamber with IL-17 (50 ng/ml).
HMVEC chemotaxis induced by RA synovial fluids was examined fol-
lowing 1-h incubation (37°C) of fluids with control IgG or neutralizing anti—
IL-17 Ab (10 pg/ml). The fluids were diluted 1/20 before addition to the top
wells (21). To examine whether IL-17 receptors are involved in RA synovial
fluid-induced HMVEC chemotaxis, HMVECs were incubated with Abs
to IL-17RA and RC (10 pg/ml) or both Abs, as well as IgG control (1 h at
37°C), before adding the RA synovial fluid to the top wells (21). HMVEC
chemotaxis was performed to examine the synergistic effect of IL-17 and/or
VEGEF in RA synovial fluid induced HMVEC migration. Chemotaxis in-
duced by RA synovial fluids was examined following incubation of fluids
(diluted 1/20) (n = 8 fluids) with control IgG, anti—IL-17, anti-VEGEF, or both
Abs (10 pg/ml) for 1 h prior to performing the assay.

Quantification of IL-17RA and RC expression on HMVECs

Skin and lung HMVECs, HUVECs, and human embryonic kidney (HEK)
293 were cultured in EGM-2, EGM, and 10% DMEM, respectively. Total
cellular RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA) from
all different cell types. Subsequently, reverse transcription and real-time RT-
PCR were performed to determine IL-17RA and IL-17RC expression level
as described previously (14, 21, 40). Relative gene expression was de-
termined by the AAC,; method, and results were expressed as fold increase
above levels detected in HEK 293 cells.

Characterization of IL-17 signaling pathways in HMVECs

HMVECs (passages 3—8) were grown to 80% confluence in EGM-2 MV bullet
kit (Lonza, Walkersville, MD). Cells were then switched to EGM-MV (EBM
plus SingleQuots of growth supplements) for 2 d and were incubated in EBM
with 0% FBS for 2 h prior to treatment. Cells were then untreated or treated
with IL-17 (50 ng/ml) for 15-75 min. Cell lysates were examined by Western
blot analysis, as described previously (21, 40, 41). Blots were probed with
phospho (p)-AKT, pERK, and pJNK (1/1000 dilution; Cell Signaling Tech-
nology, Beverly, MA) overnight and after stripping were probed with AKT,
ERK, and JNK (1/3000 dilution; Cell Signaling Technology) overnight.
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HMVEC tube formation assay

To perform the Matrigel tube formation assay, BD Matrigel Matrix (BD
BioSciences, Bedford, MA; 50 pl) was polymerized for 30 min at 37°C in
a 96-well plate. To determine which IL-17 receptors play a role in IL-17—
induced HMVEC tube formation, trypsinized HMVECs were resuspended
(4 X 10° cells/ml) in EBM without growth factors with 2% FBS and in-
cubated with Abs to IL-17RA, IL-17RC, both IL-17RA and RC or IgG for 45
min at 37°C. Cells were then added to polymerized Matrigel, IL-17 (50 ng/
ml) was added to the wells, and the plate was incubated for 16 h at 37°C. To
examine which signaling pathways contribute to IL-17-mediated HMVEC
tube formation, cells were incubated with inhibitors to PI3K (LY294002; 1
and 5 uM), ERK (PD98059; 1 and 5 uM), INK (SP600125; 1 and 5 uM), or
DMSO for 45 min at 37°C prior to adding to polymerized Matrigel. As above,
IL-17 (50 ng/ml) was then added to the wells, and the plate was incubated for
16 h at 37°C. Each condition was performed in triplicate, fibroblast growth
factor (FGF) (20 ng/ml) was used as a positive control, and PBS was used as
anegative control. Following incubation, culture medium was removed, and
cells were washed with HBSS. Thereafter, tube formation was quantified
using calcein-AM fluorescent dye (BD BioSciences) diluted with HBSS and
DMSO, according to the manufacturer’s instructions, for 30 min. Sub-
sequently, the plates were washed with HBSS, and the number of branch
points/tubes was quantified as described previously (36, 37).

Statistical analysis

The data were analyzed using two-tailed Student 7 tests for paired and
unpaired samples. Values of p << 0.05 were considered significant.

Results
Local expression of IL-17 in mouse ankles induces joint
inflammation and vascularity

Local expression of IL-17 using an adenoviral vector (10”7 PEU)
resulted in increased inflammation, synovial lining thickness, and
bone erosion in the ankles of C57/BL6 mice, compared with Ad-
CMV-infected controls (10” PFU) (data not shown). The Ad-IL-
17-treated group demonstrated significantly greater ankle cir-
cumference (data not shown) on days 4 and 10 postinjection
compared with the control group. Von Willebrand factor staining of
ankles harvested from day 10 postinjection demonstrated that Ad-
IL-17-treated mice have significantly higher endothelial staining
compared with the control group (Fig. 1). The concentration of joint
IL-17 in the IL-17—-induced arthritis model was 1200 and 400 pg/
mg compared with 47 and 31 pg/mg detected in the Ad-CMV

] Ad-CMV day 10
B Ad-IL-17 day 10

Score (1-4)
o

Endo staining

FIGURE 1. Local expression of IL-17 increases vascularity in mouse
ankles. Ad-IL-17 or Ad-CMV control was injected intra-articularly into
the ankle joints of 4—-6-wk-old C57BL/6 mice. Ankles from day 10 post-
Ad injection were harvested, paraffin embedded and decalcified. Ankles
were stained with Von Willebrand factor for identifying endothelial cells
(Endo) and scored on a 1-4 scale. Control ankles (A) had significantly
lower endothelial staining compared with ankles locally expressing IL-17
(original magnification X200) (B). C, Quantification of each of the pa-
rameters in the Ad-CMV control and Ad-IL-17 groups. Values demonstrate
mean £ SE; n =15. #p < 0.05.
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control group on days 4 and 10 post-Ad injection. These results
suggest that IL-17 may be important for angiogenesis in vivo.

IL-17 induces angiogenesis in vivo in Matrigel plugs

The role of IL-17 on angiogenesis in vivo was assessed by de-
termining its effect on blood vessel formation in Matrigel plugs in
mice by using hemoglobin quantification, as well as Masson’s
trichrome staining. The hemoglobin content of the IL-17-treated
group was 10 times greater (p < 0.05) than the PBS control (Fig.
2A). Matrigel blood vessel formation was also examined histo-
logically by using H&E (Fig. 2C, 2E, 2G) and Masson’s trichrome
staining (Fig. 2D, 2F, 2H). The histological analysis demonstrated
that IL-17 markedly enhances (p < 0.05) blood vessel growth
compared with the control group (Fig. 2B). The levels of IL-17
detected in Matrigel plugs harvested on day 10 were 198 * 35 pg/
ml, which is within the range detected in IL-17-induced arthritis
model as well as in the RA synovial fluid (mean was 233 pg/ml).
These results support the role of IL-17 in angiogenesis in vivo.

IL-17 induces endothelial (HMVEC) migration

Experiments were performed to determine whether IL-17 is directly
chemotactic for endothelial cells. For this purpose, chemotaxis was
performed in a Boyden chamber with varying concentrations of IL-
17, as well as positive (VEGF; 10 ng/ml) and negative (PBS)
controls. IL-17 was chemotactic for HMVECs at concentrations
ranging from 0.01 ng/ml (p < 0.05) to 100 ng/ml (p < 0.05) (n=5)
(Fig. 3A). The mean concentration of IL-17 in the 30 RA synovial
fluids analyzed was 233 * 64 pg/ml (21), a concentration that was
highly chemotactic for HMVEC migration. IL-17’s endotoxin
levels were quantified by using Limulus amebocyte cell lysate as-
say. At a concentration of IL-17 10-fold higher than that used in the
HMVEC chemotaxis assay (500 ng/ml), the level of endotoxin was
below the detection limit for this assay (<0.01 ng/ml LPS) (data not
shown), suggesting that our results are specifically due to IL-17 and
not endotoxin contamination. Supporting this interpretation, heat
inactivation of IL-17 or incubation of IL-17 (50 ng/ml) with neu-
tralizing Ab to IL-17 suppressed HMVEC migration (Fig. 3B).

We next determined the effect of IL-17 on chemokinesis. In the
absence of IL-17 in the lower chamber, IL-17 in the upper chamber
was chemotactic for HMVECs. When equivalent or higher con-
centrations of IL-17 were present in the lower compartment, no
enhanced migration of HMVECsSs occurred (Fig. 3C). Taken together,
our results suggest that IL-17 is chemotactic, not chemokinetic, for
endothelial cells.

IL-17 receptors are involved in IL-17-induced HMVEC chemotaxis
and HMVEC tube formation

Our results demonstrate that skin and lung HMVECs as well as
HUVECsS express significantly higher levels of IL-17RA and IL-
17RC compared with HEK 293 cells (Fig. 4A, 4B). These experi-
ments were performed to determine which IL-17 receptor is in-
volved in HMVEC chemotaxis and tube formation. Although some
reduction of HMVEC chemotaxis was noted with an anti-IL-17RA
Ab, it was not significant. Inhibition of chemotaxis was significant
when IL-17RC (40%) or both receptors (47%) were neutralized
(Fig. 5A). IL-17 also induced HMVEC tube formation in Matrigel.
Using concentrations of IL-17 ranging from 0.001 to 100 ng/ml, the
optimal concentration of IL-17 to induce HMVEC tube formation
was 50 ng/ml (p < 0.05) (data not shown). Consistent with the
HMVEC chemotaxis data, neutralization of IL-17RC (30%) or both
IL-17 receptors (45%) on HMVECs significantly decreased (p <
0.05) IL-17-mediated HMVEC tube formation (Fig. 5B-H).
Blockade of IL-17RA alone was inefficient in this process. Col-
lectively, our data suggest that IL-17RC plays a more important role
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in IL-17-mediated HMVEC chemotaxis and tube formation com-
pared with IL-17RA.

IL-17 activates ERK, JNK, and PI3K pathways in HMVECs;
however only inhibition of PI3K reduces IL-17-induced
HMVEC chemotaxis and tube formation

To determine which signaling pathways in HMVECs are activated
by IL-17, phosphorylation of the MAPK and AKT pathways was
determined by Western blot analysis. Our data demonstrate that IL-
17 phosphorylates ERK, JNK, and AKT1 as early as 15 min. Al-
though the activation of ERK and JNK is gradually reduced at 75 and
65 min (Fig. 6B, 6C), respectively, AKT1 is still strongly phos-
phorylated at 75min (Fig. 6A). The p38 pathway was not activated
by IL-17 in HMVECs (data not shown). To determine which sig-
naling pathways mediate HMVEC migration, chemical inhibitors
at concentrations of 1 and 5 pM were used, whereas 10 uM was
toxic and resulted in cell death, as determined by trypan blue
staining (data not shown). Inhibition of ERK and JNK was in-
effective in suppressing IL-17-induced HMVEC chemotaxis,
whereas inhibition of PI3K reduced (p < 0.05) chemotaxis starting
at 1 uM (Fig. 6D). Similarly, although inhibition of PI3K (starting
at 1 pM) reduced IL-17-mediated tube formation by 30—40% (p <
0.05) (Fig. 7), suppression of ERK and JNK had no effect on this
process. These results suggest that IL-17-induced HMVEC che-
motaxis and tube formation are mediated through the PI3K/AKT1
pathway.

IL-17 and its receptor are involved in RA synovial fluid-mediated
HMVEC chemotaxis

Next, we asked whether the IL-17 identified in human RA synovial
fluid is chemotactic for HMVECs. In these experiments, we
demonstrated that human RA synovial fluid is chemotactic for
HMVEGCs, similar to positive control VEGF (Fig. 8A). Further-
more, human RA synovial fluid immunodepleted with anti—IL-17
significantly reduced HMVEC chemotaxis (p < 0.05), compared
with control IgG-treated fluids. Neutralization of IL-17RA and RC
on HMVECs showed that only IL-17RC was effective in sup-
pressing human RA synovial fluid-mediated HMVEC migration
(Fig. 8B). These results suggest that IL-17 and its receptor IL-
17RC may play an important role in angiogenesis in RA. Fur-
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FIGURE 2. IL-17 enhances blood vessel growth in
Matrigel plugs in vivo. A, IL-17 (2 ng) induced an-
giogenesis in the Matrigel plugs to a significantly
greater degree compared with PBS control. Matrigel
containing bFGF (20 ng/ml) served as positive con-
trol. The values represent the concentration of he- PBS
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thermore, we demonstrate that immunodepletion of IL-17 and
VEGEF in RA synovial fluids does not have an additive or syner-
gistic effect in reduction of HMVEC migration beyond the effect
noted with neutralization of one factor alone (Fig. 8C), suggesting
that both IL-17 and VEGF may be mediating HMVEC migration
through the same signaling pathway.

Discussion
In this study, we show that IL-17 increases vascularity in experi-
mental arthritis and induces blood vessel development in Matrigel
plugs in vivo. Therefore, studies were performed to determine
whether IL-17 might directly mediate angiogenesis and whether IL-
17 contributes to neovascularization in RA. Our data demonstrate
that IL-17 induces HMVEC chemotaxis at concentrations present in
human RA synovial fluid. This effect is directly mediated by IL-17,
because heat inactivation and neutralizing Abs to IL-17 and/or IL-17
receptors abrogate IL-17-induced HMVEC chemotaxis. We further
demonstrate that IL-17-induced HMVEC chemotaxis and tube
formation are mediated primarily through ligation to IL-17RC on
HMVECSsS and activation of PI3K. We show that human RA syno-
vial fluid-mediated HMVEC chemotaxis is markedly reduced by
neutralization of IL-17 in the synovial fluids or blocking of IL-
17RC on HMVEGCs. Last, we demonstrate that IL-17 and VEGF-
immunodepleted RA synovial fluid does not reduce HMVEC
chemotaxis any further than neutralization of each factor by itself.
In this paper, we confirm the results of others demonstrating that
the local expression of IL-17 in mouse ankle joints induces arthritis
(9). Histological analysis of mice receiving intra-articular injections
of IL-17 demonstrated that IL-17 plays an important role in joint
neutrophil migration (42). We demonstrate that IL-17-induced ar-
thritis is associated with increased vascularity. Others have shown
that IL-17 can promote tumor growth by upregulating proangiogenic
factors such as VEGF and matrix metalloproteinase-9 from tumor
cells, suggesting that IL-17 is indirectly associated with angiogen-
esis (43). We have also shown that forced ectopic expression of IL-
17 induces expression of proangiogenic CXC (ELR*) chemokines
in mouse ankles (S. Pickens and S. Shahrara, unpublished data).
On the basis of our results from the IL-17-induced arthritis
model, we hypothesized that IL-17 may be important for angio-
genesis in RA. Because there is some evidence demonstrating that
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FIGURE 3. 1IL-17 induces HMVEC migration and not chemokinesis. A, Dose-response curve of IL-17—induced HMVEC chemotaxis. IL-17 HMVEC
chemotaxis was performed in a Boyden chemotaxis chamber with varying concentrations of IL-17. Values demonstrate mean * SE from five different
experiments. B, IL-17-induced HMVEC chemotaxis was suppressed by heat inactivating IL-17 (both 10 and 50 ng/ml incubated in 100°C for 15 min) or
neutralization of IL-17 (10 and 50 ng/ml) by anti—IL-17 Ab but not by IgG control (10 pg/ml 1 hin 37°C) for 2 h. Values are the mean * SE from three different
experiments. *p < 0.05. C, A series of checkerboard experiments was performed by placing increasing doses of IL-17 together with HMVECs in the lower
well in addition to placing different concentrations of IL-17 in the top well of the chemotaxis chamber. The experiment was read at 2 h. Results are rep-

resentative of three different experiments.

IL-17 alone is unable to induce angiogenesis but can indirectly
promote HMVEC chemotaxis by producing proangiogenic factors
(29, 30) from RA synovial tissue fibroblasts, we investigated the
role of IL-17 on HMVEC migration and tube formation. Our re-
sults demonstrate that IL-17 induces HMVEC chemotaxis at
concentrations available in the human RA joint, which is mostly

Ay ) —‘T

IL-17RA/GAPDH fold increase

lung skin
293 cells HMVECs HUVECs HMVECs

T

IL-17RC/GAPDH fold increase

lung
293 cells HMVECs HUVECs HMVECs

skin

FIGURE 4. HMVECs express IL-17RA (A) and RC (B). Skin and lung
HMVECs, HUVECs, and HEK 293 were cultured and real-time RT-PCR was
performed to determine IL-17RA and IL-17RC expression level. The relative
gene expression levels were normalized by GAPDH and determined by the
AAC, method, and results were expressed as fold increase above levels de-
tected in HEK 293 cells. Values are the mean £ SE, n = 3-6. #p < 0.05.

due to its ligation to IL-17RC. Although IL-17RC plays a major
role in IL-17-mediated HMVEC chemotaxis and tube formation,
neutralization of both receptors is more effective in this process
compared with IL-17RC alone. Like monocytes, HMVECs ex-
press both IL-17RA and IL-17RC (21). However, in contrast to
HMVEC chemotaxis, IL-17-mediated monocyte migration is in-
duced through both IL-17RA and RC (21). Interestingly, a novel
IL-17 receptor-like protein has been identified in HUVECs that
interacts with FGF1 and inhibits activation of the ERK pathway
and production of FGF, indicating that various IL-17 receptors
may modulate angiogenesis differently (44).

Next, experiments were performed to investigate signaling
pathways that were associated with IL-17-induced HMVEC
chemotaxis and tube formation. Inhibition of the IL-17-activated
pathways in HMVECs demonstrated that only activation of PI3K
significantly reduces IL-17-mediated chemotaxis and tube for-
mation, and suppression of ERK and JNK pathways was in-
effective in this process. Consistently, CCL2/MCP-1-mediated
endothelial chemotaxis is through activation of PI3K, as well as
the ERK pathway (45). Furthermore, others have shown that PI3K
signaling plays an important role in regulation of VEGF pro-
duction as well as VEGF-mediated endothelial migration (46, 47),
suggesting that PI3K is involved in the mediation of angiogenesis
by various proinflammatory factors. A recently published article
shows that increased expression of IL-17 in IFNy '~ mice me-
diates tumor growth and angiogenesis through STAT3 phosphor-
ylation (43). In contrast to IL-17, which promotes angiogenesis,
IL-17F inhibits HUVEC tube formation, indicating that different
IL-17 isoforms may modulate angiogenesis differently (48).

A recent publication demonstrated that tumor growth in s.c. and
lung metastases are enhanced in IL-17 '~ mice compared with the
wild-type controls, suggesting that IL-17 may suppress tumor
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FIGURE 5. IL-17-mediated HMVEC chemotaxis and tube formation are regulated through both IL-17RA and IL-17RC. A, HMVECs were incubated with
mouse anti-human IL-17RA and IL-17 RC Abs (10 pg/ml) or control IgG (10 pg/ml) for 1 h. Thereafter, HMVEC chemotaxis was performed in response to
IL-17 (50 ng/ml) for 2 h. PBS was used as a negative control and VEGF (60 nM) as a positive control. HMVECs were incubated with Abs to IL-17RA, IL-17RC,
both IL-17RA and RC, or IgG for 45 min at 37°C. Cells were then added to polymerized Matrigel, IL-17 (50 ng/ml), placed in the wells, and the plate was
incubated for 16 h at 37°C (in triplicate). Photomicrographs (original magnification X 100) taken of representative wells treated with PBS (B), FGF (20 ng/ml)
(0), IL-17 (50 ng/ml) plus IgG (D), IL-17 (50 ng/ml) plus anti-IL-17RA (10 pg/ml) (E), IL-17 (50 ng/ml) plus anti—IL-17RC (10 pg/ml) (F), and IL-17 (50
ng/ml) plus anti—IL-17RA and RC (10 pg/ml) (G) in which IL-17-induced tube formation is significantly reduced by the neutralization of IL-17RC or both
receptors (p < 0.05). H, Data presented demonstrates mean number of branch points/tubes in each treatment group. Values are the mean = SE, n=3. #p < 0.05.

development (27). Conversely, others have shown that IL-17 angiogenesis. However, there is also evidence demonstrating that
markedly increases neovascularization in rat cornea (28) and IL-17 induces production of proangiogenic factors including NO,
vascularization in tumors (49), indicating that IL-17 may promote hepatocyte growth factor, CXCL1/KC, CXCL2/MIP-2, PGE,,

PAKT
A ;-—--- w— AKT D

0 15 45 65 75minlL-17

o
=
B pERK >
ERK é
0 15 45 65 75minlIL-17 =
3
.= £
——| N K E]
0 15 45 65 75minIL-17 §
=4

0 PBS VEGF DMSO 1 5 5 5

uMLY uM PD uM SP

50 ng/ml IL-17
FIGURE 6. IL-17-induced HMVEC migration is suppressed by PI3K inhibition. To determine the mechanism of IL-17 in HMVECs, cells were
stimulated with IL-17 (50 ng/ml) for 0—75 min, and the cell lysates were probed for p-AKT (A), pERK (B), or pJNK (C). These results are representative of
three experiments. D, To determine signaling pathways associated with IL-17 HMVEC migration, cells were treated with the identified chemical inhibitors
for PI3K (LY294002; 1 and 5 nM) or ERK (PD98059; 1 and 5 uM) as well as INK (SP600125; 1, 5 uM) 2 h in the Boyden chamber. Only inhibition of
PI3K downregulated IL-17—induced HMVEC migration. Values demonstrate mean = SE of three experiments in triplicate. *p < 0.05.
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FIGURE 7. IL-17-mediated tube formation is reduced by inhibition of PI3K. HMVECs were incubated with inhibitors to PI3K (LY294002; 1 and
5 uM), ERK (PD98059; 1 and 5 uM), JNK (SP600125; 1 and 5 M), or DMSO for 45 min at 37°C prior adding to polymerized Matrigel. IL-17 (50 ng/ml)
was then added to the wells, and the plate was incubated for 16 h at 37°C (in triplicate). Photomicrographs (original magnification X 100) taken of rep-
resentative wells treated with PBS (4), FGF (20 ng/ml) (B), IL-17 (50 ng/ml) plus DMSO (C), IL-17 (50 ng/ml) plus LY294002 (5 uM) (D), IL-17 (50 ng/
ml) plus PD98059 (5 M) (E), and IL-17 (50 ng/ml) plus SP600125 (5 pM) (F) in which IL-17-induced tube formation is significantly reduced by the
inhibition of PI3K/AKT1 pathway (p < 0.05). G demonstrates mean number of tubes per well where LY294002 (1 and 5 uM; PI3K/AKT1 inhibitor)
significantly reduces the number of branch points induced by IL-17 activation in Matrigel tube formation assay, whereas ERK (PD98059; 1 and 5 uM) and
JNK inhibitors (SP600125; 1 and 5 wM) were ineffective. Values are the mean = SE, n = 3. xp < 0.05.

PGE,, and VEGF from RA synovial fibroblasts, and the pro- HMVEC chemotaxis was mediated through IL-17RC, confirming
duction of some of these factors is further enhanced by TNF-a the importance of this receptor in IL-17-mediated angiogenesis.
(50). Therefore, we investigated the contribution of IL-17 to hu- Interestingly, angiogenic factors present in human RA synovial
man RA synovial fluid-mediated HMVEC chemotaxis. Neutrali- fluid are mostly produced by RA synovial tissue fibroblasts
zation of IL-17 in RA synovial fluid partially reduced RA synovial (VEGF, bFGF, VCAMI1, IL-6, and ELR* CXC chemokines) or
fluid-mediated HMVEC chemotaxis. RA synovial fluid-mediated macrophages (TNF-a, IL-8, and IL-1B) (25). IL-17 is the only
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FIGURE 8. RA synovial fluid-induced HMVEC chemotaxis is mediated by IL-17 through ligation to IL-17RC, and IL-17 does not synergize with VEGF
in RA synovial fluid-induced HMVEC migration. A, Anti—IL-17 (10 pg/ml) or control IgG was added to RA synovial fluids from eight patients (1/20
dilution) (1 h at 37°C) prior to performing HMVEC chemotaxis in response to human RA synovial fluids. B, HMVECs were incubated with Abs to IL-17
RA and RC (10 pg/ml), as well as isotype control for 1 h prior to performing HMVEC chemotaxis in response to eight human RA synovial fluids. C, RA
synovial fluids from eight patients (1/20 dilution) were incubated with Abs to IL-17 (10 wg/ml), VEGF (10 pg/ml), or both as well as isotype control or
PBS or VEGEF for 1 h prior to performing HMVEC chemotaxis in response to RA synovial fluids. The values represent the mean * SE. #p < 0.05.
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lymphokine that contributes to human RA synovial fluid-mediated
angiogenesis, suggesting that T cells may also be important in this
process. The data presented in this study, together with our pre-
viously reported evidence demonstrating that IL-17 is important
for monocyte migration (21) in RA synovial fluids, highlight the
importance of IL-17 in RA pathogenesis.

Interestingly, our results show that neutralization of IL-17 and
VEGF do not synergize in reducing RA synovial fluid-induced
HMVEC migration beyond the effect detected with one factor alone.
As shown with IL-17, VEGF-induced HMVEC chemotaxis is me-
diated through PI3K (46, 51). Therefore, the lack of synergy between
IL-17 and VEGF in inducing HMVEC chemotaxis may be due to that
both mediators are using the same signaling pathway or that as shown
previously HMVEC cell migration is within a bell shaped curve (37,
52); therefore, the synergistic effect could not be detected.

In conclusion, endothelial migration and tube formation induced
by IL-17 were mediated through activation of the PI3K pathway
and ligation to both IL-17 receptors. However, neutralization of
only IL-17 or IL-17RC significantly downregulated human RA
synovial fluid-mediated endothelial migration, suggesting that IL-
17 plays an important role in RA angiogenesis.
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aQ3 © K Objective. To determine the mechanism of action

of interlenkin-27 (IL-27) against rheumatoid arthritis
(RA).

Methods, Adenovirus containing IL-27 transcript
was constructed and was locally delivered into the

reduced in the IL-27-{reated group compared with the
control-treated group. Two of the main cytokines that
induce Th17 cell differentiation and IL-17 downstream
target molecules were greatly down-regulated in CIA
mouse ankles receiving forced expression of IL-27. The

ankles of mice with collagen-induced arthritis (CIA).
Progression of arthritis was determined in treated and
untreated mice by measuring ankle circumference and

throngh. hlstologlc -analysis.-IL-17.and.its. downstream,
.ag [ e .

Results. Ectoplc expression of IL-27 in CIA mice
ameliorated inflammation, lining hypertrophy, and
bone erosion compared with that in control-treated CIA
mice. Serum and joint levels of IL-17 were significantly
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control mice had higher levels of vascularization and
monocyte trafficking than did mice ectopically express-
ing IL-27.

Concluswn. Qur'--results suggest=that mcreased-‘-“'

CIA . mouse Qerun{and j{}lllt levels of IL 17 and resuldts in
ecreased IL-17—med1ated‘. monocyter.recrmtment and

-17)
arthritis (RA) synovial fluid and in the T cell-rich areas
of RA synovial tissue (1,2). Th17 cells, which are derived
from RA synovial tissue, are significantly increased in
RA synovial fluid compared with RA or normal peri-
pheral blood (3). Our recent studies have shown that
IL-17 mediates angiogenesis in RA synovial fluid
through ligation to IL-17 receptor C (4). IL-17 can also
contribute to the pathogenesis of RA by inducing mono-
cyte migration into the inflamed synovial tissue (5, 6).
IL-17 plays a profound role in the pathogenesis
of experimental arthritis. Collagen-induced arthritis
(CIA) is markedly reduced in IL-177/" mice (7), and
treatment of the experimental CIA model with anti-
IL-17 antibody decreases the severity of inflammation
and bone destruction (8). Further, local expression of
IL-17 increases inflammation and synovial lining thick-
ness (9), which we have shown to be associated with
increased vascularity and monocyte recruitment (3,6).
IL-27 is a heterodimeric cytokine produced by
macrophages and dendritic cells; it belongs to the IL-12
cytokine family, which includes IL-23 and IL-35 (10).
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IL-27 is composed of 2 subunits, Epstein-Barr virus—
induced gene 3 and p28, whose transcriptions are regu-
lated independently. As such, dissociation of the expres-
sion of the 2 subunits may occur (11). Dendritic cells
produce IL-27 when stimulated by pathogen-associated
molecular patterns through Toll-like receptors (TLRs)

{12). We have shown that macrophages from RA syno-.

vial fiuid have significantly higher levels of IL-27 pro-
duction compared with control cells; however, both
groups of cells produced similar levels of I1.-27 in the
presence of TLR-2 ligation (3). Consistently, others have
shown that IL-27 is expressed in RA synovium (13).
IL-27 mediates its proinflammatory effect by
modulating the initial step of Thl cell differentiation
through the induction of IL-12 receptor g2 (IL-12Rp2)
expression, which can lead to interferon-y (IFNy) pro-
duction (14,15). Concordant with these results, IL-

proteoglycan-induced arthritis model by down-
regulating IFNy-producing T cells (16). In contrast,

PICKENS ET AL

Thl cells. These results suggest that inhibition of Th17
cell polarization through IL-27 may be a useful RA
treatment.

MATERIALS AND METHODS
Construction of AdIL-27. Mouse I1.-27 complementary

"DNA (cDNA) was obtained from p3xFLAG-IL-27 plasmid

described previously by Matsui et al (20), and AdJIL-27 was
constructed by Welgen. Briefly, IL-27 cDNA was cloned into
pCR-TOPQ vector (Invitrogen) employing polymerase chain
reaction. Thereafter, IL-27 cDNA wesé-released with Bgl 1T
and ligated to pENT-CMYV predigested with the same enzyme,
and the positive clones were screened by digesting with Bam
HI and sequenced, The pENT-IL-27 ¢DNA was treated with
LR Clonase II enzyme (Invitrogen) and ligated to a pAdREP
plasmid that contains the remaining adenovirus genome. The
recombination products were transformed into Escherichia coli
cells, and after overnight incubation the positive clones were

-selected-and-cosmid-DNA-was-purified.- The purified eosmid-

DNA (2 ug) was digested with Pac I and then transfected into
293 cells with Lipofectamine 2000 according to the instructions
of the manufacturer (Invitrogen). The 293 cells were grown in
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IL-27 can also suppress mﬂammatlon by inhibiting mu-

rine Thl7 cel
transforming g
the absence
mental auto

IFN; v, since EAL | induced i double
and IL-27Ro was more severe than in each single
knockout alone. It was further shown that IL-27 is a
potent suppressor of Th17 cell development in a STAT-
1-dependent and IFNy-independent way (17,18). Oth-
ers have shown that the antiinflammatory properties of
IL-27 may also be due to induction of IL-10 by CD4+
cells through a STAT-1- and STAT-3-dependent path-
way (19).

Experiments were performed to examine the
mechanism by which IL-27 affects the pathogenesis of
CIA. Our results demonstrate that 2 of the cytokines
promoting Thl7 cell differentiation and downstream
targets of IL-17 in macrophages and fibroblasts were
significantly reduced in ankles adenovirally expressing
IL-27 compared with ankles injected with control phos-
phate buffered saline (PBS). Ectopic expression of IL-27
in the ankles down-regulated CIA vascularization and
monocyte migration into synovial tissue compared with
the control group. Using RA memory T cells we dem-
onstrated that while IL-27 treatment significantly re-
duced the percentage of Th17 cells, it had no effect on

Dulbecco 'S mod:ﬁed Eagle_ S mechum The adenovlrus plagques

mined;by’ plag ontrol e 4 i study
Wwas an empty pEni‘t?MV shuttle vector with no insert (adeno-
virus purchased from Welgen)

il Eil
were collected. The conditioned medijum was concentrated
using 30-kd columns (VWR Scientific Products); AJIL-27 was
detected in the conditioned medium and cell lysates by probing
for FLAG (1:3,000 dilution), and the equal loading was
determined by actin (1:3,000 dilution) or stained with Coomas-
sie blue. Mice were mjected intraarticularly (IA) with 10°, 106,
or 107 PFU AdIL-27 (injected into both ankles) or with control
PBS, and ankles were harvested after 5 days. Ankles were then
homogenized in a 50-ml conical centrifuge tube containing 1
ml of Complete Mini-protease inhibitor cocktail (Roche Mo-
lecular Biochemicals) homogenization buffer. Ankle homoge-
nization was completed on ice using a motorized homogenizer,
followed by 30 seconds of sonication. Homogenates were
centrifuged at 2,000g for 10 minutes and filtered through a 0.45
pm—pore size Millipore filter {21-23). AdIL-27 expression was
examined in ankle homogenates through Western blot probing
of FLAG (1:3,000 dilution), and equal loading was examined
by actin (2:3,000 dilution).

Study protocol for CIA and AdIL-27 treatment.
DBA/1J mice (age 7-8 weeks) were immunized with collagen
on days (} and 21. Bovine type II collagen (2 mg/ml; Chondrex)
was emulsified in an equal volume of Freund’s complete
adjuvant (2 mg/ml of Mycobacterium tuberculosis H3TRa; Difco
or Chondrex}. The DBA/L] mice were immunized subcutane-
ously in the tail with 100 pl of emulsion. On day 21, mice were
injected intradermally with 100 pl of type II collagen (2 mg/ml)

.

A

A
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emulsified in an equal volume of Freund’s incomplete adju-
vant. AdIL-27 (107 PFU, n = 15) or Adcontrol {107 PFU, n =
15) was injected IA on day 23 after CIA induction. Mice were
killed on day 42; ankles were harvested for protein and
messenger RNA extraction as well as histologic studies, and
serum was saved for laboratory tests.

Clinical assessments. Ankle circumferences were de-_
_termined by measurement of 2 perpendicular diameters, in- .
cluding the laterolateral diameter and the anteroposterior

diameter, using a caliper (Lange Caliper; Cambridge Scien-
tific). Circumference was determined using the following for-

- mula: circumference = 2B\/(a® + b%?2), where a and b
- represent the diameters. Ankle circumference evaluations

were performed on days 21, 23, 26, 28, 30, 33, 35, 36, and 41,

Flow cytometry. RA peripheral blood mononuclear
cells were isolated by Histopaque gradient centrifugation, and
memory CD4+ T cells were isolated employing a negative
selection kit (StemCell Technologies) according to the manu-
facturer’s instructions. RA memory CD4-- T cells were cul-
tured and treated with phorbol myristate acetate (PMA; 50

~-ngfml}-and-ionomyein- (1 -pg/ml) with-or-without 1L-27 treat-—

ment (100 ng/ml) for 48 hours. The cells were supplemented
with brefeldin A (10 pg/ml) 18 hours prior to performing flow
cytometry. Cells were then stained with anti-CD4 (RPA-T4;
BD PharMingen), anti-IL-17 (eB1064DEC17 eBloscwnce)

(FNFea), CXCL1, CXCL5, CCL20, and CCL2 were quantified
by enzyme-linked immunosorbent assay (ELISA) according to
the instructions of the manufacturer (R&D Systems). The
sensitivity of the ELISAs performed to quantify mouse IL-17,
IE-1B, IL-6, CXCL1, and CXCLS was 7.8 pg/ml, whereas for
TNFe« and CCL20 it was 15.6 pg/ml. The expression level of
each factor was normalized to the ankle protein concentration

.and shown as pg/meg, and serum levels are shown as pg/ml,

Quantification of hemoglobin in mouse ankles. Em-
ponmg methemoglobin, serial dilutions were prepared to
generate a standard curve from 70 gm/dl to 1.1 gm/dl (4,27,28).
Fifty microliters of homogenized mouse ankles or standard
was added to a 96-well plate in duplicate, and 50 wl tetra-
methylbenzidine was added to each sample. The plate was
allowed to develop at room temperature for 15-20 minutes
with gentle shaking, and the reaction was terminated with 150
ul 2N H,80, for 3-5 minutes, Absorbance was read with an
ELISA plate reader at 450 nm. To calculate hemoglobin
concentrations in the mouse ankles, the values (gm/dl) were
normalized to the weights of the ankles (mg/ml} (4,27,28).

~Statistical analysis. The data were analyzed using
Student’s 2-tailed t-tests for paired and unpaired samples.
P values less than .05 were considered significant.
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anti-IFNvy (45.B3;/BD PharMmgen) or isotype control anti-
bodies. Thl’l or or

vk
using Vector E]lte ABC Kits (Vector) with dlamlnoben21dme
(Vector) as a chromogen, at the pathology core facility of
Northwestern University.

Brieily, slides were deparaffinized in xylene for 15
minutes at room temperature, followed by rehydration by
transfer through graded alcohols. Antigens were unmasked by
incubating slides in proteinase K digestion buffer (Dako) for 5
minutes at room temperature. Endogenous peroxidase activity
was blocked by incubation with 3% H,O, for 5 minutes,
Nonspecific binding of avidin and biotin was blocked using an
avidin/biotin blocking kit (Dako). Nonspecific binding of anti-
bodies to the tissues was blocked by pretreatment of tissues
with Protein block (Dako). Tissues were incubated with GR1
(1:200 dilution; Novus Biologicals), MAC 387 (1:200 dilution;

" Serotec together with animal research kit [ARK; Dako]), von

Willebrand factor (1:1,000 dilution; Dako), or control IgG
antibody (Beckman Coulter). Slides were counterstained with
Mayer’s hematoxylin and treated with lithium carbonate for
bluing. Neutrophil and macrophage staining were scored on a
0-5 scale. Vascularity was quantified as number of blood
vessels per 5 random high-power fields at 10X magnification
(24). The data were pooled, and the mean * SEM was
calculated in each data group. Each slide was evaluated by a
blinded observer (AMM) (22,23,25,26).

Quantification of proinflammatory factors. Mouse an-
kle and/or serum IL-17, IL-18, IL-6, tumor necrosis factor «

detect AdIL27 construct at 5, 10, and 25 MOI from both
293 cell Iysates and conditioned medium (Figure 1A).
To validate the expression of IL-27 in vivo, mouse ankles
were bilaterally injected with 10°, 105, or 107 PFU of
AdHL-27 or PBS control. After 5 days, ankles were
homogenized and AdIL-27 construct was detected em-
ploying anti-FLAG antibody in Western blotting analy-
sis. AdIL-27 construct was detectable only in ankles
injected IA with 10° or 107 PFU AdIL-27, and not in
ankles injected IA with 10° PFU AdIL-27 or PBS control
(Figure 1B). Since both mouse ankles injected with 107
PFU AdIL-27 strorgly expressed IL-27 compared with
@iy mouse ankiginjected with 10° PFU AdIL-27, the
dose of 10" PFU was selected for performing these
experiments.

Effect of local IL-27 expression in CIA. To de— :
termine the effect of IL-27 administration into the
arthritic joint, AdIL-27 or Adcontrol (107 PFU each)
was injected IA into DBA/1J mouse ankles 23 days after
CIA induction. In the Adcontrol-injected mice, disease
activity determined by ankle circumference began on
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differentiation; therefore, 11-17 expression levels were
determined in serum and ankles of CIA mice receiving
AdIL-27 or Adcontrol. Our results demonstrate that
I1-17 expression was significantly lowered in sera and
ankle homogenates {(by 35% and 55%, respectively)
from AdIL-27-treated animals compared with those
from control animals (Figure 3A). Interestingly, we 1
demonstrated that 2 of the cytokines that drive Th17 cell
differentiation, namely, IL-18 and IL-6, were signifi-
cantly reduced (by 55%) in mouse ankles, and levels of
IL-18 were also decreased (by 45%) in sera from CIA
inice locally expressing I1-27 compared with sera from
mice receiving control treatment (Figures 3B and C).
We have shown that CXCL1, CXCLS5, and CCL2 are
neutrophil and monocyte chemokines that are induced
by IL-17 in RA synovial tissue fibroblasts and macro-
phages as well as in a model of IL-17-induced arthritis

4
A Flag
actin
Coomassie blue
0 510 25 0 51025 MOI Ad-IL-27
cell lysates  superniatants
B Flag
actin

{winpublished observatlons)"(see ref. 6). We found that

" ‘ectopic expression of IL-27 significantly decreased joint
. levels of CXCL1 (by 65%), CXCL5 (by 70%), and CCL2 ¢
- (by 55%) compared with Adcontrol treatment in CIA

AQ:37

U Ad-IL-27

(
units (PFU) of AdIL-27.

day 30 and progressed through day 36, plateauing there-
afteruntil the termination of the experiments on day 42
(Figure 2A). Mice treated with AdIL-27 demonstrated
significantly reduced joint circumference compared with
control animals (£ < 0.05 and P < (.01). Next, histologic
examination of the joints was performed to determine
the effect of treatment on inflammation and joint de-
striction. Histologic analysis of ankles from day 42
confirmed that mice treated with AdIL-27 had signifi-

-cantly less inflammation (50% decrease), synovial lining
thickness (45% decrease), and bone erosion (65% de-

crease) compared with control mice (Figures 2B-D).
These resulis suggest that local expression of IL-27 can
reduce CIA joint inflammation, synovial lining thick-
ness, and bone destruction.

Effect of AJIL-27 treatment on expression of
proinflammatory factors in CIA mouse ankles. 11.-27 is
known to suppress inflammation by inhibiting Th17 cell

CEet g
Treatment with 1L-27 significantly reduces RA
Thi7 celis thhout affecting:Thi cells. Singe sple:nocytes

T § B
pheral blood memory T cells were isolated by ncgatwe
sclection and were treated with PMA and ionomycin
with or without IL-27. Results from these experiments
demonstrate that while IL-27 treatment significantly
reduced Th17 cells from 3% to 1%, it had no effect on
the Thl cell population (Figures 4A and B). Consis- ¥
tently, when IL-17 levels in conditioned medium were
quantified by ELISA (after 48 and 72 hours), cells ¢
treated with IL-27 had lower secretion of IL-17 com-
pared with cells in the control treatment group (data not
shown).

Effect of AdIL-27 treatment on leukocyte recruit-
ment inte CIA mouse joints. We have shown thus far
that local expression of IL-27 in CIA mouse ankles
significantly reduces inflammation as well as Th17 cell
polarizing cytokines and IL-17-induced downstream fac-
tors, We next examined the effect of AdIL-27 on leuko-
cyte recruitment into inflamed CIA mouse ankle joints.
Consistent with the clinical data, local expression of
IL-27 greatly suppressed neutrophil ingression (by 60%)
(Figures 5A-C) and monocyte ingression (by 35%) ¥
(Figures SD-F) into CIA mouse joints compared with
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Changes in joint circumference. * = P < 0.05; =% = P < 0,01 versus AdIL-27-treated mice. B and C, Hematoxylin and
eosin staining of CIA mouse ankles injected with Adcontrol (B) or AJIL-27 (C). Original magnification X 200, I}y Effect
of local expression of IL-27 on inflammation, lining thickness, and bone erosion. * = P < 0.05. Values in A and I} are
the mean = SEM (n = 10).

control mouse joints. Our results suggest that reduction
of joint IL-17 levels can down-regulate trafficking of
neutrophils and monocytes into CIA mouse ankles.
Effect of AdIL-27 treatment on vascularization in
CIA. Since angiogenesis is critical for leukocyte ingress,
the effect of local IL-27 expression on blood vessel
formation in CIA mice was studied. Vascularization in
CIA mice was quantified by measuring ankle hemoglo-
bin levels and blood vessel staining. AdIL-27-treated
CIA mice had markedly lower hemoglobin levels com-
pared with control mice (Figure 6A). Consistently, there
were 40% fewer blood vessels in CEA mouse ankles that
locally -expressed IL-27 than in control mouse ankles

(Figures 6B-D}. Our results suggest that [L-27 treat-
ment inhibits IL-17-mediated angiogenesis in CIA.

DISCUSSION

In this study, we show that local expression of
IL-27 in CIA mouse ankles ameliorates joint inflamma-
tion and bone destruction. We further demonstrate that
TL-27 modulates arthritis through reducing 2 important
Th17 cell polarizing cytokines as well as IL-17-activated
factors in the CIA mouse joint. In RA peripheral blood,
I1.-27 treatment directly reduced the percentage of Th17
cells; however, Thi cells were unaffected. Consequently,




[ rich3/zar-anr/zar-anr/zar00811/zar9291d11g | springj | $=6 | 5/10/11 | 10:58 | 4/Color Figure(s): 2,5,6 | Art: 10-0931 | |

A [ Ad-contral

B pioousal

PICKENS ET AL

C

i Sid-0ON0O}

1400 [ BeEy m_;——-—-ﬁt o 150 u.:;::::’l“' @ 0 e e
) 1 T sz ; 2
21075 —— 2 512
& ! 2 -

Fi} B

£ ; =2 B
3 750 1 - B
= | Lo s
2 485 T |
= 30 Wi

100 Seri ankle joints Y ankle jomts: 0.

(pyal) fpemg) {pefme)
D {3 Ad-tonirol. ™, ;
E 123 Aduconiral F F adcomsol

£00- A PR, :
a8 e Lo ‘ 700 M2 x so- Madieay e
g i w ! ks
2 H - !
= 3% 2 120 '
3404 5 420. E
Eﬁ & 2 50-
- B &
31604, ems 2804, -
A o s S
G U 75 140+ 0 304

) a l ‘ﬁﬁ.}.jc Jeimts. 0 “ankle Jolts., 'w

local expression of IL-27 in CIA mouse ankles sup-
presses IL-17-mediated neutrophil and monocyte traf-
ficking as well as vascularization. These results suggest
that IL-27 can inhibit IL-17-induced acute (neutrophil
migration) and chronic (monocyte recruitment) inflam-
mation by affecting leukocyte ingress, controlled in part
by the reduction in angiogenesis.

Farly neutralization of IL-17 using an IL-17
receptor IgG Fc fusion protein in CIA suppresses the
onset of the disease (29). Treatment of CIA after disease
onset using anti-IL-17 antibody decreases the severity of
inflammation and bone destruction in CIA (8). These
studies demonstrate that IL-17 plays an important role
in the initiation and progression of CIA. Hence, we
investigated whether inhibition of Th17 cell differentia-
tion could reduce joint inflammation in CIA. The effect
. of local expression of IL-27 on Th17 cells was observed
both systemically and in the ankle joints, since IL-17
levels in the sera and ankle homogenates were markedly
decreased compared with those in the control group.

rol&ﬂ@m att)r 01;§:‘ , 8 han
Adeontrol or AdIL-ZT weré Hefermmed f::y
3 (E), or, CCL2 (F) in ankle homogenates from both treatment. groups were
2P (), 05 Sce Figare:2for Gther-Pefinitidns i

Lpgfmg) pghngy

Experiments were performed in RA peripheral blood in
order to demonstrate that IL-27 treatment could directly
inhibit Th17 cell differentiation and that reduction in
IL-17 levels was distinct from IFNy-mediated Th17 cell
suppression. Consistent with previous findings (17,18),
we showed that Thi7 cell differentiation was suppressed
3-fold while Thl cell polarization was unaffected by
IL-27 treatment in RA peripheral blood.

We found that local expression of IL-27 could
alleviate clinical signs of CIA. Consistently, histologic
analysis demonstrated reduced inflammation, synovial
lining thickness, and bone erosion, which may be due to
suppressed joint levels of IL-17. It has been shown that
I1.-17 is involved in bone degradation through elevating
expression of RANKL in CIA mouse ankles (30} as well 4
as synergizing with TNFa and IL-6 in this process
(31,32).

TGFB, IL-6, IL-18, and II.-21 drive the differen-
tiation of Thl7 cells (33-35). However, some variation
between humans and mice has been described. Levels of
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iL-13 and IL-6 but not TNFa were markedly reduced in
CIA mouse ankles locally expressing IL-27 compared
with control mouse ankles. Others have shown that in
IL-1Ra™" mice, elevated levels of IL-18 are responsible
for an increase in the number of Th17 cells (36). In CIA,
IL-6 is essential for Thl17 cell differentiation, since
anti-IL-6R antibody markedly suppresses induction of
Th17 cells and arthritis development (37). Consistent
with our data, a previous study demonstrated that sys-
temic administration of recombinant 11.-27 could reduce
serum levels of IL-6 (13). Interestingly, in CIA mouse
synoviocytes, neutralization of IL-18 and IL-6 signifi-
cantly reduces IL-17-mediated expression of TLRs 2, 4,
and 9 (38). The results from our laboratory and those of
others suggest that IL-18 and IL-6 are 2 of the cytokines
that play an important role in Th17 cell differentiation in
CIA. Therefore, IL-27 can suppress polarization of Th17
cells by modulating joint levels of IL-18 and IL-6.
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Our unpublished studies demonstrate that 1L-17
can induce CXCL1 expression from RA synovial tissue
fibroblasts, macrophages, and human microvascular en-
dothelial cells. CXCL5 is also produced from IL-17-
activated RA synovial tissue fibroblasts and macro-
phages (: unpublished observations). Previous studies
have shown that neutrophil migration mediated by IA
injection of 1L-17 is dependent on CXCL1 and CXCLS5,
suggesting that both neutrophil chemokines are pro-
duced by cells in the ankle joints and play an essential
role in I1.-17-mediated neutrophil ingress (39). Neutro-
phil chemotaxis caused by conditioned media from
IL-17-stimulated gastric epithelial cells was inhibited by
neutralizing antibodies to IL-8, suggesting that in human
cells IL-8 is responsible for IL-17-induced neutrophil
trafficking (40}. Similar to IL-8, CXCLI and CXCL35
bind to CXCR2 and therefore may induce neutrophil
migration through activation of the same pathway. Col-
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lectively, the data suggest that reduction of IL-17 by
AdIL-27 suppresses neutrophil migration through mod-
ulating CXCL1 and CXCLS5 in CIA mouse ankle joints.

We have shown that IL-17 plays an important
role in monocyte migration in RA, since neutralization
of IL-17 in RA synovial fluid or its receptors on mono-
cytes significantly reduces monocyte migration mediated
by RA synovial fluid (5). Further, T1.-17 promotes mono-
“cyte migration through activation of p38 MAPK (5). We
also found that IL-17 activates CCIL2 production from
macrophages and RA synovial tissue fibroblasts and in
experimental arthritis models (6). In addition to the
direct effect of IL-17 on monocyte chemotaxis, we
-demonstrated that IL-17-mediated monocyte recruit-
ment into the peritoneal cavity was due in part to CCL2
production (6). Despite the ability of IL-17 to induce the
production of other monocyte chemokines such as
CCL20 from cells present in the synovial lining (6),

PICKENS ET AL

; “nd B) br MACSS?m(macrephage Tatker)
Uv(D and E) Original magnification X 200. C and F, Shown is quantification of ncutrophl! stammg (C) and macrophage staining (F) from CLA mouse
ankles harvested on day 42. Values are the mean = SEM (n = 10). * = P < 0.05. See Figure 2 for definitions.

forced expression of IL-27 in CLA mouse ankles did not
affect the expression levels of this chemokine. Based on
our previous studies, inhibition of monocyte recruitment
into CIA mouse ankles locally expressing IL-27 may be
directly due to reduction of IL-17 levels or indirectly due
to lower expression of IL-17-induced CCL2, or perhaps
both mechanisms are essential for this process.
Angiogenesis is an early and critical event in the
pathogenesis of RA which is triggered by the inflamma-
tory process mediated by cytokines, chemokines, and
hypoxia (41). Previous studies demonstrate that angio-
genesis is essential for CIA progression (42). In the
current study we show that local expression of IL-27
significantly reduced synovial vascularity in CIA mice

‘compared with that in control animals. This effect may

be due to down-regulation of joint levels of IL-17 in
ankles with forced IL-27 expression. We previously
observed that IT-17, in concentrations present in the RA
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Figure 6. vascalarization. de
mouse ankles harvested from diffe:

ally ex

. ; aig
rent treatment groups on day 42, Results arc shown as hemoglobin (gm/dl)/joint weight {mgml}. B and C,

Br

Synovial tissue harvested from Adcontrol-injected (B) or AdIL-Z7-injected (C) CIA mouse ankles on day 42 was immunostained with von
| Willebrand factor (endothelial marker). Original magnification X 200. D, Vascularization was quantified as the number of blood vessels per 5
random high-power fields (hpf) at 10X magnification in each CIA mouse ankle harvested on day 42. Values in A and D are the mean = SEM (n =

10). * = P < 0.05. See Figure 2 for other definitions.

joint, induces endothelial migration through the phos-
phatidylinositol 3-kinase/Akt-1 pathway (4). Further, we
have demonstrated that IL-17 is angiogenic, determined
by its ability to promote blood vessel growth in Matrigel
plugs in vivo (4). However, reduced levels of the proan-
giogenic chemokines CXCL1 and CXCL5 may also be
responsible for the decreased vascularity in the AJIL-27
treatment group compared with that in the control
group (43). Given that angiogenesis promotes ingress of
leukocytes, reduction in new blood vessel formation can
affect neutrophil and monocyte trafficking.

In summary, local expression of IL-27 in CIA
results in reduced disease severity quantified by joint
swelling, synovial lining thickness, bone erosion, and
leukocyte migration. In CIA, AdIL-27 treatment leads to
reduced IL-18 and IL-6 production, resulting in a de-

pressed Th17 cell response characterized by decreased
joint levels of IL-17. This leads to decreased synovial
production of the neutrophil and monocyte chemokines
CXCL1, CXCL5, and CCL2Z, ultimately resulting in
fewer infiltrating leukocytes and lessened blood vessel
formation.
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