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Figure 3. Actions of siltuximab on intraperitoneal tumors formed from IGROV-1 cells. A, luciferase bioluminescence imaging was used to measure
intraperitoneal tumor burden. Siltuximab (20 mg/kg twice weekly) treatment for 4 weeks started 1 day (left) or 14 days (right) after tumor cell injection, and
significantly reduced tumor burden compared with IgG control (*, P < 0.05). All mice were killed after 4 weeks of treatment. B, effects of siltuximab on IL-6,
phospho-STAT3, and Jagged1 expression in the IGROV-1 xenograft model following 4 weeks of siltuximab. The number of tumor cell nuclei showing
positive staining for pPSTAT3 were counted in 3 randomly selected areas per tumor section (n = 3) using a x40 objective with approximately 500 nuclei counted
per tumor (**, P < 0.0001). After 4 weeks of siltuximab treatment, there were also marked decreases in both human IL-6 and Jagged1 mRNA expression. RNA
from 3 tumor samples in each group was used for this analysis. In addition, there was a reduction in Jagged-1 expression as detected by
immunohistochemistry. Main photomicrographs taken with x10 magnification lens, inset x40. C, Ki67, F4/80, and tumor vasculature staining and
quantification in IGROV-1 xenograft. Siltuximab significantly reduced cell proliferation compared with IgG control in IGROV-1 xenografts (***, P < 0.001). The
proliferative index was calculated by estimating the percentage of tumor cells in 10 randomly selected areas per tissue section (n = 3) showing positive
staining. Significant decreases in macrophage influx were seen with siltuximab compared with IgG control in the IGROV-1 xenograft (**, P < 0.01). The
quantification was calculated by counting the number of F4/80-+ cells from 10 randomly selected areas per tumor section (n = 3). Siltuximab also had a
significant effect on tumor vasculature (*, P = 0.0263). The mean vascular area in each group was quantified by selecting 10 random areas per tumor section
(n = 3). All data are representative of 2 independent experiments. D, human IL-6 was measured in serum of mice-bearing IGROV-1 xenografts. After 4 weeks,
hiL-6 significantly increased with siltuximab treatment (**, P = 0.01). ND, not detected.
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Figure 4. Phase 2 trial of the anti-IL-6 antibody siltuximab—survival, clinical responses and pharmacokinetics. A, 18 women with recurrent, platinum-resistant
ovarian cancer received biweekly infusions of siltuximab. Patients were restaged after 3 (12 patients) or 5 (6 patients) doses and every 12 weeks
thereafter. Those achieving stable disease after 3 to 5 doses continued treatment for up to 17 infusions. The median progression-free and overall survival,
PFS and OS, respectively, of the patients who received at least one infusion of siltuximab was 12 and 49 weeks, respectively. B, CA125 was measured at
enrollment and before each infusion of siltuximab. Patient 13 had a CA125 response by GCIG criteria. PET/CT images at baseline, week 9 (5 cycles),
week 23 (12 cycles) indicated reduction in ['®F]-FDG uptake in pelvic tumors. The region of high ['®F]-FDG uptake anteriorly on the week 23 scan represents the
bladder. ULN, upper limit of normal. C, CA125 values before and during siltuximab treatment. Patients 5, 9, and 10 had reductions in CA125 lasting up to 12
weeks. In patient 20, there was a highly significant change in CA125 doubling time slope after commencing treatment. D, siltuximab pharmacokinetics. Serum
siltuximab levels were measured immediately before (Cnin) and 1 hour after (Crax) the first 3 doses of siltuximab.

Cax in cycle 3 was 59.1 ug/mL (95% CI: 45.0-110.6 dose of siltuximab (Fig. 5B) and fell below the LLOQ in
ug/mL). 16 of the 18 evaluable patients. CRP remained suppressed
for up to 19 weeks in patients who achieved SD, but was

Plasma biomarkers in response to siltuximab not maintained in 4 of 10 patients progressed during
treatment the first 3 to 5 treatments with siltuximab. There were
We measured IL-6 and IL-6-regulated cytokines in no episodes of thrombocytopenia greater than grade 1
patient plasma in an attempt to understand mechanisms (platelet count 75-100 x 10°/1), but 2 patients experi-
of action of the anti-IL-6 antibody and identify potential enced 1 episode each of grade 3 neutropenia (absolute
biomarkers of response. Twenty-four hours after the first neutrophil count 0.5-1.0 x 10°/1): each lasted less than
antibody infusion, there was a highly significant increase in 1 week and recovered spontaneously without growth
measurable plasma IL-6, which continued after 6 weeks factor support (Supplementary Table S3). There was a
(Fig. 5A). Free IL-6 could not be detected, suggesting significant increase in Hb levels in the 14 patients who
that the assay was detecting siltuximab-bound IL-6, in line did not receive blood transfusions during the trial (Sup-
with the xenograft data (See Fig. 3D) and observations plementary Fig. S3B). Plasma cytokine/chemokine levels
in other clinical trials of siltuximab (39), antibodies to the were largely unchanged after three doses of siltuximab
IL-6 receptor or to TNF-a (40, 41). (Supplementary Fig. S3C). However, there was evidence
There was a close correlation between baseline plasma that longer IL-6 blockade reduced plasma cytokine and
IL-6 levels and serum levels of the inflammatory marker chemokine levels. In the 4 patients who received at least
CRP (> = 0.74, Spearman p = 0.87; Supplementary 6 months treatment, there were significant declines in the
Fig. 3A). CRP levels declined in all patients after one IL-6-regulated chemokines CCL2, CXCL12, and the
www.aacrjournals.org Clin Cancer Res; 17(18) September 15, 2011
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angiogenic factor VEGF. There was also a trend toward
reduced IL-8 levels (Fig. 5C).

Although we could find no direct effects of siltuximab on
ovarian cancer cells in vitro, potential effects on angiogen-
esis and macrophage infiltrate could have induced cell
death in the tumor microenvironment. We therefore
looked for evidence of apoptosis in patient plasma, mea-
suring the cytokeratin 18 neoepitope M30, a marker of
executioner caspase activation in epithelial cells (42). Med-
ian M30 levels increased significantly between baseline and
6 weeks (Fig. 5D).

IL-6/IL-6 receptor expression in diagnostic
biopsies from trial patients and an independent

cohort

Diagnostic tumor biopsies were available from 14 of the
trial patients. Median tumor-specific IL-6 and gp130
expression was higher in SD/PR patients compared with
PD patients (Supplementary Fig. S3D and E), although this
difference did not reach statistical significance (P = 0.103
for IL-6). There were no differences in tumor-specific gp80
expression or stromal IL-6, gp80 or gp130 between the
groups (data not shown).
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Bioinformatics analysis of IL-6-linked pathways and correlated positively with 4 of the genes whose levels were
processes in ovarian cancer biopsies reduced by siltuximab treatment, namely CA125, IL-8,

From the tissue culture, xenograft, and clinical trial data, we Jagged1 and CCL2 (all P < 0.003). There was also positive
predicted that IL-6 is involved in the regulation of inflam- correlation with the macrophage cell surface markers CD14,
matory cytokines, angiogenesis, and the infiltration of CSF1R, and CD163 (Fig. 6A; all P < 0.0001). Using GSEA
macrophages into the tumor microenvironment in ovarian and Metacore, we found significant associations between
cancers in which the malignant cells produce IL-6. To seek high IL-6 pathway gene expression and the following
further confirmation of our findings, we studied human pathways/processes: development blood vessel morphogen-
ovarian cancer biopsies for correlations between gene expres- esis; regulation of angiogenesis; development role of IL-8
sion levels in the IL-6 pathway and expression of mediators in angiogenesis; developmental VEGF signaling and activa-
that were downregulated by siltuximab in the clinical and tion; apoptosis/antiapoptosis, cell cycle/proliferation and
preclinical experiments described above. We used gene immune response/inflammation (all P < 0.001; Fig. 6B). A
expression data from 285 ovarian cancer biopsies from the full list of genes associated with high levels of IL-6 signaling
Australian Ovarian Cancer Study (GSE9899; ref. 43) and pathway combining all information from the 3 datasets can
ranked all samples for expression of IL-6 pathway genes be found in Supplementary Table S4.
(defined by the Metacore pathway tool). We then selected
the 50 samples with the highest (high IL-6) and 50 with the Discussion
lowest (low IL-6) levels of expression of genes in this path-
way. Next, we generated a list of genes that were differentially In this paper, we have shown how IL-6 production by
expressed between the high IL-6 and low IL-6 samples [false malignant ovarian cancer cells stimulates inflammatory
discovery rate (FDR) < 0.05]. A similar process was done on a cytokine production, tumor angiogenesis, the tumor macro-
further 245 samples obtained by merging 2 other publicly phage infiltrate and is associated with a poor prognosis. We
available datasets (GSE6008 and GSE3149). All samples also show that the anti-human IL-6 monoclonal antibody
were used in each of the datasets for these analyses. We took siltuximab, when given as a single agent, has some clinical
forward genes that were differentially expressed in both activity in recurrent, platinum-resistant ovarian cancer.
analyses and found that high IL-6 pathway expression A total of eight patients achieved radiological disease
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Figure 6. Bioinformatic analysis of IL-6 pathway gene expression in ovarian cancer biopsies. A, expression profile across the 50 highest and lowest ranked IL-6
pathway samples. RMA normalized expression values for the 7 genes were used to generate a heatmap. The colors indicate the expression value relative
to the median expression value per gene in the dataset. Red indicates upregulation relative to median value and green indicates downregulation

relative to the median value. The table shows the fold change and associated adjusted P value showing the difference between the top and bottom 50 IL-6
pathway ranked samples. B, process enrichment analysis of differentially expressed genes. Differentially expressed probes between the 50 top and
bottom ranked IL-6 samples were selected based on meeting the criteria of FDR < 0.05. Probes were divided into positive and negative fold changes lists and
used to determine enrichment using Genego processes within Metacore pathway. Processes were grouped based on annotated biological groups of

angiogenesis, apoptosis, cell cycle/proliferation and immune response/inflammation. Heat maps were drawn for each biological process using the cluster
package, using average linkage hierarchical algorithm to cluster the probes.
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stabilization, which lasted 6 months or morein 4 cases. One
of these 8 also had normalization of CA125 that lasted for
12 weeks, giving an overall partial response by combined
RECIST/CA125 criteria. Combining results from clinical,
preclinical and in silico analysis, we conclude that the
mechanisms of action of anti-IL-6 in ovarian cancer are
inhibition of an autocrine cytokine and chemokine network
in the malignant cells that has paracrine actions on angio-
genesis via inhibition of VEGF, Jagged1 and IL-8, and on the
macrophage infiltrate via inhibition of the chemoattractant
CCL2. These conclusions were supported by gene expres-
sion analyses, in which IL-8, CCL2 and macrophage and
angiogenesis markers all correlated significantly with high-
est levels of gene expression in the IL-6 pathway. There was
no evidence of a direct growth inhibitory action of the anti-
IL-6 antibody on ovarian cancer cells, effects on their
survival were only evident in the presence of a tumor stroma
suggesting that this was an indirect effect.

This is the first clinical study of anti-IL-6 therapy in
ovarian cancer. Siltuximab has been evaluated recently
in phase 2 trials in Castleman'’s disease (26) and castra-
tion-resistant prostate cancer (39). In Castleman’s Disease,
in which IL-6 is a key pathogenic driver, the objective
response rate was 52%: by contrast, in prostate cancer,
the response rate was 3.2%. Although the response rate
here (5.6% by combined CA125/RECIST criteria) is mod-
est, prolonged periods of disease stabilization were seen in
women with recurrent, drug-resistant disease, and some
evidence of activity on ['®F]-FDG PET imaging. The median
overall survival in this trial was similar to that seen in large
randomized phase 3 trials of conventional chemotherapy,
such as topotecan, liposomal doxorubicin, and gemcita-
bine, in platinum-resistant ovarian cancer (44, 45). How-
ever, larger randomized studies will be required to allow
robust statistical conclusions to be drawn about the role of
IL-6 inhibition in ovarian cancer treatment and to validate
the biomarkers identified in our study.

At trial entry, there were no differences in clinical para-
meters between the patients who had stable disease and
those who progressed through siltuximab treatment; all had
platinum-resistant disease and the diagnostic biopsies from
the stable disease patients tended to show higher expression
of malignant cell IL-6, a feature that was associated with a
shorter survival in the TMA cohorts. Nonetheless, it will be
important in any future clinical trial to obtain new biopsies
at time of trial enrolment to measure IL-6 activity by IHC
and gene expression array and relate this to pretreatment
plasma levels, especially as recent results suggest that tumor
IL-6 expression is greater in recurrent ovarian cancer com-
pared with matched primary disease (46).

Pharmacodynamic data from a phase 1 trial of siltux-
imab in metastatic renal cell cancer, as well as modeling
data, suggest that the dose regime used in this trial
(5.4 mg/kg every 2 weeks) should be sufficient to suppress
CRP to below 5 mg/L in all patients with a baseline value
more than 10 mg/L (27). Our results show that such
suppression can be achieved by day 8 in platinum-resistant
ovarian cancer patients. However, in 4 patients, whose

mean baseline CRP was 50 mg/L, CRP suppression was
transient and all 4 had progressive disease at first evalua-
tion. Thus, it is possible that ovarian cancer patients with
high baselines CRP values may require greater doses of anti-
IL-6 antibodies for maximum pathway suppression.

Invitro, exposure of ovarian cancer cells that expressed IL-
6 and its cell surface receptors to siltuximab inhibited
constitutive release of IL-6 and other inflammatory cyto-
kines. In xenograft experiments, siltuximab only inhibited
growth of tumors that produced IL-6, and its actions were
associated with a strong decline in human IL-6 and Jagged1
mRNA. As we did not have a mouse phenocopy of siltux-
imab and the anti-human IL-6 antibody does not neutra-
lize murine IL-6, we could not fully recreate the effects of an
anti-IL-6 antibody in a microenvironment where malig-
nant cells and stroma are syngeneic. However, these experi-
ments did show that plasma levels of human IL-6 in the
nude mice were determined by both the inherent ability of
the malignant cells to produce IL-6 and the tumor burden.

The majority of the work in this paper relates to high-
grade serous ovarian cancer. However, more recently, we
have found that clear cell ovarian cancer is characterized by
specific overexpression of an IL-6-STAT3-HIF pathway (8).
Treatment of 2 patients with the multireceptor tyrosine
kinase inhibitor sunitinib induced changes in CA125 and
FDG uptake that were maintained for 20 months in 1 of 2
patients. The TOV21G cell line used in our study comes
from a clear cell carcinoma (25) and one of the patients in
the trial was also diagnosed as clear cell carcinoma. This
patient also had the highest pretreatment levels of both IL-6
(20.1 pg/mL) and CRP (69 mg/L). Further studies in clear
cell carcinoma specifically are required to investigate the
role of IL-6 in this ovarian cancer subtype.

Our results show that IL-6 stimulates inflammatory
cytokine production, tumor angiogenesis and the tumor
macrophage infiltrate in ovarian cancer and these actions
can be inhibited by a neutralizing anti-IL-6 antibody in
preclinical and clinical studies. Further clinical studies of
IL-6 antagonists alone or in combination with other thera-
pies are warranted. In view of the antiangiogenic effects
reported in this paper and the encouraging results seen with
recent GOG218 and ICON-7 studies of bevacizumab, we
believe that a randomized trial of siltuximab may be
warranted in the maintenance setting.
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