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Osteosarcoma (0S), a malignant tumor of bone, kills through aggressive metastatic spread almost
exclusively to the lung. Mechanisms driving this tropism for lung tissue remain unknown, though
likely invoke specific interactions between tumor cells and other cells within the lung metastatic
niche. Aberrant overexpression of ANp63 in OS cells directly drives production of IL-6 and CXCL8.
All these factors were expressed at higher levels in 0S lung metastases than in matched primary
tumors from the same patients. Expression in cell lines correlated strongly with lung colonization
efficiency in murine xenograft models. Lentivirus-mediated expression endowed poorly
metastatic OS cells with increased metastatic capacity. Disruption of IL-6 and CXCL8 signaling
using genetic or pharmaceutical inhibitors had minimal effects on tumor cell proliferation in vitro
or in vivo, but combination treatment inhibited metastasis across multiple models of metastatic
0S. Strong interactions occurred between 0S cells and both primary bronchial epithelial cells

and bronchial smooth muscle cells that drove feed-forward amplification of IL-6 and CXCL8
production. These results identify IL-6 and CXCL8 as primary mediators of 0S lung tropism and
suggest pleiotropic, redundant mechanisms by which they might effect metastasis. Combination
therapy studies demonstrate proof of concept for targeting these tumor-lung interactions to affect
metastatic disease.

Introduction

Osteosarcoma (OS), the most common primary cancer of bone, kills approximately 40% of young people
diagnosed with the malignancy (1). Despite 40 years of active drug development and extraordinary coopera-
tion, including the formation of large international clinical trial consortia, OS remains as deadly today as it
was in the 1970s (2-6). Lung metastasis remains the primary determinant of outcome. Whether patients ini-
tially present with metastasis or develop lung tumors years after therapy, 5-year survival rates plummet from
a modest 70% (for patients with localized disease; see refs. 4, 5) to a sobering less than 20% once metastases
occur (5, 7). Bones and lungs tend to be the only tissues involved; less than 2% of patients develop lesions
in other organs (7, 8). There remains little known of the mechanisms that mediate this tissue tropism. As a
disease where spread to a particular organ so clearly defines outcome, the study of OS’s lung tropism repre-
sents (a) a particularly useful system for the study of tumor-host interactions, (b) a disease model amenable
to development of therapeutics that target specific tumor-host interactions, and (c) an opportunity to change
the natural history of a particularly deadly disease in a way that significantly impacts patients (8, 9).

We have very specifically focused on the process of lung colonization, rather than the early steps in
metastasis that result in dissemination (10-13). We have done this because dissemination has already
occurred in most patients at diagnosis (14, 15), particularly in patients with OS (16). We have further
focused on identifying the molecular interactions that license the growth of disseminated tumor cells with-
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Figure 1. Candidate gene enrichment in primary tumor-lung metastasis pairs from patients with osteosarcoma. (A) Gene expression for each of the 56
candidate genes was assessed in primary tumor-lung metastasis pairs using singleplex gPCR assays validated across multiple FFPE tissues. Expression
within each lung metastasis sample was normalized to expression within the primary tissue, then log transformed. n = 10 sample pairs. Single-sample t
tests against a theoretical mean of 0 (for normalization to primary tissue) were evaluated, controlling for a false discovery rate of 0.05 using the Benjami-

ni-Hochberg
IHC sections

method. *Denotes candidate genes whose expression is significantly different between primary tumors and metastases. (B) Representative
from 1 primary tumor-lung metastasis pair showing changes in the staining intensity and staining patterns from primary to metastasis. Scale

bars: 100 um and 25 pm (insets). Additional examples are shown in Supplemental Figure 2.
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in the otherwise hostile distant tissue (17). The tumor-host interactions that occur (or do not) within the
early metastatic niche generate a metastatic bottleneck responsible for the attrition of almost all dissemi-
nated tumor cells (13). Identifying the mechanisms that facilitate survival through this bottleneck in OS
may uncover targetable vulnerabilities that could be exploited to alter the natural course of disease.

In the studies outlined below, we have identified IL-6 and CXCLS as 2 factors that mediate tumor-lung inter-
actions and facilitate metastasis. Both play primary roles in cell-cell communication mediating innate immune
response and have a number of pleiotropic effects. Our studies suggest that the broad range of activities affected
by the activity of IL-6 and CXCLS8 may, in fact, be one reason why these 2 factors play such a critical role in met-
astatic colonization. Importantly, this process seems to be targetable. The early preclinical work outlined below
suggests a practical framework upon which feasible human (and/or canine) clinical trials could easily build.

Results

Metastasis enriches for expression of IL-6 and CXCLS relative to matched primary tumors. We hypothesized that, if
primary tumors contain heterogeneous groups of cells with different characteristics (18, 19), then there must
be enrichment in the metastatic process for cells that express factors that participate in lung tropism. Further-
more, samples taken from primary tumors that subsequently develop high rates of metastasis would also have
enrichment for factors that drive tumor-lung interactions. We selected key manuscripts from the published
literature that had already identified gene expression signatures associated with metastasis or outcome in
OS (we took outcome to be a surrogate for metastasis in OS) (20-24). These publications each reported gene
expression signatures in human samples, canine samples, or murine models and identified gene expression
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Table 1. Clinical characteristics of patients

Study ID
POO1
P003
P0O04
POOS
PO10
PO14
PO15
PO16
PO18
PO19

Age at Dx Primary Local Ctl. No. Mets Time to Mets Outcome
26 yr Fibula LS Many 0 mo LTFU 2.0 yr
14 yr Tibia LS 3 36 mo Alive 12.5 yr
10 yr Tibia RP 3 18 mo Alive 5.5 yr
Myr Femur LS 8 0 mo Alive 5.9 yr
17 yr Tibia AMP 2 0 mo Unknown
13yr Femur LS 6 9 mo Deceased 1.3 yr
8yr Femur LS 1 22 mo Deceased 3.5 yr
17 yr Femur LS Many 19 mo Deceased 3.8 yr
10 yr Femur LS 2 15 mo Deceased 3.5 yr
15 yr Femur LS 1 3mo Deceased 1.6 yr

Primary tumor-metastasis pairs identified through structured search of pathology archives were used for cDNA extraction and gRT-PCR to generate the
data shown in Figure 1. Dx, diagnosis; local ctl., local control; mets, metastases; no. mets, number of lung metastases at the time of resection; LS, limb
salvage; RP, rotationplasty; AMP, amputation; LTFU, lost to follow-up.
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profiles that demonstrated strong correlation with metastasis or progression. We manually evaluated these
published signatures gene by gene to develop a curated list of candidate genes. We selected genes likely to
mediate cell-cell interactions based on known gene ontology/function, with special attention to cytokines,
chemokines, genes known to regulate osteoblast/bone development (25, 26), and genes known to drive lung
tropism in other tumor types (27). Our final candidate list (Figure 1 and Supplemental Table 1; supplemental
material available online with this article; https://doi.org/10.1172/jci.insight.99791DS1) contained 56 genes
whose expression within primary tumors correlated with metastasis/outcome in previous studies and whose
known function suggested potential to mediate tumor-lung interactions important to lung tropism in OS (i.e.,
GO annotation “cell-cell signaling”).

Using formalin-fixed paraffin-embedded (FFPE) primary tumor-lung metastasis pairs from tissues
surgically excised from patients seen at our hospital, we determined the relative expression of each can-
didate gene using qRT-PCR assays specifically designed for and validated against archival FFPE tissues
(Figure 1). Examples of hematoxylin and eosin—stained (H&E-stained) specimens and the specific tissues
selected for RNA extraction are shown in Supplemental Figure 1. Of the candidate genes tested, IL-6 and
CXCL8 were among the genes most reliably enriched for in the metastatic tumors. Expression of these
genes was many fold higher in the metastatic lesions than in matched primaries. In IHC analysis, expres-
sion was heterogeneous and strongest for both IL-6 and CXCLS8 along the leading edges (Figure 1B and
Supplemental Figure 2). Select clinical characteristics of the sample population are shown in Table 1.

Production of IL-6 and CXCLS correlates with metastatic potential in murine xenograft models of lung coloniza-
tion. We next tested a panel of OS cell lines for their ability to colonize mouse lung. We found that OS-17
cells, when introduced into circulation via tail vein, develop metastatic foci with very high efficiency, while
OHS and OS-25 cell lines demonstrate much lower metastatic efficiency (Figure 2). This effect remained
consistent across multiple passages of cells and multiple assays. We tested these cell lines for production of
IL-6 and CXCL8 by subjecting cell-free supernatants to ELISA (Figure 2D), which revealed a strong corre-
lation between tumor cell production of both cytokines and the cell line’s capacity to colonize murine lung.

IL-6 and CXCLS stimulate chemokinesis and directional migration in OS cells, regardless of metastatic potential.
To begin to understand how IL-6 and CXCL8 might mediate metastasis, we first sought to determine
whether these highly and poorly metastatic cell lines maintain features that facilitate response to these
cytokines. We therefore performed both scratch assays (wound-healing assays) and transwell migration
assays to assess response. Standardized wounds created in both OS-17 and OHS cell monolayers closed
more effectively when cultured in media supplemented with IL-6 and/or CXCLS8 (Supplemental Figure 3),
demonstrating that either cytokine can stimulate chemokinesis (increased cell motility) in either cell line,
irrespective of any basal production of that cytokine.

These cells exhibit similar results in assays testing directional migration. OS-17, OS-25, and OHS cells
grown in the top chamber of a transwell system exhibit strong directional migration in response to chemo-
tactic gradients of either IL-6 or CXCLS8 (Figure 2E).
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Figure 2. Expression of IL-6 and CXCL8 correlates with lung-colonization efficiency. CB-17 SCID mice inoculated with 1 x 10° osteosarcoma cells were
euthanized 49 days after inoculation. (A) Gross appearance of lung blocks taken from those mice suggests markedly greater efficiency of colonization by
0S-17 relative to the other 2 cell lines. Scale bar: 2 mm. (B) H&E stains from sections of paraffin-embedded left lobes were counted to quantify the num-
ber of metastases per section. Scale bar: 2 mm. (C) Quantification reveals significantly higher numbers of metastases (mets) in the 05-17 sections relative
to both 05-25 and OHS (n =15 0S-17 and OHS, n = 6 0S-25). (D) Determination of IL-6 and CXCL8 concentrations in 72-hour supernatants from cultures of
each cell line reveals significant expression of both cytokines in the metastatic 0S-17 cells relative to either nonmetastatic cell line (n = 3 samples per cell
line, run in triplicate). (E) Evaluation of capacity to respond to IL-6 and CXCL8 signals using transwell migration assay. Cells were plated in the top chamber
and RPMI alone or RPMI containing 50 ng/mL IL-6 or 100 ng/ml IL-8 was placed in the bottom chamber. After 24 hours, plates were harvested and pro-
cessed as described to quantify the number of cells migrating (n = 3 per condition). **P < 0.01; ***P < 0.001; ****P < 0.0001 relative to 05-17 (C and D) or
RPMI (E); 1-way ANOVA with Tukey's post hoc test.

Combined blockade of IL-6 and CXCLS pathways prevents formation of lung metastasis. To evaluate the func-
tional importance of these pathways to OS lung metastasis, we turned to our xenograft models of OS metas-
tasis. CB17-SCID mice inoculated via tail vein with 1 x 10° luciferase-labeled OS-17 cells received treatment
with sc144 (which stimulates degradation of the IL-6 signaling receptor IL-6ST through a novel mechanism,;
ref. 28), DF2156A (an allosteric inhibitor of the CXCLS8 receptors CXCR1 and CXCR2; ref. 29), or both.
Mice received treatment for 42 days, after which treatment stopped. Intravital imaging for in vivo assessment
of tumor burden performed at 28 days after inoculation suggested markedly decreased tumor burden in the
lungs of mice receiving combined therapy relative to those receiving no treatment or single-agent therapy
(Figure 3A). Importantly, imaging did not show migration of tumor cells into other organs, but an overall
loss of bioluminescence, suggesting decreased survival of circulating tumor cells. Two mice from each single-
agent treatment group were euthanized 24 hours after the 14th dose of drug to perform pharmacodynamic
assessment of target inhibition. Lungs from those mice stained with IHC for either p-FAK (CXCR1/2) or
p-STAT3 (IL-6ST) showed sustained target inhibition at dosing trough (Supplemental Figure 4).

Following treatment, mice were then observed until demonstrating signs of clinical deterioration,
either weight loss greater than 10% or enhanced body condition score (eBCS) less than 8 (30), our defined
endpoints. Mice were euthanized using approved methods and lungs were harvested, insufflated, fixed,
embedded, sectioned, and stained. Survival analysis (Figure 3D) showed that nearly all mice receiving
either no drug or single-agent therapy developed lethal lung metastasis by 60 days, whereas most mice
receiving combined therapy (IL-6ST inhibitor + CXCR1/2 inhibitor) remained healthy at more than
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Figure 3. Combined disruption of IL-6 and CXCL8 signaling reduces or eliminates metastatic lung colonization. Mice inoculated with 1 x 10° luciferase-
expressing 0S-17 cells were treated with pharmacologic inhibitors of IL-6 (sc144, inhibitor of IL-6ST), CXCL8 (DF2156A, inhibitor of CXCR1 and -2), or both.
(A) Bioluminescent imaging completed at 28 days after inoculation. (B) Gross appearance of representative lung blocks taken from the mice identified
with red frames in A at the time of euthanasia (endpoint criteria, or day 200 for mice 1and 9 of combined treatment group) shows no microscopic evidence
of tumor in long-term survivors. This included some mice, such as mouse 10 of the combined treatment group (endpoint at day 72) that showed response
at early time points, but subsequently developed metastasis. Scale bar: 2 mm. (C) Quantification of the lung-field bioluminescence from day 14 (n = 10
mice per group). (D) Survival analysis of the mice shown in A. As noted, treatment continued until day 42, then was stopped. Mice that received combina-
tion therapy experienced significantly better outcomes than those who received no treatment or treatment with only 1 inhibitor (n = 10 mice per group, P
value in comparison to vehicle control). (E) Validation studies confirm the results found in A. Mice surviving beyond 200 days were euthanized. Mice that
died during the study, but had no evidence of metastatic tumor burden on necropsy (n = 3) were censored in this analysis (n = 25 mice per group). No Tx, no
treatment. **P < 0.01; ****P < 0.0001 by 1-way ANOVA with Tukey's post hoc test (C) or Mantel-Cox log-rank test (D and E).

100 days. Given the specific hypothesis tested, mice that did not demonstrate metastasis as a cause of
endpoint symptomatology or death were censored from the survival analysis. This included 1 mouse
censored from the vehicle group and 2 from the combined treatment group.

To ensure reproducibility, these experiments were repeated (omitting the single-agent treatment
groups). Repeat experiments yielded essentially identical results. Figure 3E shows the combined data from
the survival analyses. Lungs from mice surviving more than 200 days (more than 150 days after treatment)
demonstrate no identifiable metastatic lesions (Figure 3B).

Combined IL-6 and CXCLS inhibition prevents metastasis in multiple models of OS. To ensure that the results
obtained in these studies were broadly applicable and not unique to immunodeficient xenografts or to
OS-17 cells, we repeated the treatment-related experiments using a number of different models. These
included a syngeneic, immunocompetent model using a cell line derived from a spontaneously arising OS
in a BALB/c mouse (K7M2; ref. 31), a syngeneic, immunocompetent model derived from a genetically
engineered model of OS (F420; ref. 32), xenograft models of canine OS (OSCA-8 and OSCA-16; ref. 33),
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and additional xenograft models of human OS (143B). Mice inoculated with tumor cells were treated with
either no drug or combined sc144 and DF2156A for 42 days. At the time that at least one mouse from any
group (any cell line) reached endpoint with confirmed lung metastasis, all mice from that group were eutha-
nized, lungs harvested, and metastatic lesions quantified. The ability of dual IL-6ST-CXCR1/2 inhibition
to prevent the development of metastatic lung lesions remained consistent across models (Figure 4A).

Target validation using inducible shRNA-expressing cell lines. In order to ensure that our phenotypic observa-
tions resulted from on-target effects of the inhibitors, we created OS-17-derived cell lines transduced with
lentiviruses bearing tetracycline-inducible shRNA constructs targeting IL-6, CXCL8, CXCR1/2, and IL-
6ST. We opted to use an inducible shRNA system rather than CRISPR, given the effect that the process of
colony selection had on metastatic tendencies — an inducible system allowed for more equivalent control
groups. After antibiotic selection and validation of target knockdown (Figure 5, A and B), these cells were
inoculated into CB17-SCID mice via tail vein. One half of the mice inoculated with each cell line were
maintained on regular water, the other half on water containing doxycycline. When any mouse in a group
demonstrated signs of clinical deterioration, all mice from that group were euthanized. Harvested lungs
stained with H&E were evaluated to quantify the number of metastatic tumors per section by an evaluator
blinded to the treatment group. Results of those experiments showed significant decrease in the number
and size of tumors with knockdown of IL-6 and IL-8, but not with CXCR1/2 and IL-6ST (Figure 5C). This
both confirms the on-target effect of the drugs, consistent with the slight decrease in signal and delay seen
in Figure 3, C and D, and suggests that the primary mechanism of action comes from the effect of tumor-
derived cytokine on host lung cells, rather than host-derived cytokine on tumor cells. We caution, however,
that this result does not necessarily rule out a role for autocrine stimulation.

ANp63 drives OS metastasis specifically through stimulation of IL-6 and CXCLS production. As our previous work
suggested a link between the aberrant expression of ANp63 in OS and production of IL-6/CXCLS8 (34), we
sought to understand whether activation of this axis might drive the metastatic phenotypes observed. To test
this hypothesis, we used a lentivirus-mediated inducible shRNA system designed to target specifically the AN
isoform of p63. OS-17 cells express high levels of ANp63 at baseline. OS-17 cells transduced with the inducible
shRNA exhibit marked knockdown of ANp63 upon administration of isopropyl p-D-1-thiogalactopyranoside
(IPTG) (Figure 6, A and C) (See full uncut gels in Supplemental Materials). Mice inoculated with these cells
exhibited significantly less metastatic lung colonization when maintained on IPTG-containing water than
those receiving regular water.

To determine whether ANp63 expression alone was sufficient to endow otherwise poorly metastatic
cells with a highly metastatic phenotype, we introduced a construct driving expression of ANp63 into
OS-25 cells. When tested using our in vivo lung colonization methods, cells expressing ANp63 acquired
significant capacity for metastatic lung colonization (Figure 6, B and D). To determine the degree to which
this phenotype depends on IL-6 and CXCLS8 expression, we further modified those OS-25 cells overexpress-
ing ANp63 with our IL-6— and CXCLS8-targeting shRNA constructs. Suppression of these 2 cytokines in
cells overexpressing ANp63 abolished their capacity to colonize mouse lungs (Figure 6, B and D). These
results suggest not only a mechanism driving the production of IL-6 and CXCLS8 in OS, but also argue
strongly for a bona fide mechanistic role in lung colonization.

IL-6 and CXCLS pathway activation does not significantly impact proliferation of OS cells. As many of these
results, including migration, invasion, and metastatic colonization assays, can sometimes be confounded
by the effects of experimental conditions on cellular proliferation, we evaluated the effects of IL-6 and
CXCLS8 pathway inhibition on in vitro proliferation. Inhibition of these pathways did not have a meaning-
ful effect on proliferation, neither when used alone nor in combination (Figure 7A), suggesting that the
above results represent true migration and invasion.

To ensure that no cell-autonomous mechanism intrinsic to growing tumors was affected by anti—IL-6ST or
anti-CXCR1/2 therapies, we evaluated the effects of the same sc144 and DF2156A treatments utilized above
on mice bearing orthotopic OS-17 tumors. After implantation of tumor cells into the proximal tibia, mice were
monitored until tumors reached 400 mm?. At that time, mice were randomized to receive treatment with either
vehicle or a combination of sc144 and DF2156A at the same dose and schedule as previously used. In contrast
to the results seen in our models of metastatic colonization, orthotopic tumors treated with the combination of
inhibitors showed no difference in growth relative to the vehicle-treated controls (Figure 4, B and C).

Coculture of OS cells with primary lung cells identifies strong interactions with bronchial epithelial cells and bron-
chial smooth muscle cells. Given the exquisite tropism of OS metastases for lung tissue, we postulated that
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Figure 4. Combined therapy with anti-IL-6 and anti-CXCL8 treatment reduces metastatic lung colonization in many xenograft models of metastatic
osteosarcoma (0S), but does not affect growth of primary orthotopic tumors. (A) Validation of concept in multiple murine models of 0S. To validate,
studies were repeated in multiple 0S models of metastasis including human OS xenografts (0S-17, 143B), canine OS xenografts (0SCA8 and OSCAT16),

and syngeneic/immunocompetent murine OS allografts (K7M2, F420). Subsequent to inoculation of OS cells, mice received either vehicle treatment or
treatment with both sc144 and DF2156A for a period of 42 days. At the time that one mouse in either group met endpoint criteria, all mice within that
study were euthanized and lungs harvested, metastases (Mets) counted. Representative lung sections shown (n = 5 to 15 mice per group as shown). (B)
The effect of cytokine inhibitors on proliferation in vitro was evaluated using an Incucyte ZOOM live cell imaging system. Graphs represent number of cells
per microscopic field in each culture condition, normalized to the average cell number in the vehicle control. (C) Mice bearing intratibial 0S-17 tumors were
treated with either vehicle or the combination of sc144 and DF2156A according to the same schedule used in the metastatic models. Tumor volume was
calculated biweekly throughout treatment. All P values shown relative to control condition (vehicle). *P < 0.05; **P < 0.01; ***P < 0.001 by Mann-Whitney
U test (A) or 1-way ANOVA with Tukey's post hoc test (B and C).
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if IL-6 and/or CXCLS play critical roles in the biology underlying lung metastasis, there might exist feed-
forward interactions between OS cells and primary lung cells that drive production of these cytokines. To
look for such interactions, we performed culture of OS cells both alone and in combination with primary
lung cells, including human lung fibroblasts (hLFs), vascular endothelial cells (HUVECS), bronchial epi-
thelial cells (HBECs), bronchial smooth muscle cells (BSMCs), and macrophages, then subjected cell-free
supernatants to ELISA to measure expression of IL-6 and CXCLS8 (Supplemental Figure 5, most relevant
results shown in Figure 7A). We then looked for combinations that produced higher levels of these cyto-
kines in coculture than in either monoculture and that exhibited these patterns in a highly metastatic cell
line (OS-17), but not in a poorly metastatic line (OHS). Results suggested strong interactions with BSMCs
and HBEC:s for both IL-6 and CXCLS8. To determine whether this interaction was driven by a soluble
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Figure 5. Tumor-derived IL-6 and CXCL8 drive osteosarcoma (0S) lung colonization. (A) Flow cytometry for expression of surface receptors in cells
modified with lentiviral constructs to inducibly express shRNAs targeting IL-65T or both CXCR1 and -2 (single construct). (B) ELISA analysis of IL-6 and
CXCL8 performed on 72-hour supernatants from 0S-17 cell cultures bearing similar lentiviral constructs targeting cytokine production. (C) Quantifi-
cation of metastatic colonies from lungs removed from mice inoculated with 0S-17 cells bearing the inducible shRNA constructs. Mice were either
maintained on water supplemented with doxycycline or with standard water. At the time that one mouse in either group met endpoint criteria, all mice
within that study were euthanized and lungs harvested and metastases (Mets) counted. Scale bar: 2 mm. Representative lung sections shown (n = 5 or
10 mice per group). *P < 0.05 by Mann-Whitney U test.
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factor or some contact-mediated signaling interaction, we cultured OS-17 cells in conditioned cell-free
supernatants harvested from either HBECs or BSMCs. Both sets of supernatants drove very high levels of
expression of IL-6 and CXCLS8 in the OS cells (Figure 7B), and stimulated robust chemotaxis of OS cells
in transwell assays (Figure 7C).

A more detailed and controlled evaluation of these interactions yielded some interesting results. Figure
7D illustrates the results of similar coculture experiments with additional control conditions and with the
addition of the IL-6 and CXCLS8 pathway inhibitors. In the production of IL-6, neither serum-starved OS
cells nor HBECs produce large quantities of cytokine alone, but coculture drives significant IL-6 produc-
tion. IL-6 production is inhibited by IL-6 blockade, suggesting the existence of a paracrine feedback loop.
In contrast, while the same cocultures also drive production of CXCLS, levels of this chemokine do not
decrease with inhibition of IL-6 nor of CXCLS, suggesting that a different factor drives its production and
that it does not form part of a paracrine loop. We observed similar results for IL-6 production on interac-
tion with smooth muscle cells. Interestingly, the addition of 50% smooth muscle cell growth medium in
and of itself drove production of CXCLS, suggesting that this previously noted response did not occur
because of cell-cell interactions, but because of factors contained in the growth medium.

To evaluate the capacity of these primary cells to respond to IL-6 and CXCLS, we performed flow
cytometry for each of the relevant cell surface receptors (IL-6R, IL-6ST, CXCR1, and CXCR2) on both
HBECs and BSMCs. Results (Supplemental Figure 6) showed that both cell types express receptors for
IL-6. A minor subpopulation of BSMCs express CXCR2 and, to a lesser degree, CXCR1. HBECs do
not express receptors for CXCLS.
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Figure 6. Tumor-derived IL-6 and CXCL8 driven by aberrant ANp63 expression is critical for osteosarcoma (0S) lung colonization. (A) Knockdown of
ANp63 using an inducible shRNA construct demonstrates strong reduction in p63 expression. (B) This reduction correlates with a loss of both IL-6 and

CXCL8, while lentivirus-transduced

cells overexpressing ANp63 increase production of IL-6 and CXCL8. (C) Mice inoculated with inducible-knockdown

ANp63 constructs demonstrate decreased lung colonization when maintained on IPTG-containing water. Scale bar: 2 mm. (D) Mice inoculated with 05-25
cells transduced with a vector expressing ANp63 show a gain of lung colonizing capacity relative to empty vector-transduced cells. When those same cells
are also transduced with shRNAs targeting both IL-6 and CXCLS8, the increased lung colonization capacity is lost. Scale bar: 500 pm. Representative lung

sections shown (1 = 5 or 10 mice pe
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rgroup). *P < 0.05; **P < 0.01 by Mann-Whitney U test. Mets, metastases.

Discussion
These studies illustrate what we believe are novel mechanisms that mediate tissue-specific colonization of
lung by OS cells. These data can be integrated into a coherent model describing some of the OS-lung cell
interactions that facilitate metastasis (Figure 8). They suggest that aberrant expression of ANp63 endows
OS cells with lung-colonizing capacity by priming them for production of IL-6 and CXCLS8. Upon arrest in
the vascular beds of the lung, interactions occur that stimulate migration of the OS cells toward the micro-
metastatic niche. Tumor-derived IL-6 and CXCLS increase dramatically within that niche, both in response
to factors produced by the host lung cells and by the establishment of specific paracrine loops (in the case
of IL-6). The downstream mechanisms by which these soluble factors mediate survival and proliferation
of OS cells at this point remain poorly understood. Given the known biology of IL-6 and CXCLS, one
can reasonably postulate several potential mechanisms. These factors could affect metastasis by recruit-
ing other critical cell types to the niche, recruiting additional OS cells to the niche through a self-seeding
mechanism (35), or triggering paracrine interactions that cause other host cells to produce prosurvival and
growth-promoting factors. Indeed, the unidentified second factor in the OS-HBEC paracrine loop could
itself also support survival and proliferation. Identification of this second signal remains an active area of
investigation. Each of these potential effects would support the establishment of the micrometastatic niche.
The metastatic trigger is likely tripped by an epigenetic event that drives aberrant expression of
ANp63, endowing a subset of cells with increased metastatic efficiency. This primes these cells to
respond to exogenous signals with exaggerated IL-6 and CXCL8 production (34). As OS cells arrest
within the capillary beds of the lung, they begin interacting with the surrounding lung parenchyma.
Soluble factors produced by bronchial epithelial and smooth muscle cells provide chemotactic sig-
nals and amplify IL-6 and CXCL8 production. This sets feed-forward intercellular signaling loops in
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Figure 7. Interactions of 0S-17 cells with bronchial epithelial and smooth muscle cells stimulate IL-6 and CXCL8 production and migration/
invasion. (A) Supernatants from cell cultures of serum-starved 05-17 grown alone or together with human bronchial smooth muscle cells (SMCs)
or human bronchial epithelial cells (HBECs) for 48 hours were analyzed by ELISA for IL-6 or CXCL8. Coculture stimulated production of both IL-6
and CXCL8. (B) Supernatants from serum-starved 0S-17 cultured for 48 hours in fresh mixed media or in media containing cell-free supernatants
from HBECs or SMCs were likewise evaluated using ELISA. Both sets of conditioned supernatants stimulated IL-6 and CXCL8 production far above
baseline. (C) Transwell migration using FBS or conditioned supernatants (supes) from HBECs or BSMCs as the chemoattractant. (D) Further refine-
ment of tumor-primary cell interactions that drive production of IL-6 and CXCL8. After serum starvation, osteosarcoma cells were exposed to the
respective media alone or to this plus the primary cells in the presence or absence of inhibitors of IL-6 and CXCL8 signaling. P values shown relative
to coculture condition (A), to fresh media (B and C), or to coculture plus vehicle (D). **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way ANOVA with
Tukey’s post hoc test.
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Figure 8. IL-6 and CXCL8 mediate tumor-host interactions that facilitate lung colonization by osteosarcoma (0S) cells. (A) Our data suggest that within
a primary tumor, epigenetic mechanisms activated within some tumor cells trigger aberrant expression of ANp63. As these cells intravasate and travel
through the bloodstream, they will arrest within the capillary beds of the lung, where they can interact with multiple host cell types. Interactions between
circulating OS cells and lung epithelial/smooth muscle cells drives chemotaxis into lung tissues, likely facilitating extravasation. (B) ANp63 expression
primes select tumor cells to respond to signals provided by lung cells with robust IL-6 and CXCL8 production. At least one of these interactions (0S cells
interacting with bronchial epithelium) generates a feed-forward paracrine loop, which amplifies IL-6 production. This lung cell-provoked production of

IL-6 and CXCLS8 facilitates colonization of lung tissue by those cells, likely through multiple mechanisms. These mechanisms might include recruitment of
other cell types to the micrometastatic niche, stimulation of other cells to provide necessary growth and survival signals in a reciprocal interaction, tumor-
tumor signaling to recruit additional circulating cells to the micrometastatic niche, or autocrine signaling that could provide early survival signals and could
contribute to chemoresistance. See Discussion section for detailed narrative. AN, ANp63.

motion that drive production of factors and/or recruitment of additional cell types that facilitate sur-
vival and proliferation of OS cells within the now-established metastatic niche. Ongoing experiments
within our lab aim to determine whether these trigger phenomena are clonal or dynamic, to identify
the proximal epigenetic events that set this metastatic module in motion, and to identify the lung-
derived second signals that support the tumor cells within the niche.

Interestingly, the evidence for cell-cell interaction proved much stronger for bronchial epithelial cells
and smooth muscle cells (cell types rarely implicated in malignant progression) than for more commonly
implicated cell types like lung fibroblasts and macrophages. While we note that this does not prove that
these are the only cells involved in the OS metastatic niche, this finding should prompt further consider-
ation of the role these cells might play within the metastatic niche.

‘We note that data contained within this study show that OS tumor cells both produce large amounts
of soluble IL-6 and CXCL8 and exhibit strong chemotaxis to those factors. This may suggest that at least
one element of this mechanism works through self-seeding — a concept that would fit well with much of
the emerging literature suggesting that metastases arise from polyclonal sources, with multiple subclones
present in the primary tumor represented in distant metastases (11, 36).

At a mechanistic level, we find the pleiotropic nature of IL-6/CXCL8 and the apparent redun-
dancy that exists within the system somewhat intriguing. While many of the detailed mechanisms
underlying the phenomena outlined here remain an active area of investigation, numerous clues may
be found within the existing literature. Others have previously identified ANp63, CXCL8, and IL-6 as
potential players in lung metastasis of this and other tumors (20, 26, 35, 37, 38). Especially intrigu-
ing is the possibility that mechanisms described here could serve as a proximal event, leading to the
recruitment of mesenchymal stem cells, which would further amplify these same systems (39, 40).
Data presented here suggest a framework for both the mechanistic function of these pathways in lung
metastasis and demonstrate a potentially novel therapeutic implication, whereby redundancy between
the 2 systems requires cotargeting for ultimate efficacy.
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Importantly, the effects of IL-6 and CXCLS inhibition were not limited to any particular cell line or
model. Findings recapitulated well across human, murine, and canine models of disease, suggesting broad
applicability to OS, despite a well-recognized interpatient heterogeneity. We do note the importance of
understanding differences in cytokine/chemokine biology between the mouse and human for accurate
interpretation of xenograft experiments such as these. The known xenobiology of both IL-6 and CXCLS8
supports the above hypothesis — human IL-6 readily activates the murine receptor complex and human
CXCLS activates murine CXCR1 and -2 with efficiency similar to that seen in the human receptors. A
more detailed discussion of IL-6 and CXCLS8 xenobiology, including supporting data, is provided in the
supplemental materials.

While this work is, on one level, immediately translatable to the clinical realm, some work remains
to develop clinically viable treatment regimens. sc144, specifically, is not a viable clinical candidate and
we are not aware of any highly attractive clinically viable alternative for targeting IL-6ST. While viable
IL-6-specific targeting agents exist, we have very intentionally chosen a therapeutic approach that targets
the receptors, rather than the cytokines. This decision is based on data suggesting that ANp63 also drives
expression of other ligands that activate both IL-6ST (IL-11, oncostatin M) and CXCR1 and -2 (CXCL1),
which provides inherent resistance to ligand-targeted approaches (data not shown). Regimens targeting sig-
naling machinery downstream of the receptors may identify very translatable approaches (PI3K, MAPK,
JAK/STAT, etc.), and our group is actively exploring these alternatives. STAT3 does not appear to be the
relevant intracellular signal (41). The effect that such inhibitors might have on established metastases and
primary tumor likewise remains to be seen.

Methods

Human primary tumor—metastasis pairs. Matched surgical specimens were identified through a structured
search of the pathology database at Nationwide Children’s Hospital. H&E slides from each pair were
reviewed by a pathologist to verify diagnosis and ensure a sufficient quantity of viable tumor. Samples
showing evidence of decalcification were excluded. Paraffin blocks from identified pairs were recut at 5
um to make 10 fresh unstained slides with an eleventh slide from the center of the stack stained with H&E.
The stained slides were used to identify gross areas of viable tumor. Nontumor and necrotic tissues were
scraped off of the unstained slides. These slides were then processed to extract RNA using the Qiagen
RNeasy FFPE kit according to the manufacturer’s recommendations. Purified RNA was used to generate
cDNA (Invitrogen VILO cDNA synthesis kit, ThermoFisher Scientific, 11754250) with pooled sequence-
specific primers (Supplemental Table 1).

gPCR evaluation of candidate genes. qPCR assays were developed for each of the 56 candidate genes
identified through curation of published metastatic expression signatures as well as for a set of 4 internal
control genes. Primers targeting each gene were designed using NCBI Primer-BLAST(42) to meet the fol-
lowing criteria: amplicon smaller than 125 bp, pair must be separated by at least 1 intron (where possible),
preference for 5’ mRNA targets, no nonsynonymous target recognition for potential amplicons smaller than
1,500 bp. Primer pairs were validated using cDNA extracted from a panel of archival FFPE tissues (lung,
liver, tonsil, gastric wall). Amplification was performed using RT2 SYBR Green gPCR Mastermix (Qiagen,
11754250) on an Applied Biosystems HT 7900 thermocycler. Accepted primer pairs demonstrated efficien-
cy greater than 92% (as calculated using “window of linearity” methods; ref. 43), single, narrow curves on
melting curve analysis, and consistency across all 4 validation specimens. Sequences for each of the primer
pairs are listed in Supplemental Table 1. cDNAs from our primary tumor-lung metastasis pairs were then
analyzed by qPCR using each primer set separately, run in triplicate. Dissociation curves were run for every
assay well. Less than 5% of wells were censored from further analysis due to signs of nonspecific amplifi-
cation in the dissociation curves. Cycle threshold (Ct) values were determined visually for each primer set
using Applied Biosystems SDS software. Relative quantification was determined and then normalized to
expression within the primary tumor for each primer set.

Immunohistochemistry for IL-6 and CXCL8. Deparaffinized slides underwent microwave antigen retrieval
with citrate AR. Slides were blocked using a background sniper and a power block for 30 minutes each.
Slides were incubated with primary IL-6 antibody (Abcam, ab6672) at 1:500 or primary CXCLS8 antibody
(Abcam, ab7747) at 1:500 in Dako diluent overnight at 4°C, then washed and finally incubated in MACH2
(Biocare Medical, MALP521) for 20 minutes at room temperature. Sections were developed with a DAB Kit
(Vector, SK-4100), counterstained with Mayer’s hematoxylin, rinsed, dehydrated, dried, and coverslipped.
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Cell lines and primary cell cultures. OS-17 was derived from an early passage of the OS-17 patient—
derived xenograft, grown from a primary femur biopsy performed at St. Jude’s Children’s Research
Hospital in Memphis and was a gift from Peter Houghton (44). OS-25 and OHS (45) were a gift
from Oystein Fodstad’s lab at the Radium Hospital in Oslo. All were maintained in RPMI (Corning,
10-040-CV) supplemented with 10% FBS (Atlanta Biologicals, S11150H). 143B and K7M2 cells were
obtained from the American Type Culture Collection (ATCC, CRL8303 and CRL2836) and grown in
DMEM (Corning, 10-013-CV) supplemented with 10% FBS. OSCA-8 and OSCA-16 (33) were pro-
vided by Jamie Modiano the the University of Minnesota in Minneapolis and grown in RPMI with
10% FBS. Lung smooth muscle cells (ATCC, PCS-130-10) were grown in vascular cell basal medium
(ATCC, PCS-100-030) supplemented with the vascular smooth muscle cell growth kit (ATCC, PCS-
100-042). HUVECs (Lonza, CC-2517) were grown in endothelial basal medium (Lonza, CC-5036)
supplemented with the EGM-plus singlequot (Lonza, CC-4542). Human lung fibroblasts (ATCC,
PCS-201-013) were grown in Eagle’s Minimum Essential Medium (EMEM) (ATCC, 30-2003) supple-
mented with 10% FBS. HBEC3-KT cells (ATCC, CRL-4051) were grown in airway epithelial cell basal
medium (ATCC, PCS-300-030) supplemented with the bronchial epithelial cell growth kit (ATCC,
PCS-300-040). Macrophages were derived from monocytes isolated from whole blood using a CD14
magnetic bead selection system (Miltenyi Biotec, 130-050-201) followed by 72 hours of culture in
XVIVO serum-free medium (Lonza, 04-380Q) supplemented daily with 20 ng/ml recombinant human
M-CSF (BioLegend, 574802). For coculture experiments, cultures within each group (coculture and
related monocultures) were performed using a 1:1 mixture of the 2 corresponding growth media to
control for differences in media components.

IL-6 and CXCL8 ELISA. Cell-free supernatants from 72-hour cultures of each cell line performed in
24-well plates were evaluated for IL-6 and CXCLS8 concentrations using DuoSet ELISA Development Kits
(R&D Systems, DY206 and DY208), used according to the manufacturer’s recommendations.

Scratch (wound-healing) assays. Monolayer cultures of OS-17 or OHS cell lines were disrupted using an
Essen Incucyte WoundMaker (Essen Cell Migration Kit, 4493). Individual wells were then serially imaged
using an Essen Incucyte Zoom. Analysis was performed and wound width quantified using Essen’s Inte-
grated Cell Migration Analysis Module (Essen, 9600-0012).

Transwell migration and invasion assays. OS cells (1 x 10*) were plated into transwell inserts (either Falcon
353097 for migration or Corning 354483 for Matrigel invasion assays) containing appropriate chemotactic
factors. After 24 hours of incubation, transwells were drained and upper chambers/membrane upper sur-
faces scraped using a polyester swab. Membranes were stained using a Dif-Quik Stain Set (Siemens, B4132-
1A) and dried, then imaged on an inverted microscope. Cells were quantified using Adobe Photoshop
counting tools. For experiments involving IL-6 and CXCL8 chemotaxis, media contained 1% FBS in both
chambers, with recombinant protein added to the bottom chamber to make 50 ng/ml IL-6 (BioLegend,
570804) or 100 ng/ml CXCLS8 (BioLegend, 574204). For experiments using serum as a chemoattractant,
top chambers contained RPMI only, while bottom chambers contained 1% or 2.5% serum. Where noted,
20 pg/ml of neutralizing antibodies against either IL-6 (Abcam, AB6672), CXCL8 (Abcam, AB18672),
or both were added to both upper and lower chambers. In experiments testing the ability of small mol-
ecules to block serum-induced migration/invasion, 10 uM sc144 (a small molecule inhibitor of IL-6ST,
the signaling receptor for IL-6; ref. 28; Sigma-Aldrich, SML0763) and/or 100 nM DF2156A (ladarixin, a
small-molecule inhibitor of CXCR1 and -2, the receptors for CXCLS; ref. 29; kindly provided by Dompé
Farmaceutici, L’ Aquila, Italy) was added to the media.

OS cell proliferation. Cells plated at 20% confluence were cultured in growth medium as above contain-
ing inhibitors as noted in each figure. Proliferation was serially quantified using an Essen Biosciences Incu-
cyte Zoom over the time period noted in each figure.

Colony formation. OS cells (1 x 10*) were plated in 1.5 ml of 0.5% soft agar (Lonza SeaPlaque GTG
Agarose, 50111 in Gibco powdered RPMI 430-1800) over a 1.5-ml bed of 1% soft agar in 6-well plates,
then covered with 500 ul RPMI. Where noted, drug was added to the RPMI layer sufficient to generate the
stated concentration when diffused throughout both media and agar.

Inducible shRNA-expressing cell Iines. OS-17 cells were transduced using lentiviral particles designed to
express ShRINA constructs targeting specific mRNAs. The tet-pLKO-neo/puro system (46) (a gift from Dmitri
Wiederschain, Addgene plasmid 21915) combined with targeting sequences as suggested by the RNAi con-
sortium (47) (and relying heavily on the use of their published protocols) was used to generate the lentiviruses
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containing sequences outlined in Supplemental Table 2. For each target, 3-6 unique hairpins were tested in
OS-17 cells, then evaluated for the efficiency with which they knocked down their intended targets and the
degree to which they did not interfere with expression of any of the other analytes (for instance, sShRNAs
targeting IL-6ST were also stained for CXCR1 and -2 and had ELISAs performed for IL-6 and CXCLS).
Those shown and used represent the best performers in each group. For validation experiments, cells were
stained with APC-conjugated antibodies (BioLegend, 320612 [CXCR1], 320710 [CXCR2], 362005 [IL-6ST],
or 400221 [isotype]) and evaluated by flow cytometry and cell-free supernatants were subjected to IL-6 and
CXCLS8 ELISA as outlined above.

Xenograft survival studies. Six- to 8-week-old CB17-SCID (Envigo C.B-17/IcrHsd-PrkdciY) mice inocu-
lated via tail vein with 1 x 10° OS-17 cells (day 0) received daily injections of sc144 (10 mg/kg s.c. once
daily, Sigma-Aldrich, SML0763), DF2156A (30 mg/kg i.p. once daily), or both beginning 24 hours after
inoculation. sc144 was prepared by dissolving and warming in DMSO to make a 40 mg/ml solution, which
was immediately diluted to 2 mg/ml using 40% propylene glycol/1% Tween-20 in water. An average 20-g
mouse received 100 pl per dose. Doses of sc144 were prepared fresh each day. DF2156A was prepared by
dissolving in PBS to create a 6 mg/ml solution for similar 100-pl doses in a 20-g mouse (20 mg/kg). Treat-
ments continued for 42 days, then stopped. Mice were monitored with twice weekly weights and eBCS (30).
Mice demonstrating greater than 10% weight loss or eBCS less than 8 were euthanized and tissues harvest-
ed, lungs insufflated, fixed in 10% neutral buffered formalin, then embedded and processed as above. Mice
not demonstrating metastatic disease burden (presumably dying from other causes) were censored in the
survival analysis. This includes 2 mice receiving combined therapy, 1 receiving sc144, and 1 control mouse.

Time point treatment studies. Six- to 8-week-old CB17-SCID mice were inoculated with 1 X 10° 143B,
OSCA-8, OSCA-16, or K7M2 cells (for K7M2 cells, immunocompetent BALB/c mice were used). Twen-
ty-four hours after inoculation, mice began treatment with daily sc144 and/or DF2156A, which continued
for 42 days as above. Mice were then observed as above until one mouse from any given cell line group
reached endpoint. If lungs taken from this sentinel mouse showed signs of metastatic disease, all mice from
that group were euthanized, lungs harvested, insufflated, fixed, embedded, and stained. A central section
of the left lobe stained with H&E was reviewed using microscopy to count metastatic lesions by an experi-
enced, blinded reviewer.

shRNA-knockdown metastasis studies. Ten 6- to 8-week-old CB17-SCID mice were inoculated with 1 x 10°
OS-17 cells transduced with lentivirus as above. For each cell line, one half of the mice were maintained on
water containing 1 mg/ml doxycycline, and the other half received plain water. Mice were then observed
as above until any mouse from that group reached endpoint, at which time all mice from that group were
euthanized. Lungs were sectioned and analyzed as above.

Coculture of OS and primary lung cells. OS cells (2 x 10°), primary lung cells (2 x 10° HBEC3-KT or SMC
cells), or a combination of the two were plated in a 24-well plate (Corning, 3524) containing a 1:1 mix
of RPMI with 1% FBS and the appropriate primary cell medium along with inhibitors as shown in each
figure. After 48 hours, cell-free supernatants were collected and stored at —20°C until detection of IL-6 and
CXCLS8 by ELISA.

Flow cytometry. Immunostaining of HBEC3-KT and SMC cells was performed with the following
antibodies: PE anti-human CD130 (IL-6ST) (Biolegend, 362003); PE mouse IgG2a, « isotype control
(Biolegend, 400213); FITC anti-human CD181 (CXCR1) (Biolegend, 320605); FITC mouse 1gG2b, k
isotype control (Biolegend, 400309); APC anti-human CD126 (IL-6Ra) (Biolegend, 352805); PAC mouse
IgGl1, « isotype control (Biolegend, 400121); PerCP anti-human CD182 (CXCR2) (Invitrogen, 46-1829-
42); and mouse IgG1 « isotype control, PerCP-eFluor 710 (Invitrogen, 46-4714-82). Flow cytometry anal-
ysis was performed on a BD Biosciences LSR II.

Statistics. Data were graphed and analyzed using Prism 7 (GraphPad Software, Inc.). The gPCR
gene profiling data were analyzed using a 1-sample ¢ test; adjustment for multiple comparisons was
performed using the Benjamini-Hochberg method to control for a false discovery rate (FDR) of 0.05.
For experiments involving comparisons between more than 2 groups, data were subjected to analysis
of variance (ANOVA) followed by Tukey’s post hoc testing. For metastasis data (which do not follow a
normal distribution), groups were compared using Mann-Whitney U test. Time to lethal metastasis and
overall survival data were analyzed using Cox’s log-rank methodologies. For all plots shown with error
bars, the data represent the mean = the standard error of the mean (SEM). A P value of less than 0.05
was considered significant.

insight.jci.org  https://doi.org/10.1172/jci.insight.99791 14


https://doi.org/10.1172/jci.insight.99791
https://insight.jci.org/articles/view/99791#sd

. RESEARCH ARTICLE

Study approval. Approval for all studies involving the use of human tissues was obtained from the
Nationwide Children’s Hospital Institutional Review Board. Where required, written informed consent
was received from participants prior to inclusion in the study (tumor samples and blood samples for mac-
rophage isolation). Ethical approval for all animal studies presented was obtained from the Institutional
Animal Care and Use Committee of the Research Institute at Nationwide Children’s Hospital prior to
conducting experiments.
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