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Abstract

Background & Aims—Cancer stem cells (CSCs) can contribute to hepatocellular carcinoma
(HCC) progression and recurrence following therapy. The presence of tumor-associated
macrophages (TAMS) in patients with HCC is associated with poor outcomes. It is not clear
whether TAMs interact with CSCs during HCC development. We investigated whether TAMs
affect the activities of CSCs in the microenvironment of human HCCs.

Methods—HCCs were collected from 17 patients during surgical resection and single cell
suspensions were analyzed by flow cytometry. CD14* TAMs were isolated from the HCC cell
suspensions and placed into co-culture with HepG2 or Hep3B cells, and CSC functions were
measured. The interleukin 6 (IL6) receptor was blocked with a monoclonal antibody
(tocilizumab), and STAT3 was knocked down with small hairpin RNAs in HepG2 cells. Xenograft
tumors were grown in NOD-SCID/I12Rg"!! mice from human primary HCC cells or HepG2 cells.

Results—CD44" cells from human HCCs and cell lines formed more spheres in culture and
more xenograft tumors in mice than CD44™ cells, indicating that CD44™* cells are CSCs.
Incubation of the CD44* cells with TAMs promoted expansion of CD44* cells, and increased their
sphere formation in culture and formation xenograft tumors in mice. In human HCC samples,
numbers of TAMs correlated with numbers of CD44* cells. Of all cytokines expressed by TAMs,
IL6 was increased at the highest level in human HCC co-cultures, compared with TAMSs not
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undergoing co-culture. IL6 was detected in the microenvironment of HCC samples and induced
expansion of CD44* cells in culture. Levels of 1L6 correlated with stages of human HCCs and
detection of CSC markers. Incubation of HCC cell lines with tocilizumab or knockdown of
STAT3 in HCC cells reduced the ability of TAMSs to promote sphere formation by CD44+ cells in
culture and growth of xenograft tumors in mice.

Conclusions—CD44" cells isolated from human HCC tissues and cell lines have CSC activities
in vitro and form a larger number of xenograft tumors in mice than CD44~ cells. TAMs produce
IL6, which promotes expansion of these CSCs and tumorigenesis. Levels of IL6 in human HCC
samples correlate with tumor stage and markers of CSCs. Blockade of IL6 signaling with
tocilizumab, a drug approved by the Food and Drug Administration for treatment of rheumatoid
arthritis, inhibits TAM-stimulated activity of CD44+ cells. This drug might be used to treat
patients with HCC.

Keywords
liver cancer; mouse model; IL6 receptor; cancer biology

Introduction

Hepatocellular carcinoma (HCC) is a leading cause of death among solid malignancies and
has a rising incidence in the U.S.1: 2. HCC is linked to the incidence of liver disease, with
viral hepatitis being one of the strongest risk factors 1. HCC outcomes are poor3 4, and one
medication, sorafenib, has marginal efficacy®. Cancer stem cells (CSC) may account for
tumor recurrence following therapy and to tumor development and metastasis. CSCs may
not be a fixed cell population and may exhibit plasticity regulated by tumor
microenvironmental factors (reviewed®’). Such regulation has been shown with colon
cancer tumor associated fibroblasts and with breast cancer bone marrow mesenchymal stem
cells®: 9,

The immune cell component has prognostic importance in HCC and other
malignancies1®-12, Effector T cells, T regulatory cells, and suppressive tumor associated
macrophages (TAMSs) all balance tumor immunity in HCC patients19: 13.14 e and others
have shown TAMs in HCC to be particularly important to this balance of immune response
and overall prognosis. However the immune infiltrating cell influence on CSC functionality,
particularly in human HCC, is not completely defined. We tested the hypothesis that HCC
infiltrating TAMs promote HCC CSC function. We show that CD44* CSCs are expanded by
human HCC TAMs by their secretion of IL-6 and activation of STAT3 signaling in HCC
cells. This effect was blocked by the IL-6 receptor blocking antibody, Tocilizumab, an FDA
approved drug, highlighting a novel therapeutic strategy for targeting CSCs in HCC.

Materials and Methods

Human subjects

HCC tissues were obtained from patients undergoing surgical resection as described!3. All
patients gave written informed consent. The study was approved by and followed the
University of Michigan IRB guidelines.
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Additional Methods can be found online in the “Supplemental Information”.

Results

HCC cells express multiple potential CSC markers

Many cell surface markers have been described to define human HCC CSCs, including
CD24, CD44, CD90, CD117, CD133 and EpCAMI5-17 To test whether these markers
identify CSCs in a Western HCC patient cohort, surgically resected HCCs (n=17 patients,
Supplementary Table 1) underwent single cell suspension and flow cytometry by gating on
7-AAD™CD45™ (excluding non-viable and immune cells), and stained for putative CSC
markers (Figure 1A-B). HCC patients had extremely low percentage (less than 1%) tumor
cell populations of CD117, CD133 and EpCAM. However, CD24*, CD44* and CD90™ cells
were reproducibly observed with CD44™ being present in all HCCs. Cells which were co-
positive for CD44 and other markers were rarely identified with occasionally CD44*/CD90*
and CD44*/CD24* populations being noted in some tumors, however these were less than
1% of the total population (Supplementary Figure 1A). CD44, when determined by
immunohistochemistry, was primarily in a membraneous pattern on HCC cells with some
staining noted on stromal cells such as infiltrating leukocytes (Supplementary Figure 1B).
Early passage HCC patient xenograft tumors and HCC cell lines were next examined for
CSC markers (Figure 1C-D). All HCC patient-derived xenografts and cell lines consistently
possessed a CD44™" population (2-6%), whereas CD90 (0-6%), CD133 (0-98%) and
EpCAM (0-98%) populations varied in their presence considerably. Thus a small, discrete
population of CD44* HCC cells was reliably identified in all fresh HCC patient specimens,
patient-derived xenograft tissues, and HCC cell lines.

CD44* HCC cells have CSC properties

Since the CD44* population was detected in all HCCs (Figure 1) and is a CSC marker in
other malignancies!® 19, we examined whether the CD44* subset was enriched for CSC
function. CSCs have self-renewal capacity and form tumor spheres in serum-free and
anchorage-independent conditions. HepG2 cells, when in sphere forming conditions, were
able to generate spheres that could be passaged (Supplementary Figure 2A). HepG2 spheres
were enriched for CD44* cells more than 4 fold compared to conventional cultured HepG2
cells (Figure 2A) and had increased stem cell associated POUSF1 gene expression
(previously known as OCT-4) and CD44 (Supplementary Figure 2B). We then sorted CD44*
and CD44~ HepG2 cells and found that CD44™ cells formed almost two-fold more spheres
and had higher POU5F1 gene expression than CD44~ cells (Figure 2B). Likewise, HCC
patient xenografts sorted for CD44* cells demonstrated increased POU5F1 expression
(Supplementary Figure 2C).

To compare the in vivo tumor forming capacity of CD44* and CD44~ cells, limiting dilution
tumor initiating assays of sorted CD44* and CD44~ HCC cells from HepG2 or HCC patient-
derived xenograft tumors were performed in immune deficient NOD-SCID/IL-2Rg"ull
(NSG) mice (Figure 2C-D). CD44" cells had higher tumorigencity than CD44" cells. As
few as 100 CD44* HepG2 cells and 1000 CD44* cells from two HCC patient-derived
xenografts showed a 50%-100% tumor formation rate, whereas no tumor was formed with
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the same number of CD44~ cells. Although CD44~ cells occasionally formed tumors at
higher cell numbers, tumor volumes were smaller compared to those from CD44* cells
(Supplementary Figure 2D). Tumors formed from CD44* cells had similar histology to the
original unsorted (parental) HCC xenograft (Supplementary Figure 2E) and had similar stem
cell marker expression percentages (Supplementary Figure 2F), demonstrating recapitulation
and differentiation of the parental tumor heterogeneity by the CD44* subset. A described
HCC gene expression data set?? showed that CD44 expression correlated with tumor
progression and stemness gene expression (Figure 2E). CSCs are resistant to
chemotherapeutic agents and other cytotoxic agents. To test if CD44* HCC CSCs exhibited
this feature, HepG2 cells were exposed to the chemotherapeutic agent, cisplatin, and the
CD44™ population was more resistant to cell death compared to the CD44™ cells
(Supplementary Figure 3A). CD44* HepG2 cells were also more resistant to cell death after
direct co-culture with activated effector T cells than CD44~ cells (Supplementary Figure
3B). Altogether these data suggest that the CD44* population exhibits the CSC properties of
self-renewal, recapitulation of tumor heterogeneity, and resistance to cytotoxic
environments.

HCC TAMs promote HCC CSCs expansion

CSC properties can be promoted by microenvironmental factors.8 % 21 To determine the
relationship between CSCs and TAMs, freshly digested HCC patient tumor cells underwent
flow cytometry. The quantity of CD44* HCC cells was positively correlated with TAM
(CD14%) quantity in HCC patients (Figure 3A). We once again evaluated an HCC patient
gene expression dataset 20 and found a correlation between TAMs (CD14) and genes related
to tumor progression and stemness (Figure 3B). Another gene expression data set that
contained status of HCC clinical stage?2 was examined and TAMs (CD68) was correlated
with HCC stage (Supplementary Figure 4A) concordant to previous studies linking TAMSs to
HCC prognosis!3® 1423, Since HCC TAMs and CD44* CSCs were correlated, we evaluated
whether HCC TAMs promoted HCC CSCs. TAMs were enriched from resected HCCs and
co-cultured in dual-well chambers with HepG2 cells. The CD44* HCC cell percentage
increased 1.86+0.2 fold during TAM co-culture and TAMs enhanced stem cell related gene,
POUS5F1, expression in HepG2 cells (Figure 3C). Following co-culture, HepG2 cells also
had greater sphere production compared to control, confirming the CSC promoting effects of
TAMs (Figure 3C). Hep3B cells when co-cultured with TAMs had similar inductions of
CD44" subset expansion and increased sphere forming capacity (Supplementary Figure 5A—
B). TAMs generated from donor blood CD14* cells in co-culture with HepG2 cells also
induced CD44" subset expansion, increased POUSF1 expression, and increased sphere
formation (Supplementary Figure 6A-C). Other genes upregulated during co-culture
included CD44, the epithelial mesenchymal transition (EMT) signature genes Snail and
Zebl, hypoxia inducible gene HIF1a, Wnt signaling genes TCF7, f-catenin and c-myc, as
well as Notch downstream target HEY1 (Supplementary Figure 6D).

To determine whether TAM-mediated effects effected tumor formation in vivo, 1000 HepG2
cells following transwell co-culture without or with TAMs were placed in the flanks of NSG
mice. Indeed, HepG2 cells previously co-cultured with TAMs generated larger tumors in
vivo compared to non-co-cultured HepG2 cells (Figure 3D). Using another in vivo model,
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TAMSs were injected intraperitoneal (IP) into NSG mice with previously established HCC
peritoneal tumors. HCC tumor cells following TAM injection showed an increased CD44*
population (Figure 3E). A similar effect was also noted in established orthotopic hepatic
HCC tumors following TAM IP injection (Supplementary Figure 7A-B). Altogether, these
data indicate that HCC TAMs promote HCC CSCs expansion in vitro and in vivo.

TAMs promote HCC CSC expansion through IL-6 signaling

To determine how TAMSs induced HCC CSC expansion, supernatants from HepG2/TAM
co-cultures were examined using an array for 82 cytokines/chemokines (Figure 4A, top and
Supplementary Table 3). IL-6 was the most significantly increased cytokine, whereas IL-6
was not detectable in isolated HepG2 or macrophage supernatants. ELISAs confirmed that
HepG2 cells alone did not produce IL-6 and TAMs alone showed low IL-6 levels, whereas
HepG2/TAM co-cultures had greater than a 10 fold increase in 1L-6 (0.46 ng/mL)
(Supplementary Figure 8A). Bulk HCC cells, rather than the CD44™ subset, primarily
induced TAM IL-6 production (Supplementary Figure 8B). TAMs were the major IL-6
source as quantitative RT-PCR (Figure 4A, bottom) showed high IL-6 gene expression in
co-cultured TAMs compared to TAMs or HepG2 cells alone.

To further examine IL-6 promotion of HCC CSC expansion, recombinant human IL-6 was
added to HepG2 or Hep3B cells and increased CD44™ cells were noted along with increased
sphere formation (Figure 4B, Supplementary Figure 5C-D). IL-6 is known to signal via
STAT324 and indeed, phospho-STAT3 (Tyr705) was elevated in HepG2 cells within one
hour and was persistently elevated after three days of TAM co-culture (Figure 4C).
Likewise, co-culture supernatants activated STAT3 when placed on HepG2 cells
(Supplementary Figure 8C) suggesting that secreted factors contributed to sustained STAT3
activation.

To determine the clinical relationship between IL-6 and CSCs, HCC tumors (n=22 patients)
were evaluated (Figure 4D). IL-6 mRNA was detected in 73% of HCC patients and was
significantly correlated with expression of CD44 (standard), POU5F1, HIF-1q, f-catenin,
Snail, and HEY1. Examination of a publicly available HCC patient gene expression dataset2?
showed that IL-6 expression was correlated to stemness and tumor progression-related gene
expression (Supplementary Figure 9A). Next we examined whether 1L-6 expression and its
receptor subtypes (IL-6R and IL-6ST) had prognostic implications in an HCC gene
expression data set that included clinical stage?2 and found these gene expression signatures
correlated with HCC stage (Figure 4E). Using this same data set, expression of stemness
related and EMT related genes (POUSF1, TWIST1, CTNNBL1) were also increased with
higher clinical stage (Figure 4E and Supplementary Figure 9B). Together these clinical and
ex vivo data suggest a significant role for HCC TAM secreted IL-6 to promote CSC
expansion in human HCC.

Blockade of IL-6/STAT3 signaling using Tocilizumab (anti-IL-6 receptor antibody) inhibits
TAM promotion of HCC CSC expansion

To validate that IL-6 signaling is essential for TAM-enhanced CSC function, we used
Tocilizumab?®, an FDA approved humanized anti-1L-6 receptor antibody, during co-culture
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assays. TAM-induced expansion of the HepG2 CD44* population was inhibited by
Tocilizumab (79.8+£24.4%) (Figure 5A). Tocilizumab inhibited TAM-induced POU5F1
gene expression by 80+32.4% (Figure 5B) and sphere formation by 96+21% (Figure 5C).
Additionally, Tocilizumab inhibited TAM-induced phospho-STAT3 levels during co-culture
(Figure 5D) and when HepG2 cells were exposed to co-culture supernatants (Supplementary
Figure 10A).

We next evaluated whether Tociluzimab could sustainably decrease HCC tumor growth in
vivo by inhibiting TAM-induced CSC function. TAMs were injected (IP) into NSG mice
bearing HCC peritoneal tumors, with or without Tocilizumab, and tumors were isolated later
to determine surface CD44 (Figure 6A) and POU5F1 gene expression (Figure 6B).
Tocilizumab inhibited TAM-mediated CD44 HCC subset expansion and POU5F1 gene
expression in this in vivo model. HCC CSC functional capacity due to TAMs was also
inhibited by Tocilizumab as single cell suspensions from intraperitoneal tumors had reduced
sphere formation (Figure 6C). Secondary in vivo tumor formation was also inhibited in
Tocilizumab treated intraperitoneal tumors after re-implantation into NSG mice (Figure 6D).
To further evaluate in vivo effects, Tocilizumab was utilized during TAMs/HepG2 co-
cultures and subsequent in vivo HCC tumor formation was measured following flank
implantation into NSG mice; Tocilizumab inhibited TAM-mediated tumor formation when
used during the co-culture period (Figure 6E). Accordingly, HepG2 cells placed with TAMs
in Matrigel® into NSG mice generated larger tumors compared to HepG2 cells alone,
whereas TAM-enhanced tumor growth was completely blocked by Tocilizumab in vivo
(Figure 6F). TAM-enhanced tumor growth was not due to endogenous murine macrophages
since NSG mice are immunocompromised and no murine (F4/80") macrophages were
detected in multiple NSG tumor xenografts (Supplementary Figure 10B). These data
indicate that human HCC TAMs promote HCC CSC expansion and tumor progression
through IL-6 signaling. Furthermore, using multiple experimental in vivo HCC systems,
these effects can be inhibited by the drug, Tocilizumab, suggesting a potential therapeutic
target for CSCs in the HCC microenvironment.

STAT3 signaling is required for TAM-induced HCC CSC expansion

To determine whether STAT3 is required for TAM-mediated HCC CSC expansion, stable
STAT3 knockdown in HepG2 cells was established using STAT3 shRNA expressing
plasmid (Supplementary Figure 10C). TAMs increased phospho-STAT3 in control HepG2
cells expressing scramble ShRNA, whereas STAT3 shRNA HepG2 cells had impaired
phospho-STATS3 induction following TAM co-culture (Figure 7A). We next investigated
whether STAT3 depletion would affect TAM-mediated CSC expansion. TAMs enhanced
sphere formation in scramble shRNA HepG2 cells, but could not in STAT3 shRNA HepG2
cells (Figure 7B). Additionally, TAMs-mediated POU5F1 expression in HCC cells was
blocked in STAT3 shRNA HepG2 cells compared to scramble ShRNA HepG2 cells (Figure
7C).

To examine whether STAT3 disruption could inhibit TAM-mediated promotion of HCC
CSC capacity, HepG2 cells expressing scrambled or STAT3 shRNA were co-cultured with
TAMs. STAT3 knockdown significantly inhibited TAM-mediated CD44* subset expansion
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(Figure 7D). Similarly, TAM-mediated HCC CSC expansion was disrupted in STAT3
knockdown HCC cells in sphere assays (Figure 7E). Co-culturing scramble shRNA HepG2
cells with TAMs followed by implantation in NSG mice generated significantly larger
tumors compared to scramble sShRNA HepG2 cells alone, however, STAT3 shRNA HepG2
cells were disrupted in their ability to respond to TAM-induced tumor formation (Figure
7F). These data indicate that, similar to Tocilizumab, targeted STAT3 disruption
significantly inhibited TAM-mediated promotion of HCC CSC expansion in vitro and in
Vivo.

Discussion

In this study, we examined the CSC profile of a Western HCC patient cohort, patient
xenografts, and cell lines and defined CD44 as an important marker of HCC CSCs. We
show that HCC CSCs are expanded by patient TAMSs. A significant correlation between
TAMs and CD44* HCC cells in patient tumors along with stemness related gene expression
was demonstrated. This was supported by CSC subset expansion after HCC cell exposure to
TAMs invitro. IL-6 secretion by TAMs accounts for this effect as IL-6 was the most highly
induced cytokine in the HCC/TAM “niche” and independently stimulated the CD44*
expansion and CSC function. A clinical HCC dataset also supported a correlation between
IL-6 and stem cell related gene expression.

The CD44* subset was reproducibly demonstrated whereas other putative subsets were
much less reliably demonstrated. CD90 and CD24 were identified in some primary tumor
samples and may also represent populations enriched for stem cell capacity!®: 16, Several
reports have attempted to describe surface markers of HCC CSCs, including EpCAM,
CD133, CD90, and CD2415: 16: 26 Nonetheless, we have shown the CD44 subset to have
enriched CSC features in HCC. CD44 is a CSCs marker in other cancers and participates in
key stem cell biology such as growth factor receptor stabilization (e.g. c-met) and
microenvironmental niche homing2”: 28, Thus CD44 served as a useful CSC marker in this
study evaluating TAMs effect on HCC CSC expansion.

The CSC hypothesis contributes to recurrence following therapy, tumorigenesis, and EMT
processes resulting in metastasis (review & 29). The CSC state may be induced by stromal
factors in that colon cancer associated fibroblasts increase CSC expansion via wnt
signaling,® myeloid stem cells increase CSC expansion in human breast cancer xenografts,?
and myeloid derived suppressor cells support CSC expansion in ovarian cancer3°. We and
others have shown a diverse immune cell infiltrate exists in HCC stroma to include T
effector cells, T regulatory cells (Treg), and TAMs which effect the balance of tumor
immunity and also affect HCC patient outcome10: 13. 14 Therefore our study highlights
TAMs as contributor to the CSC “niche” in a human hepatic cancer such as HCC and that
this effect is controlled through IL-6 signaling.

The clinical significance of TAM IL-6 in promoting CSC expansion is supported by the
blockade of TAM-promoted CSC expansion using an FDA approved drug for the treatment
of rheumatoid arthritis, Tocilizumab, a potent inhibitor of the IL-6 receptor?®. STAT3
signaling in HCC cells was accordingly critical as STAT3 knock down disrupted TAM-
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promoted CSC expansion in vitro and in vivo. Overall, these data suggest that targeting the
IL-6/STAT3 signaling pathway to inhibit CSC function has important therapeutic
implications for the treatment of HCC. IL-6 and STAT3 signaling are important for HCC
development in murine models, with hepatic associated macrophages representing a major
paracrine IL-6 source during HCC progression and autocrine IL-6 contributing significantly
in HCC initiation from HCC progenitor cells31-34, In line with this possibility, paracrine
IL-6 from TAMs appeared to be the major source of IL-6 in our study of established human
HCCs though we can’t completely exclude an additional autocrine 1L-6 effect in HCC
patients. However TAMs elicit significant CSC functional expansion in vitro and in vivo
which is disrupted by the anti-1L-6 receptor drug, Tocilizumab. Indeed, chronic hepatitis is a
known risk factor for HCC development and in this setting 1L-6 levels are increased?: 35,
IL-6 and STAT3 signaling can increase CSC properties in breast, glioblastoma, and
colorectal cancers36-39, Additionally, a recent report in an Eastern HCC patient cohort has
shown that STAT3-mediated signaling was important for increasing HCC EMT following
enrichment of CD24* cells in HCC cell lines after cisplatin exposure!®. These studies
suggest IL-6 and STAT3 signaling may serve as important therapeutic targets in HCC.

Pharmaceutical development aimed at disrupting IL-6 and STAT3 signaling in cancer to
inhibit CSCs is proceeding®. We have identified that STAT3 signaling in HCC cells
following TAM interaction is critical to increased CSC expansion and increased tumor
growth. Therefore therapies targeting this pathway, beside those designed to disrupt I1L-6
itself, are worthy of additional pre-clinical evaluation in controlling HCC CSC function. Our
study shows for the first time that Tociluzimab, and thus targeting the 1L-6 receptor or
STAT3 signaling, may provide future treatment efficacy in HCC and are thus important for
clinical study. Furthermore, our study highlights the importance of targeting the immune
microenvironment as a mechanism to inhibit CSC function in HCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CSC markers in human HCC
(A) Flow cytometry analysis of putative CSC markers in primary HCC tumors (n=17

patients, mean+SEM). Results are percentage marker positive population in 7-AAD~CD45~
(viable non-immune) cells. CD44* percent was significantly higher than other markers (p <
0.05).

(B) Representative HCC patient FACS in (A).

(C) Representative patient-derived HCC xenografts FACS (n=3 patients) gated on

mCD45 H2Kd™ to exclude murine infiltrating cells.

(D) Representative FACS for CSC markers in HCC cell lines.

Results are the percentage positive population in viable cells relative to negative isotype
controls.
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Figure 2. CD44™ HCC cells are enriched for CSC properties
(A) HepG2 CD44" cell enrichment on spheres at two weeks in sphere media, (n=3), and

representative FACS.

(B) Sorting of CD44* vs. CD44~ HepG2 cells enriches sphere forming capability and
POUS5F1 expression by qRT-PCR (n=3).

(C-D) Tumorigenicity of 100-5000 sorted CD44* vs. CD44~ HepG2 cells (C) or HCC
patient xenografts (D) following implantation into NSG mice (n=3-5 mice/group). One of
three representative experiments or patients is shown in (C) and (D).

(E) Correlation between CD44 and stemness-related genes in clinical HCC tumors (n=91)
using microarray database20. Spearman rank order correlation co-efficient (R) and P-value
(P) were determined.

*p < 0.05. Data presented as mean+SEM.
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Figure 3. TAMs promote HCC CSC expansion
(A) Correlation of HCC TAM infiltration (Lin"CD11b*CD14*) and CD44* HCC cells

(Lin~CD44%) in HCC patients by FACS on fresh cell suspensions (n=17 patients, R=0.66,
p<0.005, Spearman rank order correlation) and representative FACS shown.

(B) Correlation of CD14 and stemness-related genes in clinical HCC tumors (n=91, p<0.05)
using a microarray database2°. Spearman rank order correlation co-efficient (R) and P-value
(P) were determined.

(C) Enrichment of CD44* HCC cells by TAM s after three day transwell co-culture followed
by FACS of HepG2 cells (n=5 HCC patients), POU5F1 expression by gRT-PCR (n=5 HCC
patients), and sphere formation capacity (n=10). Control is HepG2 cells alone.
Representative FACS and spheres assays (10x mag) are shown.

(D) Increased tumor growth following co-culture with TAMs. 1000 HepG2 cells following
co-culture without or with TAMs were injected subcutaneously into opposing flanks of NSG
mice, respectively, and tumor volume determined, n=5 mice/group, one of four
representative experiments is shown.
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(E) CD44" subset is expanded in vivo in response to TAMs. HCC tumors were established
in NSG mice by HepG2 cell IP injection. Once established, TAMSs were IP injected and
HCC cells three days later underwent FACS for CD44 (n=5 mice/group).

*p < 0.05. Data presented as mean+SEM.
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Figure 4. TAM secreted IL-6 promotes CSC expansion in HCC
(A) HepG2/TAMs transwell co-culture supernatants underwent cytokine antibody array

(top, representative one of three experiments) while cells underwent evaluation for IL-6 by
gRT-PCR and compared to HepG2 or TAMs alone (bottom, mean+SEM of relative gene
expression, *p<0.05 vs. TAMs alone, n=3 experiments). IL-6 protein is highlighted in
yellow. Cell type assessed indicated by (). ND is non-detectable.

(B) CD44* cell enrichment and sphere forming capacity following three day I1L-6 culture (10
ng/mL). CD44 determined by FACS and sphere formation determined at 2 weeks (n=3,
*p<0.05 vs. vehicle control).

(C) Western blotting demonstrating increased phosphorylated STAT3 (P-STAT3) following
exposure of HepG2 cells to TAMs vs. without TAMs (Ctl). One of three representative
experiments is shown.

(D) Correlation of IL-6 with CD44 and other stem cell-related gene expression in clinical
HCC tumors as determined by qRT-PCR (n=22 patients). Spearman rank order correlation
co-efficient (R) and P-value (P) were determined.

(E) Correlation of IL-6, IL-6 receptors (IL-6R and IL-6ST), and stemness-related gene
POUS5F1 to HCC clinical stage using a microarray database?? (p<0.05) (n=60 patients).
Spearman rank order P-value (p) was determined.
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Figure 5. Tocilizumab (IL-6 receptor blockade) disrupts TAM-enhanced CSC expansion in HCC
(A) Tocilizumab (5 pg/ml) inhibits TAM-induced CD44* HepG2 cell expansion following

three day co-culture with TAMs. CD44* determined by FACS (n=5).

(B) Tocilizumab inhibits TAM-induced HepG2 POUS5F1 gene expression as determined by
gRT-PCR following co-culture as in (A) (n=5).

(C) TAM-induced sphere-forming capability is inhibited by Tocilizumab. Co-cultures
performed as in (A) with HepG2 cells then undergoing sphere assay (n=8, representative
photomicrographs 10x magnification).

(D) Western blot of HepG2 cells for phosphorylated STAT3 shows reduction by
Tocilizumab (5 pg/mL) after co-culture with TAMS. One of three independent experiments
is shown.

*p < 0.05. Data presented as mean+SEM.

Gastroenterology. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wan et al.

A ke kek *
25
20
£
-5
3
o 10
05
0.0
Control TAMs TAMs
Tocilizumab
Control TAMs TAMs+Toc.
Q
| w2
@ | - ’
T }‘*/ 0.2% / 2.4% '/ 0.8%
CD44
c .
100 fekdk *%
w
2 80
3
£
& 60
]
3 40
£
22
0
Control TAMs TAMs
Tocilizumab
E
40004
000 —&—TAMs+Control IgG %
35001 -a= TAMs+Tocilizumab
'g 30009 --O- Control IgG
Y
13
.
S
s
13
=]
-

Tumor Volume (mm?)

Tumor Volume (mm?)

Days after inoculation

o (&)}

POUSF1 gene expression
n

o

6000 1

5000 4

4000 1

3000 1

2000 1

1000 4

18001
16001
14001
1200 1
10001
800 1
600 1
400 1
2001

Page 18

Control TAMs TAMs
Tocilizumab
—~@—-TAMs+Control IgG *
-4~ TAMs+Tocilizumab
++©O- Control IgG

18 25 28 32 35 39 42
Days after inoculation

—e—TAMs+Control IgG
-o- Control IgG *
—4 -TAMs+Tocilizumab

& Tocilizumab

14 21 28 33 37 41
Days after inoculation

Figure 6. Tocilizumab blocks TAM promotion of HCC tumor growth and stemness expansion in

Vivo

(A) HepG2 cells were injected IP into NSG mice and six weeks later TAMs were injected IP
(30 million cells) and three days later tumor nodules underwent FACS for CD44.
Tocilizumab was administered (20 mg/kg IP) at time of TAM injection (n=5 mice per group,
one of two representative experiments is shown and representative FACS.

(B) HepG2 and TAMs were injected IP into NSG mice as in (A) and tumor nodules
underwent gRT-PCR for POU5F1 expression.
(C) Sphere assay was performed (1000 cells per group) on tumor nodule cells following

experiment as described in (A),

(n=5).
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(D) Peritoneal tumors from (A) underwent single cell suspension and were injected
subcutaneously (1000 cells/group) into NSG mice. Tumor volume was measured (n=5 mice/
group). One of two representative experiments is shown.

(E) HepG2 cells, following co-culture (1000 cells) without or with TAMs and human IgG
control antibody or TAMs and Tocilizumab (5ug/ml), were injected subcutaneously into
NSG mice. Tumor volume was measured (n=4 mice). One of three independent experiments
is shown.

(F) Tocilizumab blockade of TAM-induced tumor growth in vivo following flank co-
implantation of HepG2 (5000 cells) and TAMs (10,000 cells) in matrigel into NSG mice.
Tocilizumab (20 mg/kg IP every week) or IgG isotype control antibody was administered
and tumor volume was measured (n=5 mice/group). One of two representative experiments
is shown.

*p < 0.05, **p < 0.01, ****p < 0.0001. Data presented as mean+SEM.
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Figure 7. STAT3 signaling is critical for TAM-induced CSC expansion in HCC
(A) Disrupted HepG2 STATS3 activation following TAM co-culture in STAT3 shRNA

HepG2 cells. Scramble shRNA or STAT3 shRNA HepG2 cells were co-cultured with TAMs
for indicated time (hours). Phospho-STAT3 and total STAT3 protein levels were assessed
by western blotting. One of three representative experiments is shown.

(B) Scramble shRNA or STAT3 shRNA HepG2 cells were co-cultured with TAMs for 3
days, and then collected for sphere assay (n=5). One representative photomicrograph (10x

magnification) is shown.

(C) Co-cultures with scramble shRNA or STAT3 shRNA HepG2 cells and TAMSs were
performed as in (B) and POUSF1 gene expression determined by qRT-PCR (n=5).
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(D) Inhibition of TAM-mediated CD44* subset expansion in vivo following STAT3
knockdown. Scramble shRNA or STAT-3 shRNA HepG2 cells were injected IP into NSG
mice and six weeks later TAMs (30 million) were IP injected and CD44 subset determined
by FACS three days later (n=5 mice/group and representative FACS).

(E) STAT3 knockdown blocks TAM-induced spheres. Experiment performed as in (D) and
HCC tumor single cells were placed into sphere assays (n=9-10 tumors/group).

(F) Loss of TAM-mediated tumor-promoting effects in STAT3 knockdown HepG2 cells.
Scramble shRNA or STAT-3 shRNA HepG2 cells (1000) co-cultured without or with TAMs
were injected subcutaneously into NSG mice. Tumor volume at 42 days after cell
implantation is shown (n=5 mice). One of three representative experiments is shown.

*p < 0.05. Data presented as mean+SEM.
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