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Hyal2 Expression in Tumor-Associated Myeloid Cells
Mediates Cancer-Related Inflammation in Bladder Cancer

Check for
updates

Paul R. Dominguez-Gutierrez, Elizabeth P. Kwenda, William Donelan, Padraic O’Malley, Paul L. Crispen,

and Sergei Kusmartsev

The increased presence of myeloid-derived suppressor cells
(MDSC) and tumor-associated macrophages (TAM) in tumor
tissue has been extensively reported. However, their role in the
regulation of hyaluronan (HA) metabolism in the tumor micro-
environment has not been established. Here we describe a novel
function of tumor-associated myeloid cells related to the en-
hanced breakdown of extracellular HA in human bladder cancer
tissue, leading to the accumulation of small HA fragments with
molecular weight (MW) <20 kDa. Increased fragmentation of
extracellular HA and accumulation of low molecular weight HA
(LMW-HA) in tumor tissue was associated with elevated pro-
duction of multiple inflammatory cytokines, chemokines, and
angiogenic factors. The fragmentation of HA by myeloid cells
was mediated by the membrane-bound enzyme hyaluronidase 2
(Hyal2). Increased numbers of Hyal2*CD11b* myeloid cells were
detected in the tumor tissue as well as in the peripheral blood of
patients with bladder cancer. Coexpression of CD33 suggested
that these cells belong to monocytic myeloid-derived suppressor

Introduction

The tumor stroma, which is comprised of cellular and extracellular
components, plays a major role in tumor growth and progression. The
extracellular matrix (ECM) of tumors includes proteoglycans and
glycans such as hyaluronic acid, also called hyaluronan (HA). HA is
a member of the glycosaminoglycan family of polysaccharides syn-
thesized at the cell surface and is characterized by very high molecular
weights (2 x 10° to 10 x 10°kDa) and extended lengths of 2-25 pum (1).
Increased HA synthesis is associated with wound healing and tumor
growth (1-2). Several cancer types including breast, prostate, brain,
lung, and bladder are highly enriched with HA (2-4). Within the
tumor tissue, HA buildup is frequently associated with increased
degradation of HA, leading to the accumulation of low molecular
weight HA (LMW-HA) fragments (5, 6). Several studies have dem-
onstrated that LMW-HA displays unique biologic activities that are
not shared by high molecular weight HA (HMW-HA; refs. 7-8).
HMW-HA is antioncogenic, anti-inflammatory, and antiangiogenic,
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cells. The HA-degrading function of Hyal2-expressing MDSCs
could be enhanced by exposure to tumor-conditioned medium,
and IL1P was identified as one of the factors involved in the
stimulation of Hyal2 activity. CD44-mediated signaling played
an important role in the regulation of HA-degrading activity of
Hyal2-expressing myeloid cells, as the engagement of CD44
receptor with specific mAb triggered translocation of Hyal2
enzyme to the cellular surface and stimulated secretion of IL1p.
Taken together, this work identifies Hyal2-expressing tumor-
associated myeloid cells as key players in the accumulation of
LMW-HA in the tumor microenvironment and cancer-related
inflammation and angiogenesis.

Significance: This study identifies Hyal2-expressing tumor-
associated myeloid cells of monocyte-macrophage lineage as con-
tributors to hyaluronan degradation in bladder cancer tissue,
leading to accumulation of inflammatory and proangiogenic low
molecular weight hyaluronan fragments.

while LMW-HA promotes inflammation and tumor angiogenesis by
stimulating the expression of cytokines, chemokines, and growth
factors in TLR2/TLR4-dependent manner (9). Also, LMW-HA is a
potent inducer of cPLA2 activity in macrophages that promote the
release of arachidonic acid; a substrate for inflammation-associated
lipid mediators PGE, and leukotrienes (9).

It has been shown that the progression of bladder cancer is
associated with enhanced expression of hyaluronidase 2 (Hyal2) RNA
in tumor tissue (10, 11). Hyal2, a member of the hyaluronidase family,
is a glycosylphosphatidylinositol-linked (GPI-linked) enzyme that is
anchored to the plasma membrane and is involved in the degradation
of extracellular HA (12, 13). Hyal2 cleaves high molecular weight HA
into intermediate size 20-kDa fragments. In addition to increased
Hyal2 expression, bladder cancer tissue is frequently infiltrated with
inflammatory and immune cells (14, 15). Here we demonstrate that
bladder tumor-associated myeloid cells express membrane-bound
enzyme Hyal2. We also show that enhanced HA degradation in human
bladder cancer is accompanied by the elevated production of inflam-
matory cytokines/chemokines and increased production of tumor
angiogenic factors.

Patients and Methods

Human subjects

Freshly excised bladder tumor tissue and peripheral blood from
30 patients diagnosed with urothelial carcinoma of the bladder were
collected during cystectomy or transurethral resection of bladder
tumor (TURBT). Samples of normal bladder tissue were collected
from patients undergoing cystectomy after obtaining written informed
consent. All samples were obtained according to federal guidelines
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and as approved by the University of Florida institutional review
board (IRB).

Reagents and culture medium

The proteinase K and Benzonase were purchased from Sigma-
Aldrich. Commercial polydisperse hyaluronan samples 1M (MW
750-1,000 kDa), 700K (500-749 kDa), 500K (301-450 kDa), 200K
(151-300 kDa), 10K (10-20 kDa), and 5K (<10 kDa) were obtained
from Lifecore Biomedical. Biotinylated HA-binding protein (HABP)
was supplied by Millipore-Sigma. Streptavidin conjugated with PE
or FITC was purchased from BioLegend. The Hyaluronan ELISA
Kit was purchased from R&D Systems. Hyaluronidase-2 polyclonal
antibody conjugated with PE or Alexa-488 was obtained from Bioss
Antibodies. All other antibodies used for immune fluorescence and
flow cytometric analysis and human IL-1f ELISA kit were acquired
from BioLegend. In vitro experiments were conducted using complete
culture media consisting of RPMI1640 medium supplemented with
20 mmol/L HEPES, 200 U/mL penicillin, 50 pg/mL streptomycin (all
from Hyclone), and 10% FBS from ATCC.

Preparation of tissue slices from human normal and bladder
cancer tissues

The precision-cut tissue slices, 2-4 mm in diameter and 200-
300-um thick, were produced from cancer and normal bladder
tissues using a Compresstome vibratome VF-300-0Z. After cutting,
tissue slices were placed into 24-well cell culture plates in complete
RPMI1640 medium supplemented with 10% FBS and antibiotics
and cultured at 37°C in a humidified CO, incubator. Cell viability of
cultured tissue slices was tested using the Live/Dead Cell Viability
Kit purchased from Invitrogen.

Isolation of CD11b myeloid cells from peripheral blood of
patients with cancer

PBMC:s were isolated from patients with bladder cancer by gradient
density centrifugation using Lymphoprep (Accu-Prep, 1.077g/mL).
CD11b myeloid cells were purified from PBMCs by positive selection
using the anti-CD11b microbeads and columns (Miltenyi Biotec).
Briefly, cells were incubated with beads conjugated with anti-mouse
CD11b and positively selected on LS columns. The viability of all
recovered cells was 95%, as determined by Trypan blue exclusion.

Human cancer cell lines

The human T24 bladder cancer cell line was purchased from the
ATCC. Cell line was authenticated by ATCC. Tumor cells were
maintained at 37°C in a 5% CO, humidified atmosphere in the
complete culture medium and used at the less than 10 passages. Cell
cultures were tested for Mycoplasma contamination using MycoProbe
Mycoplasma Detection Kit (R&D Systems).

Preparation of tumor-conditioned medium

The source of tumor-conditioned medium (TCM) was bladder
cancer tissue slice cultures or cultured T24 cell line. To prepare TCM,
conditioned medium was collected 2-3 days after tissue or cell culture
initiation, centrifuged, aliquoted, and stored at —80°C.

Cytokine and chemokine profiling

Human bladder cancer and normal tissue slices were cultured in a
humidified CO, incubator at 37°C. For profiling of cytokines in tissue
conditioned media, cell-free culture supernatants were collected and
stored at —80°C. Presence of 105 proteins in supernatants was

AACRJournals.org

Identification of Hyal2™ Tumor-Associated Myeloid Cells

evaluated using human cytokine and chemokine XL Proteome Array
Kit from R&D Systems.

Analysis of HA produced by human bladder cancer
Visualization of tumor-produced HA

Cancer or normal bladder tissue slices were cultured for 7-14 days
in 24-well cell culture plates in a humidified CO, incubator at 37°C to
allow for the production of HA. At the end of incubation, tissue-
produced HA was found settled at the bottom of the culture plate wells.
To monitor and visualize accumulation of tissue-produced HA frag-
ments on the plastic surface, the tissue slices and culture medium were
removed at different time points. The empty wells were washed with
warm PBS and fixed with 4% formaldehyde for 30 minutes. After
fixation, plate wells were washed with PBS containing 2% FBS and
incubated overnight with biotinylated HA-binding protein (3 pug/mL,
Calbiochem-EMD Millipore) at 4°C (16). Next day, after washing the
wells with PBS containing 2% FBS, streptavidin conjugated with
fluorochrome was added to the wells and incubated for 30 minutes
at 4°C. Plates were then washed with PBS and the bottoms of the wells
were visualized using EVOS (Invitrogen) or Lionheart (Biotek Instru-
ments) immunofluorescent imaging microscopes.

Evaluation of HA size

HA size analysis was determined using PAGE as described previ-
ously (17). Briefly, conditioned medium from cancer and normal
bladder cancer tissue slices were centrifuged, aliquoted, and stored at
—80°C. To prepare samples for HA size analysis, thawed samples were
digested with proteinase K to remove proteins, benzonase for the
depletion of nucleic acids (RNA, DNA), and ethanol to extract lipids
was added. Samples along with HA standards were then subjected for
PAGE. The tissue-produced HA was visualized on the gel by staining
with “Stains All” dye (Sigma-Aldrich).

Immunofluorescent microscopy and flow cytometry

Immunofluorescent staining and flow cytometry analysis was per-
formed as described previously (18, 19). Image analysis was done using
Gen 5 Prime v 3.08 software (Biotek Instruments). Flow cytometry
data and microscope pictures showed are representative of at least two
separate determinations.

Western blotting

Cells were lysed in M-PER Mammalian Protein Extraction Reagent
(Thermo Scientific) containing protease and phosphatase inhibitors.
Whole-cell lysates (30 pg/lane) were subjected to 10% SDS-PAGE and
blotted onto polyvinylidene difluoride membranes. Membranes were
blocked for 1 hour at room temperature with 5% dry skimmed milk in
TBS (20 mmol/L Tris-HCI, pH 7.6, 137 mmol/L NaCl plus 0.1%, v/v,
Tween 20) and probed with appropriate primary antibodies overnight
at 4°C. Membranes were washed and incubated for 1 hour at room
temperature with secondary antibody conjugated with HRP. Results
were visualized by chemiluminescence detection using a SuperSignal
West Pico substrate (Thermo Scientific). To confirm equal loading
membranes were stripped using Restore Western Blot Stripping Buffer
(Thermo Scientific) and reprobed with an antibody against -actin
(Santa Cruz Biotechnology, Inc).

Statistical analysis

The statistical significance between values was determined by the
Student ¢ test. All data were expressed as the mean + D. Probability
values > 0.05 were considered nonsignificant.

Cancer Res; 81(3) February 1, 2021

649

2202 19quisnoN Lz uo 1senb Aq Jpd'gy9/c€9r08Z/879/€/ 1 8/Pd-alolle/Se1180URD/BI0"S|BUINO[IOEE//:dRY WO papEojuMOq



Dominguez-Gutierrez et al.

Results

Enhanced HA degradation in bladder cancer tissue results in the
accumulation of LMW-HA fragments

Normal bladder tissues produced predominantly long, structured
linear pericellular HA (Fig. 1A), whereas the bladder cancer samples
generated highly fragmented tissue-associated HA (Fig. 1B). The size
of HA secreted by normal and bladder cancer tissues was further
characterized by gel electrophoresis. Interestingly, tissues from normal
bladder tissues (Fig. 2A, left) produced mostly HMW-HA (150 kDa
and higher) with undetectable levels of LMW-HA. In contrast, the
human bladder cancer tissues generated fragmented HA with a
prevalence of LMW-HA with MW < 20 kDa (Fig. 2A, right) con-
firming our prior observation of increased HA fragmentation in
bladder cancer tissues (Fig. 1B).

Enhanced HA degradation in tumor tissue is associated with
elevated secretion of inflammatory, angiogenic, and tumor-
supporting factors

Accumulating evidence suggests that HA fragments with low
molecular weight can directly promote tumor progression by stimu-
lating the secretion of various factors that enhance tumor migration,
invasion, inflammation, and angiogenesis. (5, 6, 9). To assess and
compare the cytokine profile produced by normal and bladder cancer
tissues, we analyzed the TCM collected from normal and bladder
cancer organoid tissue slices for the presence of 105 cytokines and
chemokines using proteome multiplex assay. Our data demonstrate
that in contrast to normal tissue, the bladder cancer tissue secretes
higher levels of various biologically active factors (Fig. 2B; Supple-
mentary Figs S1, S2A, and S2B). Among them, we detected several
angiogenic factors: VEGF, angiopoietin-2, angiogenin, HGF, and

thrombospondin; multiple chemokines and growth factors associated
with inflammation and recruitment of different cell subsets to the
tumor site such as CXCL1 (GRO-alpha), CCL2 (MCP1), G-CSF, CCL7
(MCP3), CXCL5 (ENA-75), CXL11 (I-TAC), FLT3, and lipocalin-2.
The bladder cancer tissues also produced proteins involved in immune
regulation (IL6, IL8, osteopontin, IL11, IL17A IL18Bpa, TIM-3, IL1ra)
and tissue remodeling (MMP-9, chitinase3-likel, IGFBP-2, uPAR,
thrombospondin). Proteins implicated in tumor cell invasion and
migration, such as DKK1 PAI-1 (Serpin-E1) and HGF, were also
prevalent in cancer tissue. Combined data for the production of
proteins by normal and cancer bladder tissues were presented as a
heatmap (Supplementary Fig. S2A and S2B). Taken together, these
data suggest that the accumulation of LMW-HA fragments within
bladder cancer is accompanied by elevated production of multiple
bioactive factors that are associated with tumor growth and
progression.

Detection of Hyal2-expressing tumor-associated myeloid cells
in human bladder cancer

Increased levels of inflammatory chemokines and cytokines pro-
duced by the tumor facilitate cancer-associated inflammation and
drive recruitment of myeloid cells to the tumor microenvironment
where they become involved in bidirectional crosstalk with tumor
cells (20, 21). As shown in Fig. 3A, bladder cancer tissue is infiltrated
with myeloid cell subsets when compared with normal bladder tissue.
Moreover, the tumor-infiltrating cells are frequently associated with
enhanced HA fragmentation (Fig. 3B; Supplementary Fig. S3). We
hypothesized that the enhanced HA degradation within bladder cancer
might be attributed to the presence and activity of tumor-recruited
myeloid cells, which abundantly present in bladder tumor tissue

Normal human bladder tissue

A HA-PE N1

N2 N3

Tumor human bladder tissue

B waPE T

Figure 1.

T2 T3

Visualization of HA produced by the tumor and normal human bladder tissue slices. Representative images showing tissue-produced HA in normal and tumor bladder
tissues. Tissue slices prepared from normal (A) and tumor (B) human bladder tissue were cultured in complete medium in 24-well plates for 7 days. After removing
culture medium and tissue slices, plates were fixed with 4% formaldehyde and stained for HA (red). The expression of HA was evaluated using immunofluorescent

microscopy.
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Figure 2. Normal tissue

Enhanced HA degradation, accumula-
tion of LMW-HA, and elevated produc-
tion of cytokines/chemokines in
human bladder cancer tissue. Preci-
sion-cut tissue slices were prepared
from freshly obtained normal and
tumor human bladder tissue pieces
and cultured in 24-well plates in the
complete culture medium. Cell-free
supernatants were collected on days
5-7 and stored at —80°C until analysis
of tumor-produced HA using PAGE
(A) and cytokines/chemokine anti-
body arrays (B).
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(Fig. 3C). To test this hypothesis, we costained HA produced by
bladder cancer tissue slices with common myeloid cell marker CD11b.
As shown in Fig. 3D and Supplementary Fig. S3, the myeloid cells
localized nearby and some adhered to highly degraded HA fragments.
Hyal2 is an enzyme responsible for HA degradation in the tumor
microenvironment, whose increased expression in progressive bladder
cancer was recently reported (11). Hence, we stained cancer tissue
samples for the HA, Hyal2, and CD11b. Data presented in Fig. 3E;
Supplementary Fig. S4 demonstrate the presence of Hyal2-expressing
cells in tumor-bladder tissue slice cultures among both adherent and
nonadherent cell fractions. Moreover, Hyal2 expression was observed
in areas with highly fragmented HA and associated with a subset of
tumor-infiltrating CD11b myeloid cells (Fig. 3F), suggesting a possible
contribution of these cells to the enhanced HA degradation in bladder
cancer tissue.

Hyal2-expressing myeloid cells in peripheral blood of patients
with cancer

The peripheral blood of patients with bladder cancer contains
increased numbers of myeloid cells, including granulocytic, and
monocytic myeloid-derived suppressor cells (MDSC) as compared
with healthy individuals (22). To explore whether Hyal2-expressing
myeloid cells could be also detected in peripheral blood, we isolated the
CD11b" cell populations from peripheral blood of patients with
bladder cancer and healthy donors and stained with anti-Hyal2 Abs.
Data presented in Fig. 4A and Supplementary Fig. S5A and S5B
indicate that myeloid cells from the blood of patients with cancer
contain significantly more Hyal2-positive cells as compared with
healthy individuals. Additional analysis revealed that blood-derived
Hyal2™" cells show mononuclear morphology (Supplementary Fig. S6)
and also express a marker of monocytic MDSCs CD33, as well as CCR2
receptor, M-CSF receptor (CD115), and GM-CSF receptor (CD16;
Supplementary Fig. S7A and S7B).

We also found that exposure of myeloid cells to TCM further
stimulated the expression of Hyal2 (Fig. 4B), suggesting that expres-
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sion of this enzyme could be upregulated in myeloid cells upon
recruitment to the tumor microenvironment with an abundance of
tumor-derived factors. Furthermore, a significant portion of Hyal2*
myeloid cells also coexpressed the antigen-presenting cell marker
HLA-DR (Fig. 4C): 13.7% in nonstimulated versus 46.7% in TCM-
stimulated CD11b myeloid cells. Interestingly, that expression of
Hyal2 was detected in mostly dispersed granular form with intracel-
lular localization in the cytoplasm (Fig. 4D; Supplementary Fig. S7A).
However, engagement of cells with antibodies against CD44 promoted
significant changes in both cellular shape and Hyal2 localization
(Fig. 4E), supporting the idea that the CD44 receptor is involved in
the regulation of Hyal2 function (12, 13, 23, 24).

IL1B stimulates HA-degrading activity of Hyal2* myeloid cells

To examine whether TCM-stimulated CD11b* Hyal2*HLA-DR™"
cells are functionally active, we tested their HA-degrading activity. To
this end, we added the CD11b cells isolated from peripheral blood of
patients with cancer to the culture plates precoated with commercial
HA (MW 200 kDa), and cultured cells in the presence of TCM for
10 days. The visualization of HA was executed using biotinylated
hyaluronan-binding protein (HABP). As shown in Fig. 5A (right),
TCM-stimulated myeloid cells were able to promote the degradation of
extracellular HA. Furthermore, by end of the culture (10 days), most of
the TCM-stimulated myeloid cells acquired the shape of mature APCs
and were able to internalize the fragmented HA (Fig. 5B). We next
examined the potential cytokines/factors that could be involved in the
stimulation of HA-degrading activity mediated by Hyal2-expressing
myeloid cells. Hyal2" cells were isolated from peripheral blood of
patients with cancer and cultured in the presence or absence of the
following: human recombinant GM-CSF, M-CSF, IL1, osteopontin,
or TCM. The HA-degrading activity of cultured Hyal2™ cells was
evaluated by the visualization of degraded HA using IF microscopy
(Fig. 5C), and quantification of small HA fragments detected on a
plastic surface in cell culture plates using imaging software (Fig. 5D).
Obtained data demonstrate that only IL1} among tested cytokines has
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Degradation of HA in human tumor tissue is associated with the presence of tumor-infiltrating CD11b " Hyal2" myeloid cells. A, Representative bright-field images of
normal bladder tissue (left) and bladder cancer tissue (right) from the same patient are shown. B, Colocalization of tumor-infiltrating cells and fragmented tumor-
produced HA (red). A representative image is shown. C, Flow cytometric analysis of bladder cancer tissue. Tumor tissue from cancer patients was digested with a
collagenase cocktail to prepare single-cell tumor suspension. The single-cell suspension was costained with CD11b-FITC, CD45-APC, CD33-PerCp, CD15-FITC, CD14-
APC antibodies, and analyzed by flow cytometry. Representative images are shown. D, Colocalization of tumor-infiltrating CD11b myeloid cells and fragmented
tumor-produced HA. Representative image of CD11b (green) and HA (red) in bladder cancer tissue is shown. E, Visualization of tumor-produced HA and tumor-
associated Hyal2-expressing cells. The human cancer tissue slices were cultured for 5 days. Nonadherent cells were carefully removed, washed with PBS, and fixed
with 4% formaldehyde. To visualize the tumor-produced HA, biotinylated HA-binding protein and PE-labeled streptavidin were subsequently added. Representative
images of HA (red) and Hyal2 (green) are shown. F, Detection of tumor-infiltrating CD11b*Hyal2* myeloid cells. Representative image of CD11b (green) and Hyal2

Figure 3.

(red) in bladder cancer tissue is shown.

been able to promote strong HA-degrading activity in Hyal2* myeloid
cells. The knockdown of the Hyal2 gene in blood-derived myeloid cells
led to the reduced ability of those cells to degrade extracellular HA
(Supplementary Fig. S8). A recently published study demonstrated
that IL1B can be produced by macrophages in a CD44-dependent
manner (25). Indeed, data presented in Supplementary Fig. SOA and
S9B indicate that incubation of CD11b myeloid cells, isolated from
peripheral blood of patients with cancer, with anti-CD44 antibodies
promoted the IL1f secretion.

Bone marrow as a source of Hyal2-expressing cells

Further analysis of myeloid cells obtained from peripheral blood of
patients with bladder cancer revealed that Hyal2-positive cells did not
express the monocytic marker CD14 (Fig. 6A). Long-term culture of
Hyal2" cells showed that these cells retained the antigen-presenting
cell marker HLA-DR, but the expression of Hyal2 becomes somewhat
weaker and its localization was more intracellular overtime (Fig. 6B).
Importantly, the HLA-DR*CD11b* cells and Hyal2 "HLA-DR" mye-
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loid cells can be detected in bladder cancer tissue (Fig. 6C and D,
respectively) near areas that enriched for highly fragmented HA
(Fig. 6D, right image), suggesting the contribution of this myeloid
cell subset to the process of HA degradation in the tumor microen-
vironment. Finally, taking into consideration that the primary location
in the body where myelopoiesis takes place is bone marrow, we
hypothesized that bone marrow may potentially serve as a source of
Hyal2" myeloid cells. Analysis of CD11b myeloid cells, isolated from
normal human bone marrow, confirmed the significant presence of
Hyal2-expressing myeloid cells in bone marrow (Fig. 6E and F).
Together, these data demonstrate that Hyal2-expressing myeloid cells
can be detected in bladder cancer tissue, close to the HA degradation
points.

Discussion

HA is a major component of the extracellular and pericellular
matrix, which supports the normal tissue homeostasis. Deregulated
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Identification of Hyal2-expressing myeloid cell subsets in peripheral blood from patients with bladder cancer. A, Upregulated expression of Hyal2 by peripheral
blood-derived CD11b myeloid cells from patients with cancer. CD11b myeloid cells were isolated from the peripheral blood of normal individuals or cancer patients
using magnetic beads, stained with anti-Hyal2-PE antibodies, and analyzed by immunofluorescent microscopy. The percent of Hyal2+ cells was evaluated using an
immunofluorescent imaging microscope. Average means + SD are shown. *, P< 0.05. B and C, Analysis of Hyal2 expression in blood-derived myeloid cells using flow
cytometry. CD11b myeloid cells were isolated from the peripheral blood of patients with cancer and cultured in complete culture medium for 48 hours in the presence
or absence of TCM. T24 tumor cell-derived culture supernatant was a source of TCM in these experiments. Collected cells were washed with PBS and stained with
anti-Hyal2 Abs (B), anti-Hyal2, and anti-HLA-DR abs (C). The expression of indicated markers was measured using flow cytometry. Representative images are shown.
D, Analysis of Hyal2 localization in TCM-stimulated myeloid cells using immunofluorescent microscopy. TCM-stimulated myeloid cells were prepared as indicated
above and stained with anti-Hyal2-PE (red) and HLA-FITC (green) antibodies. Representative images are shown. E, Hyal2" myeloid cells coexpress CD44. CD11b
myeloid cells were isolated from the peripheral blood of patients with cancer using magnetic beads. TCM-stimulated myeloid cells were prepared as indicated above
and stained with CD44-FITC and anti-Hyal2-PE. A representative image is shown.

HA metabolism has been observed in the bladder, prostate, breast,
brain, lung, and other cancers. These cancers are characterized by
elevated levels of HA and increased HA fragmentation in tumor tissue
due to enhanced activity of hyaluronidases. Accumulating evidence
suggests that HA fragments with LMW-HA directly stimulate
the secretion of various factors that promote tumor progression.
However, the underlying mechanisms of increased HA degradation
within the tumor microenvironment are not fully understood.
Herein, we evaluated HA metabolism in bladder cancer samples
obtained from patients undergoing surgical resection. Our analysis
revealed that normal human bladder tissue produced HMW-HA,
low levels of cytokines, and contained negligible inflammatory and
immune infiltrates. In contrast, bladder cancer tissues displayed
strong HA degradation resulting in the accumulation of LMW-HA
fragments and elevated production of chemokine, cytokines, and
angiogenic factors.

The molecular weight and size of HA fragments are important for
the biological activity mediated by HA. HMW-HA is antionco-
genic (7, 8) and anti-inflammatory (26). In naked-mole rats, which
display exceptional cancer-free longevity and a lifespan exceeding
30years, extremely high molecular mass HA was found (7). This
HMW-HA accumulates abundantly in naked mole-rat tissues due to
decreased activity of HA-degrading enzymes and a unique sequence of
HA-producing enzyme hyaluronan synthase 2 (HAS2). Once HMW-
HA was removed by knocking down HAS2 or overexpressing the HA-
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degrading enzyme, Hyal2, naked mole-rat cells became susceptible to
malignant transformation and readily formed tumors in mice. In stark
contrast to HMW-HA, LMW-HA was shown to exert tumorigenic
functions such as stimulation of cancer-related inflammation, tumor
angiogenesis, and metastasis. Inflammation plays a critical role during
different steps of tumor development and progression. Immune cells
infiltrate tumors, creating an inflammatory microenvironment in
which an extensive interaction -between immune cells and tumor
cells takes place. LMW-HA fragments contribute to cancer-related
inflammation by stimulating cytokine/chemokine production in a
TLR2- and TLR4-dependent manner in both immune and tumor
cells (9,27-29). Furthermore, it was shown that degraded HA products
with specific sizes of 4-25 disaccharides (MW ~ 0,5-3,0 kDa) exert
strong angiogenic activity (30). More recent studies have supported
this finding (31, 32) by showing that CD44 and RHAMM-mediated
signaling pathways are involved in HA-mediated angiogenesis. In
addition, several studies demonstrated that LMW-HA fragments have
prometastatic properties (33, 34).

In this study, we demonstrate that myeloid cells in patients
with bladder cancer express the HA-degrading enzyme Hyal2.
Membrane-bound enzyme Hyal2 exists as a glycosylphosphatidyli-
nositol (GPI)-linked protein exposed to the extracellular milieu
(12, 13, 35, 36). It has been proposed that Hyall and Hyal2 are major
mammalian hyaluronidases in somatic tissues and that they act
in concert to degrade HMW-HA to LMW-HA (37-39). 20-kDa
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IL1B stimulates HA-degrading activity of Hyal2™ myeloid cells. A, Stimulation of peripheral blood-derived myeloid cells with TCM promotes the degradation of
extracellular HA. Twenty-four-well cell culture plates were precoated with sterile commercial HA (MW 200 kDa). CD11b myeloid cells isolated from peripheral
blood of patients with cancer were cultured in the absence (left) or the presence of TCM (right). On day 10, cell cultures were fixed with 4% formaldehyde
and stained for the HA (red). Representative images of control and TCM-treated myeloid cells cultured with HA are shown. B, Detection of intracellular HA in
TCM-stimulated myeloid cells. CD11b myeloid cells isolated from peripheral blood of patients with bladder cancer were added to the wells with
precoated commercial HA. Cells were cultured in the presence of TCM for 10 days. A representative image is shown. C, IL1B stimulates the HA-degrading
activity of Hyal2™ myeloid cells. Hyal2™ were directly from peripheral blood of the cancer patient and were cultured in a 24-well plate that was precoated
with commercial HA (MW 200 kDa) in complete culture medium in presence of bladder TCM, or GM-CSF (50 ng/mL), M-CSF (50 ng/mL), osteopontin (OPN;
50 ng/mL), IL1B (50 ng/mL) or none (Utx). Supernatant from the patient's bladder tumor tissue culture was a source of TCM in these experiments. HA
was visualized on day 10 as described in Materials and Methods using immunofluorescent microscopy. D, Quantification of HA fragments in cytokine-treated

Hyal2* cells. Image analysis was done using Gen 5 Prime v 3.08 software (Biotek Instruments).

intermediate-size HA fragments generated by the Hyal2 near the
cell surface can be transported intracellularly and delivered to
lysosomes, where Hyall further degrades the 20-kDa to the
LMW-HA fragments (< 5-10 kDa). Indeed, our observations
support this model since the majority of tumor-infiltrating or
peripheral blood-derived Hyal2-expressing myeloid cells exposed
to the HA in the presence of activating factors (such as TCM or
IL1B) efficiently engulf the HA fragments and show the presence of
the intracellular HA. Without activating stimuli, the Hyal2-expres-
sing myeloid cells show very little HA-degrading activity (Fig. 5C
and D). These data suggest that Hyal2 plays a role in the rate-
limiting enzyme, which upon activation with specific stimuli initi-
ates degradation of the extracellular HA. Once degraded HA is
internalized by myeloid cells, the intracellular lysosomal Hyall
further breakdowns the engulfed HA into smaller fragments with
lower molecular weight. Significant amounts of LMW-HA frag-
ments also were detected in extracellular space of bladder cancer
tissue (Supplementary Fig. S3), suggesting that both intracellular
and extracellular small HA fragments could be potentially involved
in pathogenic LMW-HA-mediated signaling that stimulates the

654 Cancer Res; 81(3) February 1, 2021

enhanced production of inflammatory and angiogenic factors
detected in tumor tissue.

In addition to cancer, Hyal2 has also been implicated in the
pathogenesis of inflammatory joint diseases including rheumatoid
arthritis and osteoarthritis. It was found that the expression of Hyal2 in
patients with arthritis is significantly upregulated (40). Moreover, the
expression of Hyal2 in chondrocytes can be stimulated by IL1[ (41).
Our data also support the direct role of IL1f in the stimulation of
Hyal2-mediated HA degradation. IL1f is abundant in the tumor
microenvironment and produced mostly by tumor-associated macro-
phages in response to the soluble CD44 (25). A recent study demon-
strated that IL1P supports both tumor progression and metastasis
development (42). Orthotopic injection of murine mammary cells in
IL1B knockout mice led to initial tumor growth but resulted in
subsequent tumor regression and prevention of metastasis develop-
ment. Moreover, treating mice first with anti-IL1 antibodies followed
by anti-PD1 antibodies completely abrogated tumor progression.

Some aggressive epithelial tumor cells show a high expression of
Hyal2 and able to degrade extracellular HA (8). However, Western
blotting analysis showed relatively weak expression of Hyal2 in human
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Figure 6.

Bone marrow as a source of Hyal2-expressing cells. A, Hyal2 is not associated with CD14™ monocytes. CD11b myeloid cells were isolated from the peripheral
blood of patients with bladder cancer with magnetic beads and stained with antibodies against CD14 (red) and anti-Hyal2 (green). A representative image is
shown. B, TCM drives the development of Hyal2*HLA-DR™ cells using magnetic beads. CD11b myeloid cells were isolated from the peripheral blood of patients
with bladder cancer and cultured in the presence of TCM in the complete culture medium. On day 10, plates were washed with PBS, then fixed and stained
with fluorochrome-conjugated antibodies against Hyal2 (red) and HLA-DR (green). Representative images are shown. C, Analysis of tumor-associated CD11b,
HLA-DR-expressing cells using flow cytometry. Tumor tissue from patients with bladder cancer was digested with a collagenase cocktail to prepare single-cell
tumor suspension. The prepared cell suspension was costained with fluorochrome-conjugated antibodies against CD11b and HLA-DR and analyzed using flow
cytometry. A representative image is shown. D, Detection of tumor-infiltrating Hyal2"HLA-DR™ cells. Twenty-four-well plates with human bladder cancer
tissue slices were prepared for analysis of tumor-produced HA as described in Materials and Methods. Representative images of HA-PE (red) adherent HLA-
DR™" cells (green) are shown. E, Hyal2" myeloid cells are enriched in the bone marrow. CD11b myeloid cells were isolated from human normal bone marrow
using magnetic beads. Nonstimulated (left) or TCM-stimulated (right) myeloid cells were prepared as indicated above and stained with anti-Hyal2-PE and
HLA-DR-FITC antibodies. Representative images are shown. F, Hyal2-positive cells (red) shown in nonstimulated bone marrow. Representative image is

shown.

bladder cancer cell lines (Supplementary Fig. S10). Myeloid cells,
including TAMs and MDSCs, represent a major cellular component
in tumor tissues that play a key role in tumor development and
progression (reviewed in 20-22). Recruitment of myeloid cells to the
tumor microenvironment is a constant process fueled by the increased
secretion of chemokines by both malignant as well as by stromal cells,
which causes the mobilization of bone marrow-derived myeloid cell
precursors from bone marrow and extravasation from the circulation
into the tumor. Because of a tolerogenic cytokine milieu in the tumor
microenvironment, recruited myeloid cells, differentiate into immu-
nosuppressive TAMs and MDSCs. Tumor-recruited myeloid cells
have been shown to exert supportive tumor-promoting effects via
multiple pathways that stimulate local immune suppression/tolerance,
tumor angiogenesis, tissue remodeling, and cancer inflammation.
However, their role in the degradation of extracellular HA and,

AACRJournals.org

particularly, of tumor-associated HA has not been recognized yet.
We identified the myeloid cell subset within bladder cancer tissue that
expresses the HA degrading Hyal2, suggesting involvement of these
cells in the enhanced fragmentation of extracellular HA observed in
tumor tissue. The increased presence of Hyal2-expressing myeloid
cells was also detected in the peripheral blood of patients with bladder
cancer. The HA-degrading function of Hyal2-expressing myeloid cell
could be enhanced by exposure to the TCM, and IL1 was identified as
one of the factors stimulating the Hyal2 activity. CD44-mediated
signaling plays an important role in the regulation of HA-
degrading activity of myeloid cells because stimulation of CD44
receptor with specific mAb triggered secretion of IL1p and translo-
cation of Hyal2 to the cellular surface. Collectively, this work identifies
the Hyal2-expressing myeloid cells and links these cells to the accu-
mulation of LMW-HA in the tumor microenvironment.
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