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Abstract

The objective was to assess outcomes of IFNy-priming upon macrophage activation by the synovial
macromolecule high-molecular-weight hyaluronan [HMW-HA] in the context of rheumatoid
arthritis inflammation. Human macrophages primed by IFNy and activated by HMW-HA were
evaluated for cytokine secretion by ELISA and Milliplex assay and activation profiles by nuclear
transcription factor EIA. IFNy-primed, HMW-HA-activated macrophages produced elevated levels
of TNF and secreted the TH1 cytokine I1L-12p70, while IFNy suppressed HMW-HA-induced
secretion of the regulatory cytokine IL-10 and activation of the transcription factor c-Jun. IFNy
modulates the HMW-HA-induced cytokine response profile promoting macrophage activation and
inflammatory TH1 cytokine secretion.
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Introduction

Hyaluronan [HA] is a glycosaminoglycan found in its high molecular weight form [HWM-
HA] as repeating D-glucuronic acid, p1-3 linked to N-acetyl-D-glucosamine-B1-4 as a major
component of the synovium in vivo[1;2]. HMW-HA binds cells and initiates intracellular
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signaling via multiple receptors including CD44 and toll like receptor 4 [TLR4][2;3]. HMW-
HA mediates anti-inflammatory effects on monocytes, osteoblasts and osteoclasts[2;4], and
contributes to healthy joint tissue homeostasis. Injection of HMW-HA into afflicted joints of
patients with osteoarthritis has been implemented as an effective therapy, although the
mechanism of action remains unclear[5].

Rheumatoid arthritis [RA] is a heterogeneous group of inflammatory disorders characterized
by mononuclear synovitis orchestrated by a complex network of immune cells and soluble
factors[6;7]. Joints of RA patients present a challenge to incoming leukocytes due to
inflammatory T cell cytokines within the synovium where polarization of CD4 T cells toward
a TH1 IFNy-secreting phenotype is typical[6;7;8;9;10]. Effects of HMW-HA in the presence
of immune altering cytokines, such as interferons, are unknown in humans, and perturbations
in the normal anti-inflammatory properties of HMW-HA are likely.

Macrophages are key mediators of pathogenesis in RA[7] through secretion of pro-
inflammatory cytokines TNF, IL-6, IL-12p70 and IL-1pB[6;7;8]. IFNy alters macrophage
biology by induction of “IFNy-priming”, characterized by suppression of the regulatory
cytokine I1L-10 and enhancement of the inflammatory cytokines TNF and IL-12p70 in response
to activation[11]. IFNy-induced suppression of IL-10 secretion and enhancement IL-12p70
secretion constitutes an environment that promotes Thl polarization of CD4 T cells. We
hypothesized that IFNy-priming of macrophages overrides the homeostatic properties of
HMWHA resulting in aberrant macrophage activation that could model T cell-dependent RA
inflammation in vivo.

Materials and Methods

Reagents

LPS from E. coli, IFNy and M-CSF were obtained from Sigma (St. Louis, MO). HMW-HA
from human umbilical cord was obtained from Calbiochem (San Diego, CA). ELISA kits for
human TNF and 1L-10 were obtained from BD Biosciences (San Jose, CA). Milliplex 22-plex
cytokine/chemokine kit was obtained from Millipore Corp. (St. Charles, MO). A Nuclear
extraction kit and TransAM NFkB, MAPK and STAT EIA kits were obtained from Active
Motif (Carlsbad, CA). Polymyxin B was obtained from Invivogen (SanDiego, CA). Limulus
amebocyte lysate [LAL] assay kit was obtained from Lonza (Allendale, NJ).

Macrophage culture

Human monocytes were provided by H.E. Gendelman at the University of Nebraska.
Monocytes were isolated from healthy donors by counter current centrifugal elutriation [12]
and were cultured 7 days in the presence of 10% human serum and 1 ng/ml M-CSF to
differentiate macrophages. Use of human tissues was approved by Institutional Review Board
of the University of Florida.

Cytokine analysis

Macrophages were cultured 18 hours with media (mock) or 10 ng/ml IFNy (primed). LPS or
HMW-HA were added for an additional 6 hours. Supernatants were collected to measure 1.)
TNF and IL-10 by ELISA or 2.) the concentration of 22 cytokines (IL-1a, IL-1f, IL-2, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, Eotaxin, GM-CSF,
IFNy, IP10, MCP-1, MIP1a, MIP1B, TNFa and VEGF) using Milliplex® technology. To
inactivate endotoxin, LPS or HMW-HA were boiled for 15 minutes or treated with 100 ug/ml
polymyxin B before adding to macrophage cultures.

Cell Immunol. Author manuscript; available in PMC 2011 February 24.
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Stock solutions of LPS or HMW-HA were serially diluted and endotoxin activity was detected
by LAL assay. Where indicated, LPS or HMW-HA samples were pre-treated with 100 ug/ml
polymyxin B. LAL assay was stopped with 25% acetic acid and color development was
determined by scanning optical density at 405 nm.

Transcription factor analysis

Statistics

Results

Macrophages were mock- or IFNy-primed for 18 hours followed by activation with LPS or
HA for 2 additional hours. Nuclear lysates were prepared according to the manufacturer’s
protocol. Nuclear proteins were quantified by BCA assay (Thermo Fisher, Rockford, IL).
TransAM EIA assays for NFkB (p50, p65, p52, c-Rel and RelB), STAT (STAT1, STATS,
STAT5a, STAT5b) and MAPK (ATF-2, c-Myc, c-Jun and MEF-2) were performed according
to manufacturer’s protocol with 1 ug nuclear protein per test. Briefly, TransAM EIAs allow
quantitation of transcriptionally active proteins by capture with transcription factor family-
specific consensus DNA oligonucleotides on plastic wells. Individual transcription factor
proteins were then quantified by probing with monoclonal antibodies and TMB substrate (BD
Biosciences).

Data analysis and statistics were performed with GraphPad Prism version 5 software (La Jolla,
CA). Results were considered statistically significant when P<0.05.

IFNy modulates HMW-HA-induced TNF and IL-10 secretion by macrophages

HMW-HA normally mediates anti-inflammatory effects on mononuclear cells[2;4]. The
activational outcome of HMW-HA on macrophages in the absence or presence of IFNy was
compared with LPS by measuring the cytokines TNF (inflammatory) and IL-10 (regulatory).
HMW-HA was as effective as LPS in mediating TNF production by macrophages in the
absence of IFNy priming and as potent as LPS when macrophages were primed with IFNy
(Figure 1, A& B). Macrophages secreted I1L-10 in response to HMW-HA or LPS (Figure 1, C
& D), although IFNy priming inhibited 1L-10 secretion by either HMW-HA or LPS treated
macrophages.

To rule out that activation of macrophages by HMW-HA was caused by endotoxin in the
HMW-HA preparation, three approaches were implemented. First, boiling reduced by almost
100% TNF secretion induced by 100 ng/ml LPS [maximum concentration used in panels A
and B], but produced no reduction in TNF secretion by 100 ug/ml or 1 mg/ml HMW-HA
(Figure 1E). Next, polymyxin B had a potent dose-dependent inhibitory effect on TNF secretion
induced by 100 ng/ml LPS, but polymyxin B failed to significantly reduce HMW-HA-induced
TNF secretion (Figure 1F). Finally, endotoxin activity detected by LAL assay in LPS at
concentrations > 1 ng/ml was completely abolished when LPS was treated with 100 ug/ml
polymyxin B (Figure 1G). In contrast, polymyxin B failed to neutralize the activity detected
by LAL assay with HMW-HA (Figure 1H). Non-endotoxin LAL assay activity of biological
products is not uncommon, but require LPS inhibitors, such as polymyxin B, to validate LAL
assay results[13] Taken together, results from this series of studies show that LAL activity and
TNF induction by HMW-HA are endotoxin-independent..
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IFNy-primed macrophages secrete a profile of pro-inflammatory cytokines in response to
HMW-HA activation

The synovial cytokine milieu is highly variable among RA patients; however several factors
(IL-1a, IL-1B, IL-6 and IL-12p70) are hallmarks of pathogenesis[6;8]. Macrophages treated
ex vivo by HMW-HA or LPS in the presence or absence of IFNy priming were assessed for
secretion of 22 cytokines/chemokines. Eleven were not detected (Eotaxin, IFNy, IL-13, IL-15,
IL-2, IL-4, IL-5, IL-7 and VEGF) or produced at similar levels (IL-8 and MCP-1) regardless
of treatment (data not shown). Nine cytokines/chemokines, in addition to TNF and IL-10, were
altered by LPS or HMW-HA activation and classified depending on their independence of, or
responsiveness to IFNy-priming (Group | or 11, respectively) (Figure 2). LPS and HMW-HA
induced secretion of group | cytokine/chemokines GM-CSF, IL-12p40, IL-1a, IL-6, MIP-1a
and MIP-1B. IFNy-priming enhanced LPS induced secretion of group Il cytokines IL-12p70
and IL-1p when compared to mock-primed macrophages, which secreted no 1L12p70 and little
IL-1B. Similarly, IFNy-priming enhanced HMW-HA induced secretion of IL12p70 with a trend
toward enhanced IL-1p secretion (P = 0.077, paired t test). HMW-HA induced IL-12p70
secretion by IFNy-primed macrophages at levels approximately 8-fold greater than LPS
(P=0.029, Mann-Whitney U test). Conversely, HMW-HA induced secretion of IL-1p that was
only 63% of levels induced by LPS. IP-10 was induced by both LPS and HMW-HA activation
and enhanced by IFNy-primed macrophages.

HMW-HA induces c-Jun nuclear translocation that is inhibited by IFNy

To assess the molecular pathways that lead to macrophage activation and cytokine secretion
in response to LPS or HMW-HA, nuclear trans-activated proteins from the STAT, NFxB and
MAPK pathways were assayed. Multiple STAT proteins (STAT3, STAT5a and STAT5b),
NF«B proteins (c-Rel, p52 and RelB) and MAPK proteins (ATF-2 and c-Myc) were unaffected
by activation with LPS or HMW-HA or IFNy-priming. STAT1 was expressed at the same level
in nuclear lysates from all IFNy-primed macrophages regardless of activation method (data
not shown). Activation of macrophages with either LPS or HMW-HA in the absence of IFN?
priming resulted in trans-activation of both NF«xB p50 and NF«kB p65 which comprise the major
NF«kB heterodimer complex (Figure 3A-B). Priming of macrophages with IFNy produced no
change in levels of nuclear NFkB p50 or p65 (Figure 3A-B). Either LPS or HMW-HA in the
absence of IFN? priming induced trans-activation of the MAPK protein c-Jun, although HMW-
HA activation resulted in 3-fold higher levels of c-Jun compared to LPS (Figure 3C). IFNy-
priming enhanced LPS-induced c-Jun activation, but in contrast significantly inhibited HWM-
HA-induced c-Jun activation (P<0.05) (Figure 3C). While either LPS or HMW-HA inhibited
MEF-2 nuclear trans-activation, with or without IFNy priming, only HMW-HA-induced
inhibition reached statistical significance (Figure 3D).

Discussion

HMW-HA is anti-inflammatory in healthy joints and is utilized in osteoarthritis therapies[5].
Our study demonstrates that, under the influence of IFNy, HMW-HA can contribute to
inflammation of human macrophages, key mediators of RA pathology. Because the local
inflammatory environment of RA joints includes Th1l IFNy-secreting CD4 T cells, our study
was modeled after healthy or RA-inflamed synovia where incoming macrophages encounter
either HMW-HA alone or HMW-HA in the presence of the Th1l cytokine IFNy, respectively.

In the absence of IFNy, HMW-HA induces a distinct cytokine secretion profile characterized
by IL-10, but lacking IL-12p70. In contrast, HMW-HA mediates inflammatory activation of
IFNy-primed macrophages, characterized by a cytokine profile that closely resembles in vivo
cytokine milieu associated with RA pathogenesis [8;10]. IFNy priming enhances HMW-HA-
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induced secretion of the pro-RA cytokines TNF, IL-12p70 and IL-1f, while secretion of the
anti-RA cytokine IL-10 is suppressed.

Secretion of IL-10 by macrophages in response to HMW-HA likely mediates homeostatic
effects in vivo where IL-10 is a regulator of inflammation in the joints. IL-10 is present in the
joints of RA patients, and neutralization of IL-10 in RA synovial cultures enhances TNF and
IL-1p secretion[14]. Likewise, enrichment of RA synovial cultures by exogenous IL-10
inhibits TNF and IL-1p secretion[14]. Inhibition of IL-10 secretion from IFNy-primed
macrophages could be a critical checkpoint in development of RA inflammation.

IL-12p70 was secreted by macrophages only when primed with IFNy. A novel finding of our
study is that IFNy-primed macrophages activated with HMW-HA secreted I1L-12p70 at levels
more than 8-fold higher than levels induced by the potent inflammatory molecule LPS. This
isakey finding, because IL-12p70 is involved in early RA pathogenesis, likely through a “feed-
forward” activation loop whereby IL-12p70 induces local CD4 T cells to develop a TH1
IFNy-secretion phenotype instead of a Th2 phenotype [8]. Our results provide evidence
suggesting an in vivo mechanism of RA inflammation in which IFNy directs activation of
macrophages by endogenous HMW-HA through the suppression of IL-10 and induction of
IL-12p70.

The cytokine profiles observed in HMW-HA and LPS activated MDM cultures point to similar,
but not identical mechanisms of activation by these two molecules — not entirely surprising
considering that HMW-HA and LPS share a common receptor in TLR4 [2]. Yet, the in vivo
effects of HA and LPS are quite dissimilar: LPS is pyrogenic and causes pathogenic
inflammation while HMW-HA is found within healthy non-inflamed tissues including the
synovium. [15]. The NFkB and STAT transcription factor families responded similarly to
HMWHA and LPS activation. Only c-Jun and MEF-2 showed marked differences where
HMW-HA induced greater activation of c-Jun and greater suppression of MEF-2. Activation
of NF«B is implicated in inflammatory cytokine production in RA synovial fibroblasts,
whereas c-Jun is unnecessary for IL-6 and IL-8 secretion[16]. Perhaps potent induction of the
AP-1 transcription factor subunit c-Jun by HMW-HA competes for promoter sites in
inflammatory cytokine genes, limiting the effect of NFxB leading to homeostatic regulation.
Activation of the MAPK protein MEF-2 is associated with macrophage[17] and osteoclast
[18] differentiation, however the role of this transcription factor remains relatively unknown
for macrophage function. HMW-HA might suppress MEF-2 trans-activation as a mechanism
of halting differentiation and maintaining tissue homeostasis. If so, this mechanism is unaltered
by IFNy-priming and is unlikely to be relevant to RA-associated inflammation. Overall, the
distinct signaling and cytokine secretion profiles displayed by macrophages activated with LPS
versus HMW-HA point to unique effects of these molecules.

TLR4 signaling has been implicated in RA pathogenesis, and macrophages from the joints of
patients with RA are more sensitive to activation by TLR4 ligands[19]. Increased sensitivity
to TLR4 ligands in vivo is consistent with our in vitro model of IFNy priming; however the
actual mechanism is probably more complex than increased sensitivity to TLR4 ligation alone.
IFNy has a unique capability to re-direct intracellular signaling pathways — a phenomenon that
isevidentin the finding that IFNy-primed cells treated with IL-10 are shunted away from typical
IL-10-induced STATS3 signaling. Rather, IL-10 receptor signaling is redirected through the
canonical IFNy-responsive molecule STAT1[20]. Similar molecular hijacking may
quantitatively or qualitatively alter TLR4 and/or CD44 signaling contributing to unique and
complex macrophage activation in RA afflicted joints.

The exact mechanism of joint homeostasis induced by HMW-HA remains unclear although
IL-10 likely plays a major role. IL-10 not only inhibits Th1 CD4 T cell polarization, but also

Cell Immunol. Author manuscript; available in PMC 2011 February 24.
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mediates general immunoregulatory effects on antigen presenting cells [APC]. Alternatively,
APC/CDA4 T cell interactions in the absence of IL-12p70 may induce Th2 polarization typified
by secretion of IL-4. Th2 polarization as a means of immune tolerance in joints is supported
by evidence that elevated Th1:Th2 ratio is associated with RA severity[9]. Based on our
findings, IFNy-priming induces global alterations to macrophage function such that normally
homeostatic HMW-HA induces pro-RA inflammatory activation, marked by increased TNF,
IL-1p and IL-12p70 and suppression of 1L-10. In our model, accumulation of Th1 IFNy-
secreting CD4 T cells at synovial tissue (checkpoint 1) sets the stage for pathogenic activation
of recruited macrophages by HMW-HA (checkpoint 2). Production of IL-12p70 in the absence
of IL-10 by IFNy-primed HMW-HA-activated macrophages feeds forward to promote further
Th1 polarization (checkpoint 3). This self-sustaining loop progresses until chronic exposure
to elevated TNF and IL-1p mediates tissue injury through activation of resident osteoclasts
(checkpoint 4). Interruption of this cycle presents a potential therapeutic target to prevent and/
or reverse the inflammation-induced tissue damage characteristic of RA. Therefore, a thorough
systems biology approach to study of IFNy-priming and HMW-HA activation of macrophages
is warranted to identify new soluble and/or intracellular signaling factors that contribute to RA
development and progression. Moreover, the molecular profiles discovered here, particularly
suppression by IFNy priming of c-Jun trans-activation induced by HMW-HA, should be
evaluated by studies of synovial macrophages from arthritic and healthy joints.
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Figure 1. IFNy priming of macrophages enhances HMW-HA-induced TNF secretion and

suppresses HA-induced IL-10 secretion

Macrophages were mock treated or cultured with 10 ng/ml IFNy for 18 hrs before activation
with LPS (A & C) or HMW-HA (B & D) for 6 hrs (open bars = Mock and shaded bars =
IFNy). LPS-induced TNF secretion (A) and IL-10 secretion (C) were determined by ELISA
of culture supernatants. HMW-HA-induced TNF secretion (B) and IL-10 secretion (D) were
determined by ELISA of culture supernatants. Data represent mean of 4 independent donors
(Error bars = 1 SD. Paired t test, *P<0.05 or tP<0.01). (E) Macrophages were treated with
either LPS or HMW-HA, which were untreated [U] or boiled for 15 minutes [B] and TNF was
detected by ELISA. (F) Macrophages were treated with either 100 ng/ml LPS (shaded circles)
or 100 ug/ml HMW-HA (black circles) in the presence of media alone (Mock) or polymyxin
B. LPS (G) or HMW-HA (H) were serially diluted and endotoxin activity was detected by LAL

assay without polymyxin B (circles) or with 100 ug/ml polymyxin B (squares).
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Figure 2. IFNy-primed macrophages respond to LPS or HMW-HA with similar pro-inflammatory
cytokine secretion
Macrophages were mock treated or cultured with 10 ng/ml IFNy for 18 hrs before activation
with media control (open bars), 1 ng/ml LPS (shaded bars) or 1 mg/ml HMW-HA [HA] (black
bars) for 6 hrs and supernatants were analyzed by Milliplex Human 22-plex cytokine/
chemokine panel. Data represent mean of 4 independent donors (Error bars = 1 SD. Paired t
test, *P<0.05, 8P=0.077. n.d. = not detected in assay, limits of detection (pg/ml): GM-CSF =
0.23, 1L-12p40 = 20.9, IL-6 = 0.79 and 1L-12p70 = 0.23).
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Figure 3. HMW-HA mediates unique molecular activation of MDM

The effects of 1 ng/ml LPS- or 1 mg/ml HMW-HA on activation of mock-primed (open bars)
or IFNy-primed (shaded bars) MDM were determined by nuclear transcription factor EIA.
Activation of NFkB (A) p50 and (B) p65 subunits were determined. Activation of MAPK (C)
c-Jun and (D) MEF2 were determined. Data are represented as relative protein concentration
normalized to mock-primed, untreated [U/T] samples representing 100%. Data represent mean
of 4 independent MDM donors (Error bars = 1 S.D. Paired t test, *P=<0.05, TP<0.01).
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