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Abstract

Objective—Fucosylation catalyzed by fucosyltransferases (FUTS) is an important post-
translational modification involved in a variety of biological processes. The purpose of the current
study is to determine the roles of fucosylation in rheumatoid arthritis (RA) and the efficacy of
reestablishing the immune homeostasis by using 2-Deoxy-D-galactose (2-D-gal), a fucosylation
inhibitor.

Methods—Q-PCR was performed to determine the expression of fucosyltransferases (FUTS) in
RA and osteoarthritis (OA) synovial tissues and FACS sorted cells from RA synovial fluids. The
in vivo inhibitory effect of 2-D-gal was evaluated in a collagen-induced arthritis (CIA) model. The
in vitro effects of 2-D-gal on inflammatory macrophage differentiation, cytokine production,
antigen uptake, processing, and presenting functions were analyzed.

Results—FUTs that are involved in terminal or sub-terminal, but not core or O-fucosylation,
were upregulated in RA, compared to OA synovial tissues. The expression of terminal FUTs was
highly positively correlated with that of TNF encoding for tumor necrosis factor a. Terminal FUTs
were predominately expressed in M1 macrophages. In vivo, 2-D-gal treatment precluded CIA
development with reduced inflammatory macrophages and Th17 in draining lymph nodes,
decreased TNF-a, IL-6 and antibodies to type 11 collagen in the serum. In vitro, 2-D-gal skewed
the differentiation of M1 macrophages to IL-10 producing M2 macrophages. Furthermore, 2-D-gal
significantly inhibited antigen presenting function of M1 macrophages.

Conclusion—Terminal fucosylation is a novel hallmark of inflammatory macrophages.
Inhibition of terminal FUTSs reshapes the differentiation and functions M1 macrophages, leading to
resolution of inflammation in arthritis.
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Modificaiton by L-fucose (6-deoxy-L-galactose) can be found typically in N-and O-linked
glycans and glycolipids. Fucosylation is the final step in the biosynthesis of oligosaccharides
and considered as a terminal glycan modification. Fucose-containing glycans play an
important regulatory role in a wide range of physiological and pathologic events, including
cell and tissue development, angiogenesis, fertilization, cell adhesion, inflammation, tumor
apoptosis and metastasis (1). It has been shown that fucosylation of 1gG heavy chain and
alpha 1-acid glycoprotein (AGP) is increased in RA patients compared to healthy
individuals by lectin binding assay (2, 3). However, the roles of fucosylation in the
pathogenesis of RA had not been investigated. Fucosyltransferases (FUTS) are enzymes that
catalyze the transfer of a fucose residue from the guanosine diphosphate-fucose (GDP-
fucose) donor to the acceptor molecules. Thirteen FUTs have been identified in human
which catalyze a(1,2)-, a(1,3/4)-, a(1,6)-, and O-fucosylation (Figure 1A). a(1,2)- and
a(1,3/4)-FUTs catalyze the fucosylation that localized at the terminal or sub-terminal of the
acceptor molecules, whereas a(1,6)-FUTs catalyze the core fucosylation that occurs at the
innermost moiety of N-glycan. O-fucosylation, regulated by POFUT1/2, is the direct O-
linkage of fucose to serine and threonine residue in epidermal growth factor-like (EGF)
repeat and thrombospondin type 1 repeat (TSR) (1, 4).

Macrophages are the central players in the pathogenesis of RA and are considered as
important therapeutic targets in RA (5-7). They produce a number of inflammatory
mediators and their professional antigen-presenting role has also been implicated in the
pathogenesis of RA (5, 8). Plasticity and flexibility are key characteristics of macrophages,
which have been shown to be regulated at the transcription, posttranscriptional, as well as
the protein levels (9). In the present study, we have discovered a novel post-translational
fucosylation mechanism that orchestrates the developmental and functional plasticity of
macrophages. We identified that a.(1,2)-and a(1,3/4) FUTs were predominantly expressed in
M1 inflammatory macrophages and highly correlated with TNF in synovial tissues in
arthritis. Our current studies are the first to describe that the posttranslational terminal
fucosylation is a hallmark of inflammatory macrophages and demonstrate that fucosylation
inhibitor (2-D-gal) can regulate the plasticity of inflammatory M1 macrophage
differentiation and functions, leading to a M2 anti-inflammatory phenotype and the
resolution of inflammation in arthritis.

MATERIALS AND METHODS

Mice

DBA/1J, C57BLS6, and the MOG3s.55 specific 2D2 TCR transgenic mice were obtained
from the Jackson Laboratory. All animal procedures were approved by The University of
Alabama at Birmingham (UAB) Institutional Animal Care and Use Committee.

Induction of CIA and treatments

CIA was induced on DBA/1J mice that were 8- to 12-weeks old. Mice were immunized by
intradermal administration of bovine Type Il collagen (Chondrex, Inc.) emulsified in
complete Freund’s adjuvant (CFA), followed by injection of bovine CIl in incomplete
Freund’s adjuvant (IFA) on day 21, as described previously (10). The severity of arthritis
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was assessed daily (10). 2-D-gal (250mg/kg BW, Sigma), fucose (250mg/kg BW, Sigma) or
normal saline was administrated IP every 2 days initiated on day 0 until about day 60 when
mice were sacrificed.

Synovial tissue samples from 14 RA and 14 osteoarthritis (OA) patients were obtained from
the UAB Tissue Procurement Center as described previously (11, 12). For analysis of
synovial fluids, 5 RA patients were recruited from the UAB Rheumatology Clinic (mean age
= 53 years, ranging from 38 to 79 years old; mean duration of disease of 14 years, ranging
from 6 to 22 years). All RA patients met the American College of Rheumatology 1987
revised criteria for RA (13). All tissue and fluid was obtained for clinically indicated
purposes. These studies were conducted in compliance with the Helsinki Declaration and
approved by the institutional review board at UAB. All participants provided informed
consent.

Isolation of human RA synovial fibroblasts and synovial fluid mononuclear cells

Synovial fibroblasts and synovial fluid mononuclear cells were isolated from RA synovial
tissues or synovial fluid as described previously (12, 14).

Quantitative reverse transcription PCR (qRT-PCR)

RNA isolation, first-strand cDNA synthesis and gRT-PCR were carried out as described
previously (15). All primers used in the present study are described in Supplementary Table
1.

Flow cytometric and phospho-flow analysis

Single-cell suspensions were stained using mouse-specific Abs, including FITC-anti-CD11b
(BD Biosciences), Alexa 647—-anti-1L-23p19 (eBioscience), PE-anti-TNF-a, PE/Cy7-anti-
Ly6C for macrophages and subsets. For CD4 T cell and subset staining, cells were stained
with FITC-anti-CD4, PE/Cy7-anti-Thy1.2, APC-anti-IFN-y, and PE—anti-I1L-17.
Intracellular and intranuclear staining was performed as described previously (15). For
macrophages treated with 2-D-gal in vitro, cells were stained with Bio-ICAM followed by
streptavidin eFluor 450 (eBioscience) and APC—-anti-CD11b, FITC-anti-CD80, and PE—
anti-CD86. 2D2 CD4 T cells were identified by staining with APC-anti-CD4, PE/Cy7-
VB11. DQ-Ovalbumin (DQ-OVA, Invitrogen) was detected in FITC channel. For
macrophages loaded with Ea-GFP peptides, cells were stained with bio-Y Ae (eBioscience),
followed by streptavidin eFluor 450 (eBioscience) and APC—-anti-CD11b (Biolegend).

To determine the degree of ERK1/2 intracellular signaling, we performed phospho-flow
studies according to the protocol from BD Biosciences. Intracellular pERK1/2 was stained
with Rabbit anti-ERK1 (T202/Y204)/ERK2 (T185/Y187) (R&D systems), followed by
Alexad88—goat anti-rabbit 1gG (Invitrogen).

Data were acquired on a BD LSRII flow cytometer and analyzed using FlowJo software
(Tree Star, Inc.).
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Unless specified, all reagents used for FACS analysis were purchased from Biolegend (San
Diego, CA). Human synovial fluid mononuclear cells were stained with PE-anti-CD16, PE/
Cy7-anti-CD14; FITC-anti-CD68, PE-anti-CD80; PE/Cy7-anti-CD4, PE-anti-CD45RA,
PerCP/Cy5.5-anti-CCR2, PE/Cy7-anti-CCR4, Alexa 700-anti-CCRS5, FITC-anti-CCRS,
Pacific Blue—anti-CXCR3, and PE—anti-CD161 Abs and sorted into CD68+CD80+ (M1
macrophages), CD68+CD80- (M2 macrophages), CD14+,CD16- (classical monocytes),
total CD4+ T cells, CD4+CD45RA+ (naive CD4), CD4+CD45R0+ (memory CD4),
CD4+CXCR3+CCR6- (Th1) (16), CD4+CXCR3-CCR4+CCR6+CD161+ (Th17) (16) with
purities of > 96%. FACS sorting was performed on a FacsAria Il cell sorter (BD
Biosciences).

Mouse joint histology

All mouse joint tissues were processed and stained as described previously (12, 15, 17).

Generation of bone marrow-derived macrophages, 2-D-gal treatment, peptide loading and
CDA4 T cell proliferation assay

ELISA

Statistics

RESULTS

Mouse bone marrow-derived M1 and M2 macrophages were differentiated by using GM-
CSF and M-CSF as described (18). For Ea-GFP peptide study, cells from C57BL6 mice
were used; for all other in vitro experiments, cells from C57BL6 mice or DBA/1J were used.
Cell counts were measured by Cell Counting Kit-8 (Dojindo Molecular Technologies, INC.)
and cell viability was estimated based on the cell count ratio of experimental to control
condition. For antigen presenting function studies, macrophages were loaded with 200pg/ml
DQ-OVA (Invitrogen) for 30 min or 100 ug/ml Ea-GFP (19, 20) for 16 hr prior to analysis.
For CD4 T cell proliferation assay, M1 macrophages were pretreated with and without 2-D-
gal for 2 days, followed by loading of MOGg3s_55 and cultured with CFSE (Invitrogen)-
labeled CD4 T cells isolated from 2D2 TCR transgenic mice for an additional 3 days.

Cytokine levels were measured by ELISA according to the manufacturer’s manual
(Biolegend). Bone marrow-derived macrophages were stimulated with 200 ng/ml LPS for
16 hr before cytokine analysis.

Statistical analyses were performed using the two-tailed Student’s t test, one-way ANOVA,
and bivariate correlation analysis. P values <0.05 were considered statistically significant.

Terminal a(1,2)- and sub-terminal a(1,3/4)- FUTs are upregulated in RA compared to OA
synovial tissues

Thirteen FUTSs have been identified in human which catalyze a(1,2)-, a(1,3/4)-, a(1,6)-, and
O-fucosylation (Figure 1A). Synovial tissues were obtained as previously described (12).
There was a statistically significant increase in most of the FUTSs that catalyzed terminal and
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sub-terminal fucosylation in RA compared to OA synovial tissue, including FUT1, FUT2,
FUT4, FUT5, FUT6, FUT7, and FUT9, as well as FUT10 and FUT11, whose function is
less well defined (Figure 1B). Consistent with this, SLC35C1, which encodes the GDP-
fucose transporter, was also upregulated in RA synovial tissues. In contrast, the expression
of FUTSs that catalyzed core- and O-fucosylation was not increased in RA compared to that
of OA synovial tissues (Figure 1B, FUT8 and POFUT2), except that of POFUT1 (Figure
1B) which exhibited a marginally significant difference between RA and OA synovial
tissues. These results suggested that terminal and sub-terminal fucosylation, but not core-and
O-fucosylation might be associated with the pathogenesis of RA.

Terminal a(1,2)- and sub-terminal a(1,3/4)- FUTs are the hallmarks of M1 inflammatory M®s
which exhibit a strong positive correlation with expression of TNF

The above findings suggested that a(1,2)- and a(1,3/4)- FUTs may share some common
roles as opposed to a(1,6)- Fut and O-fucosylation related POFUTSs in the pathogenesis of
RA. We therefore determined if this is cell-type specific. RA synovial fluid cells (N = 5)
were sorted into classical monocytes, M1, and M2 macrophages, total CD4 T cells, naive
CDAT cells, memory CD4 T cells, Thl and Th17. Synovial fibroblasts were isolated from
synovial fragments or synovial tissues by culture (<3 passages). Real-time PCR revealed
that terminal a(1,2)- and a(1,3/4)- FUTs including FUT1, FUT3, FUT7, and FUT9 are
mainly expressed by M1 inflammatory macrophages, whereas a(1,6)- FUT8 and O-
fucosylation related POFUT2 was mainly expressed by CD4 T cells and fibroblasts (Figure
2A). Among the CD4 T cell subsets, CD45RO* memory CD4 T cells expressed significantly
higher levels of POFUT2 and a(1,6)- FUT8, compared to CD45RA* naive CD4 T cells
(Figure 2A). We consistently observed a 5 to 10 fold upregulation of the expression of
terminal and sub-terminal FUTs between M1 differentiated inflammatory macrophages and
their precursors, classical monocytes (Figure 2A). This strongly indicated that the terminal
a(1,2)- and sub-terminal a(1,3/4)- FUTs might play an indispensable role in the
commitment, programming, and functional regulation of the M1 inflammatory macrophages
and that this may contribute to the pathogenesis of RA. We therefore examined whether the
expression of a(1,2)- and a(1,3/4)- FUTs can be correlated with that of TNF in RA and OA
synovial tissues. We identified a strong positive correlation of the expression levels of TNF
with that of FUT1/3/7/9 (Figure 2B), as well as FUT2/4/5/6/9/10/11 and POFUT1 (data not
shown). In contrast, the expression of O-fucosylation related POFUT2 and a(1,6)- FUT8 did
not correlate with the levels of TNF (Figure 2B).

Inhibition of fucosylation precludes the development of CIA

Our results indicated that expression of terminal FUTSs is upregulated in M1 inflammatory
macrophages in RA. Therefore, it is conceivable that inhibition of these FUTs might have an
impact on the development of arthritis. To investigate this, a fucose/galactose analog, 2-
Deoxy-D-galactose (2-D-gal), was used to inhibit fucosylation in the CIA disease model. It
has been shown that upon cellular uptake, 2-D-gal can be converted via the Leloir pathway
to the activated uridine diphosphate (UDP)-2-deoxy-galactose. This compound can then
complete with UDP-galactose for incorporation into glycan chains and prevent the formation
of the Fuca(1,2)-Gal linkage, making it an a(1,2)- fucosylation inhibitor (21-23). It has been
demonstrated that 2-D-gal can inhibit the fucosylation of synapsin la/lb (23). CIA was
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induced in DBA/1J mice by immunization with bovine collagen Il. Normal saline (NS), 2-
D-gal (250 mg/kg BW), and fucose (250 mg/kg BW) were administrated I.P. starting from
day 0, every 2 days, until the mice were sacrificed. There was a highly significant inhibition
of the development of CIA in mice receiving 2-D-gal compared to NS-treated control mice
(Figure 3A). Interestingly, administration of equivalent amounts of fucose facilitated the
development and increased severity of arthritis compared to control group (Figure 3A),
which suggested that in mice under the inflammatory conditions with upregulated FUTs,
relative fucose deficiency might occur. Serum levels of anti-Cll antibody, TNF-a, and IL-6
were determined 2 weeks after priming with ClI; all of these exhibited a significant decrease
in the 2-D-gal treated group compared to the control and fucose treated groups (Figure 3B).
Histologic evaluation revealed a significant decrease in synovial hyperplasia, infiltration,
and bone erosion indicated by H&E staining, whereas there was an increase in fucose-
treated mice compared to the control mice (Figure 3C and 3D).

Inhibition of fucosylation decreases M1 inflammatory macrophages and Th17 T cells in

CIA mice

Selectin-dependent leukocyte adhesion regulated by Fut4/7 is one important function of
fucosylation. Gene knockout studies have shown that a(1,3)-Futs 4 and 7 are essential for
recruitment of neutrophils and T cells to inflammatory sites and lymphocyte trafficking to
secondary lymphoid organs; and leukocytosis is the major phenotype of the Fut4/7 knockout
mice (24-27). In mice treated with 2-D-gal, which inhibits the formation of Fuca(1,2)-gal,
no significant leukocytosis was observed (data not shown). This suggested that selectin
fucosylation might not be the mechanism contributing to the effects of 2-D-gal in CIA mice.

Whereas there was no difference of total cell counts in the bone marrow and spleen of 2-D-
gal treated mice, there was a significant reduction of cellularity in the lymph nodes (LNSs) in
2-D-gal treated CIA mice compared to the control mice (Figure 4A). Because the expression
of a(1,2)- FUTs is specific to M1 macrophages and exhibits much lower expression in
monocytes and other cells including different CD4 T cell subsets, which suggests that
terminal fucosylation might play a critical role in M1 inflammatory macrophage
development. Consistent with this, we found that there was a decrease in the percentages of
CD11b+ Ly6C+, CD11b+ IL-23+, CD11b+ TNFa+ M1 inflammatory macrophages.
Furthermore, the absolute cell counts of the inflammatory macrophages were significantly
reduced (Figure 4B and 4D, upper panels). In contrast, administration of fucose resulted in
significant increase in the M1 inflammatory macrophages (Figure 4B and 4D, upper
panels). Consistent with the inhibitory effects on M1 macrophages, 2-D-gal treatment also
resulted in a significant decrease in the percent and total number of CD4+IL-17A+Th17, as
well as CD4+IFNy+ Th1 cells (Figure 4C and 4D, lower panels). In contrast to 2-D-gal,
fucose treatment resulted in a significant increase in Th17 cells (Figure 4C and 4D, lower
panels).

Impacts of fucosylation inhibition on macrophage differentiation and plasticity

To explore whether fucosylation regulates inflammatory M1 macrophage differentiation,
mouse bone-marrow derived M1 macrophages were polarized by incubation with GMCSF
with and without the presence of 15mM 2-D-gal or fucose from day 0. On day 6, 2-D-gal
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treated bone marrow cells failed to survive and differentiate as indicated by the light
microscopy images and cell count assay (Figure 5A, upper panel). Similar results of 2-D-
gal were observed in RA synovial fluid macrophages (Figure 5A, middle panels). 2-D-gal
did not have an impact on the survival of synovial fibroblasts (Figure 5A, lower panels).
Interestingly, additional fucose did not exhibit a significant effect (Figure 5A) possibly due
to the redundancy of endogenous fucose generated by the cells. 2-D-gal at the concentration
of 15 mM can potentially alter the extracellular osmolarity significantly and thus the
phenotypes of macrophages. This possibility was excluded by the fact that equal molar
concentrations of fucose, Glucose, NaCl, and glycerol did not have the capability of
reducing viability of RAW264.7 macrophages compared to 2-D-gal (Figure 5B). Our data
suggested that the observed effect was 2-D-gal and M1 inflammatory macrophage specific.

Further analysis of the impact of various concentrations of 2-D-gal on M1 inflammatory
macrophage and M2 anti-inflammatory macrophage differentiation showed that lower
concentrations of 2-D-gal (0.01, 0.1, and 1mM) did not exhibit an effect on the viability of
both M1 and M2 macrophages (Figure 5C). However, at higher concentrations (5 and
15mM), 2-D-gal selectively reduced the cell number of M1 macrophages without inhibiting
the growth of M2 macrophages (Figure 5C). This data suggested that higher concentration
of 2-D-gal can specifically preclude the differentiation of macrophages under the
inflammatory M1 polarization condition.

To determine whether 2-D-gal is capable of regulating cytokine expression in macrophages
without altering the cell viability, we focused on the lower concentrations of 2-D-gal (0,
0.01, 0.1 and 1mM) that did not reduce cell density. Striking, 2-D-gal induced an
augmentation of anti-inflammatory 1L-10 production in macrophages under both M1 and
M2 polarization conditions in a dose-dependent manner (Figure 5D). IL-10 has been shown
to be a critical cytokine that suppresses arthritis development (28, 29). There was a gradual
decline in the generation of pro-inflammatory IFN-vy in 2-D-gal treated cells within the same
dosage range (Figure 5D). Due to the polarizing effects of these two cytokines on
macrophages (30), reduction of IFN-y and augmentation of I1L-10 production from
macrophages by 2-D-gal can further drive them towards the M2 phenotypes by an autocrine
fashion. Our results strongly indicated that fucosylation inhibition can regulate macrophage
plasticity and skews the differentiation of macrophages towards an anti-inflammatory
phenotype. It has been shown that activation of the extracellular signal-regulated kinases
(ERKS) is one critical factor modulating I1L-10 expression in macrophages (31). Consistent
with this, phospho-flow cytometry analysis indicated that 2-D-gal treatment upregulated the
p-ERK1/2 in M1 inflammatory macrophages (Figure 5D).

Fucosylation inhibition suppresses antigen processing and presentation of inflammatory
macrophages

Antigen presentation function is one hallmark of M1 macrophages and there are dynamic
interactions of macrophages with T cells during antigen presentation (32). Glycosylation has
previously been implicated in MHC processing and antigen presentation. Specifically, the
loss of N-glycan on class Il MHC significantly impairs the ability of antigen-presenting cells
(APCs) to present bacterial polysaccharides to T cells (33). To determine whether and how

Arthritis Rheumatol. Author manuscript; available in PMC 2014 September 01.



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

1duosnuely Joyny vd-HIN

Lietal.

Page 8

fucosylation inhibition affects the antigen-presenting functions of macrophages, antigen
uptake, processing and presentation in the context of MHCII was investigated. Bone marrow
derived M1 macrophages were generated in vitro by GM-CSF. Fully differentiated
macrophages were then treated with varied concentrations of 2-D-gal on Day 6, and lasted
for 2 days, which did not alter the viability of cells (Figure 6A). For analysis of antigen
uptake and processing, M1 macrophages were pulsed with DQ-OVA which exhibit
fluorescence upon proteolytic degradation. Uptake and/or proteolysis of DQ-OVA by M1
M® were diminished at 0.01and 0.1mM, and reached significant levels at 1, 5, and 15 mM
of 2-D-Gal (Figure 6B, upper panels). To further investigate the effect of 2-D-Gal on
antigen uptake, processing, MHCII loading, and surface presentation, a recombinant protein
(Ea-GFP) consisting of amino acids, 46-74 of the 1-E9%a, MHC 11 subunit and a GFP tag was
utilized (19, 34). The inherent GFP was used to detect its presence after being uptaken. The
processed I-Ea peptide can be detected using the Y-Ae monoclonal antibody, which is
specific for the complex composed of the I-Ea peptide 52-68 (pEc.) bound to the 1-AP
MHCII. There was a significant decrease in processing and presentation of the I-Ea peptide
indicated by decreased percentage of the surface Y-Ae+ population which occurred at low
doses (0.01, 0.1, and 1 mM) of 2-D-gal (Figure 6B, lower panels). Higher doses of 2-D-gal
(5 and 15 mM) resulted in decreased Ag uptake indicated by GFP+ cells (Figure 6B, lower
panels).

Initial contact between APC and T cells is established between adhesion molecules
including lymphocyte function-associated antigen 1(LFA-1) on T cells and intercellular
adhesion molecule 1 (ICAM-1) on the APCs (35). Interaction between B7 costimulatory
molecules, CD80 and CD86, on APC and CD28 on T cells has been shown to provide a
critical signal for T cell activation, while the lacking of this signal results in T cell anergy
(36). Interestingly, the expression of CD86 and ICAM was reduced by 2-D-gal in a dose
dependent manner and was significantly reduced at the concentrations of 1, 5 and 15 mM
(Figure 6C), whereas that of CD80 was not changed (data not shown). Consistently, the
capability of APCs loaded with MOGg3s_55 peptide to stimulate proliferation of CD4 T cells
from 2D2 mice was reduced or abrogated by pretreating APCs with 2-D-gal (Figure 6D).
Our data suggested that 2-D-gal not only suppressed the antigen uptake and presentation, but
also disrupted the interaction between APCs and T cells by downregulating adhesion and
costimulatory molecules on APCs.

DISCUSSION

Fucosylated carbohydrate structure plays an important role in host-microbe interactions,
selectin-dependent leukocyte adhesion, tissue development, and tumor metastasis (1, 4).
However, how fucosylation is involved in the pathogenesis of rheumatoid arthritis is not
known. Our results indicate that in RA synovial tissue there is a significant increase of FUTSs
1/2/4/5/6/7/9/10/11 compared to OA. In contrast, FUT8 and FUT12/13 (POFUT1/ 2), are
not upregulated in synovial tissue of RA subjects. The expression of terminal and sub-
terminal FUTSs is highly correlated with that of TNF in synovial tissues. Fucosylation
inhibition skewed the M1 inflammatory macrophages to a M2 anti-inflammatory phenotype.
These results strongly suggest that subsets of FUTSs are required for commitment to and
maintenance of the pro-inflammatory phenotypes of inflammatory M1 macrophages.
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Specific fucosyltransferase can have overlapping enzymatic activity. FUT1 and FUT2 both
catalyze the addition of fucose to the galactose moiety of Galp(1,4)-GIcNAc or Galp(1,3)-
GIcNACc structures, which are usually localized at the termini of the glycan. To investigate
the roles of FUT1/2 in RA, Fut1/2 double knockout mouse model is one potential tool for
carrying out the studies because Futl or Fut2 single knockout does not completely eliminate
the activity of a(1,2)-fucosyltransferases. However, this approach is not feasible due to the
embryonic lethality of the double knockout mice. Therefore, in the current study, we took
advantage of utilizing the fucose analogue, 2-Deoxy-D-galactose (2-D-gal), which can
inhibit the formation of the Fuca(1,2)Gal linkage (23), and fulfilled the goal of eliminating
the activity of both FUT1 and FUT2.

2-D-Gal treatment led to a dramatic inhibition of CIA whereas fucose facilitated it. Serum
levels of TNF-a, IL-6 and anti-Cll antibody were significantly reduced by 2-D-gal.
Immunization with CIlI plus CFA promotes an immune response in the draining LNs
including induction of inflammatory macrophages, antigen processing and presentation to T
cells, and development of adaptive Thl, Th17, and anti-Cll responses (37-39). Our data
suggested that inhibition of terminal fucosylation with 2-D-Gal significantly suppressed the
immune responses that followed priming with CllI plus CFA. One key scenario that was
altered by 2-D-gal might be the antigen presentation of M1 macrophages.

In the CIA mice treated with 2-D-gal, in addition to the reduction of inflammatory
macrophages, we consistently found a remarkable reduction of Th17 in the draining LNs. It
was unlikely that 2-D-gal had a direct impact on Th17 cells due to the low levels of FUT1/2
in Th17 cells. We have previously reported that there is a bidirectional interaction between
M1 inflammatory macrophages and Th17 in RA and other autoimmune diseases (12, 40).
Therefore, it is possible that the decreased Th17 was indirectly caused by the elimination of
M1 inflammatory macrophages. It is also possible that other unidentified mechanisms, such
as microbiota, might be involved because fucose has been shown to be an important signal
that regulates bacterial intestinal colonization (41).

Macrophages exhibit remarkable diversity and plasticity in response to environment cues,
undergoing a “spectrum” of activation including M1 (classical or pro-inflammatory) and M2
(alternative or anti-inflammatory) as two extremes (42). It has been shown that the
phenotypes of polarized M1 and M2 macrophages can be reversed in vitro and in vivo,
which is associated with the sustaining and resolution of inflammation dynamically (43, 44).
A network of transcription factors, signaling molecules, epigenetic mechanisms, and
posttranscriptional regulators contribute to macrophage activation and plasticity, including
IRFs/STATSs, NF-kB, SOCS family, PPARs, KLF2/4, c-Myc, HIF-1a/2a, histone
demethylase, IMJD3, and miR-155 (9). The current studies identified fucosylation as a
novel and key mechanism regulating macrophage plasticity. Our preliminary data generated
using Ulex Europaeus Agglutinin-1 (UEA-1) pull down followed by Liquid Chromatography
Mass (LCMS) Spectrometry further suggested that histone (s) fucosylation might be
involved in this process.

Thirteen fucosyltransferases have been identified in mammals. They are responsible for
a(1,2)-, a(1,3)-, a(1,4)-, a(1,6)-, and O-fucosylation on various surface localized and
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secreted molecules (4, 45). Lowe et al has demonstrated that O-fucosylation of Notch
catalyzed by Pofutl regulates lymphoid and myeloid homeostasis (46). Our current study is
focused on the effect of 2-D-gal which inhibits the formation of Fuca(1,2)Gal linkage (23).
In mice received long term 2-D-gal treatment for 4 months, we did not observe a significant
change of bone marrow myeloid progenitors, including common myeloid progenitors (CMP)
and granulocyte-macrophage progenitors (GMPs) compared to control mice (data not
shown). The size of thymus, counts of different subsets of thymocytes including CD4 SP,
CD8 SP, DN1, DN2, DN3, and DN4 were not altered by long term 2-D-gal treatment (data
not shown). Therefore, it is unlikely that 2-D-gal interfered with the O-fucosylation of Notch
molecules. One of the most important functions of fucosylation is cell adhesion and
migration. Interaction between selectins and the fucosylated structures on their ligands is
essential in this process. Two fucosyltransferases, Fut 4 and Fut7, are responsible for the
a(1,3)-fucosylated reaction on the selectin ligand (24, 27). The expression of both FUT4 and
FUTY is upregulated in RA synovial tissues to those of OA, which suggests that FUT4 and
FUT7 might play a role in the pathogenesis of RA. However, it is unlikely that 2-D-gal is
also having an effect on these two FUTSs due to the following reasons: (1) 2-D-gal prevents
the a(1,2)-fucosylated reaction to the galactose moiety of Galp(1,4)-GIcNAc or Galp(1,3)-
GIcNACc structures; (2) Blood leukocytosis, a major phenotype of Fut4—/— and Fut7—/—
mice, was not observed in mice treated with long term 2-D-gal.

Our current studies are the first to demonstrate that terminal fucosylation is one hallmark of
M1 inflammatory macrophages and plays a determining role in their lineage commitment
and differentiation. Fucosylation inhibition can functionally skew the M1 inflammatory
macrophages towards an anti-inflammatory phenotype leading to the resolution of
inflammation by reshaping their cytokine profiles, suppressing the expression of
costimulatory molecules, inhibiting antigen uptake and presenting function. The current
studies not only extended our understanding of macrophage plasticity to a posttranslational
level but also suggested that fucosylation is a novel therapeutic target in RA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression profile of fucosyltransferase (FUT) genesin human rheumatoid arthritis
(RA) and osteoarthritis (OA) synovial tissue

A, Fucosylated sites of human FUTs including a(1,2)-, a(1,3/4)-, a(1,6)-, and OFUTSs.
Fucosylated sites are shown on O- and N-glycans. Ser/Thr, serine/threonine; Asn,
asparagine; Gal, galactose; GalNAc, N-acetylgalactosamine; GICNAc, N-acetylglucosamine;
Man, mannose; NeuAc, sialic acid. B, Expression of FUTs, SLC35C1 (encodes for GDP-
fucose transporter), and TNF in RA and OA synovial tissues. Copy numbers of genes of
interest (GOI) were presented as (GOI/Gapdh) x10°. Values are the mean (= SEM) (n = 14).
P values are indicated for each gene. Terminal and sub-terminal FUTSs that exhibit a
significant difference between RA and OA are indicated by red color; whereas O-FUT and
core-FUT that do not exhibit a significant difference are indicated by blue color.
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Figure 2. Cellular expression pattern of FUTsin human RA synovial fluid cellsand the
correlation between FUTsand TNF in human synovial tissues

A, Different sub-populations of RA synovial fluid cells were sorted as described in
“MATERIALS AND METHODS” (n =5). * = P < 0.05 (one-way ANOVA). B, Correlation
between the expression of indicated FUTs and that of TNF in synovial tissues. (n = 14). P
value for each correlation is indicated. Copy numbers of genes of interest (GOI) in each cell
subset or synovial tissue were presented as (GOI/Gapdh) x10°. Values are the mean (+

SEM).
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Figure 3. Effects of 2-D-gal and fucose on Collagen I1-induced Arthritis (CIA)

A, CIA was induced on DBA/1J mice and the administration of 2-D-gal and fucose were
performed as described in “MATERIALS AND METHODS?”. Clinical scores (range 0-4 for
each limb) were assessed daily as indicated. B, Serum levels of anti-Cll antibody, TNF-a,
and IL-6 or were determined by an ELISA assay (day14). C, Gross images of hind limbs
and images of hematoxylin and eosin (H & E) for representative knee joints in each group.
Bone erosion is indicated by arrows. D, Quantification of bone erosion and synovitis in knee
joints of the indicated groups of mice. Values are the mean (+ SEM), (n = 8 each group). * =
P < 0.01, compared to the control group. Bars = 100um.
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groups. B, FACS analysis of CD11b+ and Ly6C+, TNF-a+, or IL-23+ inflammatory
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macrophages in the draining LNs of the indicated group. C, FACS analysis of CD4 T cell
subsets including Thl, Th17, and Th1/17 from the draining LNs of the indicated group. D,
Total number of each inflammatory macrophage and CD4 T cell subsets for each group
determined by multiplying the total cell count by the percentage of each cell subpopulation.
Values are the mean (+ SEM), (n = 8 each group). * = P < 0.05, compared to the control

group.
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Figure 5. 2-D-Gal regulatesthe plasticity of inflammatory macrophages
A, A high dose of 2-D-gal selectively reduces the viability of inflammatory macrophages.

Bone-marrow derived M1 macrophages and human RA synovial M1 macrophages were
cultured with GM-CSF with and without 15mM of 2-D-gal or fucose for 7 days. Human RA
synovial fibroblasts were used as controls. Representative images (left panels) and viability
of cells (right panels) under the indicated culture conditions is shown. Viability was
determined as described in the “MATERIALS AND METHODS”. B, Bar graph showing
the viability of RAW264.7 cells under 2-D-gal or osmolarity control treatment. C, M1 and
M2 macrophages were prepared by using GM-CSF and M-CSF with and without various
concentration of 2-D-gal for 7 day (upper). Bar graphs show the viability of cells on day 7
(lower). D, Effects of 2-D-gal on cytokine production of M1 and M2 macrophages. Cells
were stimulated with 200 ng/ml of LPS 16 hr before analysis (upper left). Bar graphs show
the levels of IL-10 and IFN-y in culture supernatant (lower left). Flow cytometry histograms
show the effects of 2-D-gal on pERK1/2 of M1 macrophages (right panels). Values are the
mean (£ SEM), * = P < 0.05, ** = P < 0.01 compared to control group.
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Figure 6. 2-D-gal effects on antigen uptake processing, and presenting function of inflammatory
macr ophages
A, Bone marrow-derived M1 macrophages using GMCSF for 6 days followed by various

doses of 2-D-gal treatment for 2 days (upper). Bar graphs show that at this condition, 2-D-
gal (up to 15 mM) does not reduce macrophage viability (lower). B, FACS analysis of the
DQ-OVA antigen uptake (upper) and the Ea-GFP antigen uptake and/or processing (lower)
in 2-D-gal treated M1 macrophages. C, FACS analysis of the expression of CD86 and
ICAM in GM-CSF polarized BM macrophages 2 days post 2-D-gal treatment. D, FACS
analysis of the 2D2 TCR transgenic CD4 T cell proliferative response, indicated by the
attenuation of the CFSE intensity, to MOGg3s_g5 peptide presented by various doses of 2-D-
gal treated M1 macrophages stimulation. The coculture was carried out in vitro for 3 days.
Values are the mean (£ SEM), * = P < 0.05, ** = P < 0.01 compared to control group.
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