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Abstract

Introduction: Our objective was to assess the capacity of dendrimer aza-bis-phosphonate (ABP) to modulate
phenotype of monocytes (Mo) and monocytes derived dendritic cells (MoDC) activated in response to toll-like
receptor 4 (TLR4) and interferon γ (IFN- γ) stimulation.

Methods: Mo (n = 12) and MoDC (n = 11) from peripheral blood of healthy donors were prepared. Cells were
preincubated or not for 1 hour with dendrimer ABP, then incubated with lipopolysaccharide (LPS; as a TLR4 ligand)
and (IFN-γ) for 38 hours. Secretion of tumor necrosis factor α (TNFα), interleukin (IL) -1, IL-6, IL-12, IL-10 and IL-23 in
the culture medium was measured by enzyme-linked immunosorbent assay (ELISA) and Cytokine Bead Array.
Differentiation and subsequent maturation of MoDC from nine donors in the presence of LPS were analyzed by
flow cytometry using CD80, CD86, CD83 and CD1a surface expression as markers.

Results: Mo and MoDC were orientated to a pro-inflammatory state. In activated Mo, TNFα, IL-1β and IL-23 levels
were significantly lower after prior incubation with dendrimer ABP. In activated MoDC, dendrimer ABP promoted
IL-10 secretion while decreasing dramatically the level of IL-12. TNFα and IL-6 secretion were significantly lower in
the presence of dendrimer ABP. LPS driven maturation of MoDC was impaired by dendrimer ABP treatment, as
attested by the significantly lower expression of CD80 and CD86.

Conclusion: Our data indicate that dendrimer ABP possesses immunomodulatory properties on human Mo and
MoDC, in TLR4 + IFN-γ stimulation model, by inducing M2 alternative activation of Mo and promoting tolerogenic
MoDC.
Introduction
Cells from the myelo-monocytic lineage are involved in
the pathophysiology of rheumatoid arthritis (RA) [1]. Mac-
rophages and dendritic cells are thought to present arthri-
togenic peptides during the initial phase of the disease,
leading to the activation of CD4+ T lymphocytes [2]. Mac-
rophages also secrete pro-inflammatory cytokines (TNFα,
IL-1 and IL-6), which are responsible for the inflammation
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symptoms. Macrophage-like synoviocytes (MLS) are de-
rived from the monocytic lineage and participate in the
production of cytokines and chemokines in situ, thus con-
tributing to the proteolytic degradation of the cartilage [3].
In addition, osteoclasts are derived from a monocytic pre-
cursor [4].
Polarization of monocytes is a current concept derived

from that of T cell polarization. Classically, the prototyp-
ical pro-inflammatory M1 polarization is obtained by acti-
vation mediated by LPS + IFN-γ or TNFα. Conversely,
M2 polarization corresponds to a series of phenotypes ob-
tained after a so-called “alternative” activation by IL-4 or
IL-13 [5,6]. Although M1 produces IL-12, the different
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M2 phenotypes share high levels of IL-10 production. On
a functional point of view, M2 macrophages are involved
in immunoregulation and tissue reparation. Considering
the characteristics of M1 and M2 phenotypes with regard
to cytokine production, the IL-12:IL-10 balance has been
proposed to evaluate the polarization of macrophages in
inflammatory conditions [5].
Although their precise role in RA is not completely

understood, dendritic cells (DCs) are most important in
the initiation of the immune response. They are pro-
fessional antigen presenting cells and also secrete pro-
inflammatory cytokines, depending on the stimulation [7].
Besides their role in inflammation, tolerogenic DCs par-
ticipate in immunoregulation through the production of
indoleamine 2,3-dioxygenase (IDO), the production of IL-
10, and the regulated expression of their co-stimulatory
molecules, such as CD80 and CD86 [8]. Their role in RA
could thus be different according to the pattern of stimu-
lation in their environment.
Toll-like receptors (TLR) expressed at the surface of Mo

and DC are responsible for early, powerful and non-
specific immune reaction in response to danger signals.
They are capable of initiating adaptive immune response
as well as regulating co-stimulation, cytokine and chemo-
kine secretion [9]. A central role of TLR in the initiation
and/or maintenance of RA has been proposed. On the one
hand, TLR2 and 4 are capable of recognizing endogenous
proteins among which some are of synovial origin (Hsp60,
fibrinogen, hyaluronic acid) [10-16]. On the other hand,
TLR2 and 4 recognize infectious targets either latent or
persistent in the organism [17-22]. TLRs have the capacity
to initiate and maintain an inflammatory reaction in re-
sponse to endogenous danger signals and thus represent
good candidates for the long-term inflammation of RA
[23]. The induction of co-stimulation molecules on APC
by TLR may contribute to the initiation phase of the dis-
ease as well as to the vicious circle of inflammation follow-
ing the as yet unidentified triggering phenomenon [23].
Dendrimer ABP (aza-bis-phosphonate) is a synthetic

hyper-branched nanomolecule which belongs to the family
of phosphorus-containing dendrimers (Figure 1) [24].
Dendrimer ABP has shown promising results in the
treatment of experimental arthritis [25]. We have demon-
strated in two murine models that this dendrimer inhibits
arthritis and bone erosion by decreasing pro-inflammatory
cytokines, increasing anti-inflammatorycytokines as well
as inhibiting osteoclastogenesis [25]. Moreover, in human
cultures, dendrimer ABP has shown immunomodulatory
properties targeted to Mo leading to M2 activation [26],
amplification of IL-10 producing CD4 Tcells [26]. However,
this has not been previously tested in pro-inflammatory
conditions.
IFN-γ has been shown to prime cells for TLR4 induc-

tion of pro-inflammatory cytokines [27]. In this current
study, we have analyzed the potential mechanism through
which dendrimer ABP may act to modulate inflammation.
We thus have chosen to orientate Mo as well as DC to-
wards an anti-inflammatory state using dendrimer ABP
before applying a classical pro-inflammatory protocol
using TLR4 ligand LPS in the presence of IFN-γ. Pro-
inflammatory cytokines supposed to be involved in RA,
such as TNFα, IL-1β, IL-6, IL-12 and IL-23, were studied.
Anti-inflammatory cytokine IL-10 involved in regulation
of the immune response and in tolerogenic phenotype of
DC was also examined.

Materials and methods
Isolation of monocytes
Peripheral blood mononucleated cells (PBMCs) were ob-
tained from normal blood donors of the Etablissement
Français du Sang (EFS), Toulouse, France. Informed writ-
ten consent was obtained from all blood donors, and the
study protocol was approved by the INSERM-EFS ethical
committee. Briefly, CD14+ monocytes were purified
from PBMC isolated on Pancoll (Pan Biotech, Aidenbach,
Germany) by negative sorting using Dynabeads (Dynabeads
Untouched Human Monocytes, Invitrogen, Oslo, Norway).
Purity was measured by flow cytometry (FC-500 Beckman
Coulter, Brea, CA, USA) using a CD14-FITC antibody
(clone HCD14, Bio Legend, San Diego, CA, USA). Data
were analyzed using FlowJo (Tree Star). Purity was >90%.

Culture and activation of monocytes
Monocytes were cultured at 37°C, 5% CO2, 100% humidity
in RPMI-1640-Glutamax (Gibco; Paisley, UK) containing
10% fetal calf serum (FCS) (Gibco), penicillin (100 U/ml;
Gibco), streptomycin (100 μg/ml; Gibco), non-essential
amino acids (1%; PAA, Pasching, Austria), and sodium
pyruvate (1%; Sigma-Aldrich).
Monocytes were first incubated with dendrimer ABP

(10 μM) for one hour. They were then activated in the
presence of LPS from E. coli (20 ng/ml; Sigma-Aldrich)
and IFN-γ (250 U/ml) [28] for 38 hours for optimal
cytokine production. No cell death was observed in the
presence of dendrimer ABP, as expected from the study
by Poupot et al. [24], using flow cytometry Forward
Scatter and Side Scatter.

Generation and activation of monocyte-derived dendritic
cells (MoDC)
Immature MoDC were generated according to Sallusto
and Lanzavecchia [29]. Briefly, monocytes (0.8 × 106/ml)
were cultured in the presence of rIL-4 (50 ng/ml; Pepro-
Tech, Rocky Hill, NJ, USA) and rGM-CSF (100 ng/ml;
PeproTech) for six days. Culture media was complete 10%
FCS RPMI-1640. The phenotype was analyzed on FC-500
Coulter flow cytometer using the following antibodies anti
CD14-FITC (clone HCD14, BD Biosciences), CD11c-APC
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(clone 3.9, Bio Legend), CD1a-APC (clone HI149, BD
Biosciences), CD80-PE (clone 2D10, Bio Legend), CD83-
PerCP Cy5.5 (clone HB15e, Bio Legend), CD86-Alexa
Fluor 488 (clone IT2.2, Bio Legend) and corresponding
isotype controls. Data were analyzed using FlowJo
(Tree Star).
MoDC were cultured at the final concentration of

0.2 × 106/ml in complete 10% FCS RPMI-1640 media
and treated as Mo with regard to activation.

Production of cytokines
Cultured supernatants were collected and kept at -80°C
until analysis. Concentrations of IL-1β, IL-6, IL-10, IL-12
and TNFα were determined simultaneously using Cytomet-
ric Bead Array (Human Inflammatory Cytokine Kit, BD
Biosciences). Data acquisition was performed on a FACSCa-
libur (BD Biosciences) and analysis was performed using
FCAPArray v3 (Soft Flow). IL-23 was quantitated by ELISA
(Ready-SET-Go, eBioscience, San Diego, CA, USA) on a
Varioskan Flash (Thermo Scientific) spectrophotometer and
analyzed using the SkanIt™ (Thermo Scientific) program.

Statistical analysis
Statistical analyses were performed using Stata 12
(Statacorp LP). A bilateral paired Student’s t test was
Figure 1 Structure of dendrimer azabisphosphonate (mw = 5,820 da)
performed when variables followed a Gaussian distribu-
tion (Shapiro-Wilk test). A paired rank Wilcoxon test
was used when applicable. Statistically, P <0.05 was con-
sidered as significant with 95% interval confidence.
Box plots (Figures 2 and 3) represent the 25th and 75th

percentiles (interquartile range, IQR). The ends of the
whiskers are the lowest and highest values, respectively.
When data did not follow normal distribution (Figure 4C)

SD or SEM could not be calculated. Bars represent the 75th

percentile.

Results
Actions of dendrimer ABP on pro-inflammatory cytokine
production by activated monocytes
The structure of dendrimer ABP (mw = 5,820 Da) is
shown in Figure 1 [24-26]. We evaluated the secretion of
TNFα, IL-1β, IL-6, IL-23 and IL-12 by monocytes from 12
healthy blood donors in 12 independent experiments.
Monocytes were pre-incubated in the presence or the ab-
sence of dendrimer ABP, and then activated by IFN-γ, LPS
and the association of LPS + IFN-γ, which is known to in-
duce a typical M1 phenotype [5]. Data are presented as
box plots in Figure 2 and in Table 1.
IFN-γ alone was not able to induce any studied cyto-

kine. Dendrimer ABP alone induced only a modest and
.



Figure 2 Actions of dendrimer ABP on cytokine production by monocytes. TNFα, IL-1β, IL-6, IL-23, IL-12 and IL-10 were measured in the
culture supernatant of activated Mo from 12 donors. Data are presented as box plots. Activation was performed, as indicated, in the presence or
in the absence of dendrimer ABP. *P < 0.05; **P = 0.0005. ABP, aza-bis-phosphonate; IL, interleukin; Mo, monocytes; TNF, tumor necrosis factor.
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non-statistically significant production of IL-6. LPS
alone was sufficient to induce significant secretion of
TNFα , IL-1β and IL-6 by monocytes, but the association
LPS + IFN-γ was required to obtain higher production of
TNFα. IL-12 secretion was obtained only with the com-
bination of LPS + IFNγ, as expected from references



Figure 3 Actions of dendrimer ABP on cytokine production by MoDC. TNFα, IL-6, IL-23, IL-12 and IL-10 were measured in the culture
supernatant of activated MoDC from 11 donors. Data are presented as box plots. Activation was performed, as indicated, in the presence or in
the absence of dendrimer ABP. *P <0.05; **P <0.005. ABP, aza-bis-phosphonate; IL, interleukin; MoDC, monocyte derived dendritic cells; TNF, tumor
necrosis factor.
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Figure 4 Dendrimer ABP favors the IL-10 over IL-12 production in MoDC. The ratio of IL-12 to IL-10 production in the presence or in the
absence of ABP and LPS + IFN-γ +/− dendrimer ABP was calculated for Mo (A) and MoDC (B). When IL-10 levels were not detectable, detection
limit (5 pg/mL) was chosen as the denominator of the ratio. ABP, aza-bis-phosphonate; IFN-γ, interferon-gamma; IL, interleukin; LPS,
lipopolysaccharides; Mo, monocytes; MoDC, monocyte derived dendritic cells.
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[30,31], with a very heterogeneous response among the
different samples.
Dendrimer ABP at 10 μM induced a profound inhib-

ition of the production of TNFα (P = 0.0005) but also a
significant decrease of the secretion of IL-1β (P =
0.0186). On the opposite side, we observed a slight but
non-significant increase of IL-6 under the action of den-
drimer ABP after stimulation of monocytes by LPS and
by LPS + IFN-γ. IL-12 production was completely inhib-
ited by dendrimer ABP (P = 0.0159).
IL-23 production is mostly due to monocytes and DC

activated by danger signals, such as those provided by
TLRs [32]. Due to the importance of Th17 in arthritis,
IL-23 production was investigated. Secretion of IL-23 by
monocytes was induced in eight independent experi-
ments (Figure 2 and Table 1). Stimulation with LPS and
with LPS + IFN-γ induced IL-23 secretion. In both
Table 1 Summary of cytokine secretion by Mo and MoDC

Cytokines (pg/ml) Control; median (IQR) LPS + IFN-γ; m

Mo IL-12 0 (0; 0) 1 (0; 10)

Mo IL-10 0 (0; 5) 205 (110; 340)

Mo TNFα 0 (0; 6) 617 (302; 912)

Mo IL-1β 0 (0; 4) 448 (232; 953)

Mo IL-6 175 (57; 403) 10,059 (5,074; 1

Mo IL-23 115 (99; 181) 277 (188; 521)

MoDC IL-12 0 (0; 0) 45 (9; 166)

MoDC IL-10 0 (0; 0) 117 (53; 176)

MoDC TNFα 0 (0; 5) 458 (374; 786)

MoDC IL-1β 0 (0; 0) 0 (0; 0)

MoDC IL-6 13 (0; 29) 10,255 (7,262, 1

MoDC IL-23 130 (41; 152) 172 (104; 386)

Cytokines were measured in the supernatant of Mo and MoDC cultures. Concentrat
with LPS + IFN-γ with or without prior incubation with dendrimer ABP. Results are from
IFN-γ, interferon-gamma; IL, interleukin; IQR, interquartile range; LPS, lipopolysaccharid
cases, pre-incubation with dendrimer ABP induced a
significantly lower production (respectively, P = 0.0431
and P = 0.0360). Stimulation by IFN-γ alone did not in-
duce IL-23 production above control. Dendrimer alone
did not induce IL-23 secretion.

Actions of dendrimer ABP on pro-inflammatory cytokine
production by MoDC
Cytokine production by activated MoDC in 11 donors
was measured in the same conditions as with monocytes
(Figure 3) but IL-1β production was never observed,
whatever the conditions (Table 1). LPS alone induced
significant production of TNFα and IL-6. Dendrimer
alone was never able to induce the secretion of the dif-
ferent cytokines. Again, dendrimer ABP has a clear-cut
effect on TNFα, decreasing the production induced by
LPS + IFN-γ (P = 0.0033).
edian (IQR) LPS + IFN-γ + ABP; median (IQR) P

0 (0; 0) 0.0159

328 (206; 369) ns

147 (82: 195) 0.0005

261 (155; 688) 0.0186

3,251) 11,682 (7,537; 17,425) ns

184 (137; 244) 0.036

0 (0; 5) 0.0038

228 (157; 260) 0.001

241 (145, 481) 0.0033

0 (0, 8) ns

2,864) 8,131 (5,160; 11,310) ns

134 (93; 249) ns

ions were measured in the absence of stimulation (control) and after activation
12 (Mo) and 11 (MoDC) blood donors, respectively. ABP, aza-bis-phosphonate;

e; Mo, monocytes; MoDC, monocyte derived dendritic cells.
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Only the LPS + IFN-γ stimulation was able to induce
IL-23 production. However, this production was not
significantly diminished by dendrimer ABP. As we ob-
served with monocytes, MoDC produced IL-12 after
stimulation with LPS and IFN-γ, with a heterogeneous
response, and this production was totally inhibited by
dendrimer ABP.
Stimulation by LPS or LPS + IFN-γ induced a signifi-

cant IL-6 production. However, no significant decrease
of IL-6 was observed in the presence of dendrimer ABP.
Dendrimer ABP favors IL-10 over IL-12 production in
MoDC
In DC, the production of IL-10 is characteristic of tol-
erogenic DC which possess an immunomodulatory anti-
inflammatory activity. We have analyzed the secretion of
both cytokines in MoDC from 11 blood donors, in 11
independent experiments (Figure 5 and Table 1). In ac-
cordance with the literature, the level of IL-10 produc-
tion by MoDC was weakest in the presence of IFN-γ,
which is known to inhibit IL-10 [33]. The effect of
dendrimer was different according to the mode of cell
activation. In the absence of IFN-γ (LPS alone) the pro-
duction of IL-10 by MoDC was significantly diminished
(P = 0.0135). However, in the LPS + IFN-γ stimulation,
IL-10 production was down-regulated by IFN-γ com-
pared to LPS alone. Dendrimer ABP prevented down-
regulation of IL-10 induced in the presence of IFN-γ
during TLR4 stimulation (P = 0.001).
Similar to Mo, IL-12 production was obtained only in

the presence of LPS + IFNγ; the level of IL-12 was
significantly lower in the presence of dendrimer ABP.
The resulting IL-12:IL-10 ratio was significantly de-

creased in MoDC stimulated by LPS + IFN-γ and pre-
treated by dendrimer ABP (P = 0.0051) (Figure 4B). This
is strongly in favor of an anti-inflammatory activity.
In monocytes, a decrease of the IL-12:IL-10 ratio in

the presence of dendrimer was observed but did not
reach statistical significance although donors with the
highest initial IL-12:IL-10 ratios were the ones which
were the most affected by dendrimer ABP (Figure 4A).
Dendrimer ABP affects the phenotype of TLR4-activated
MoDC
In addition to the TCR stimulation, two other signals
are indispensable for the activation of T lymphocytes:
engagement of co-stimulation molecules and cytokine
signaling. We thus have looked at the expression of
CD80 and CD86 by MoDC in flow cytometry ex-
periments. A decrease of CD1a and an increase of
CD83 were also examined as markers of maturation.
Phenotype of MoDC was controlled and found to
be CD14-, CD11c+, CD1a+, CD80low and CD86low
(Figure 5A). The maturation phenotype of MoDC in the
presence of LPS + IFN-γ was assessed. Figure 5 shows
the classical maturation phenotype obtained from nine
donors in nine independent experiments (decrease of
CD1a, induction of CD83, CD80, CD86). CD80 and
CD86 expression was significantly lower in the presence
of dendrimer ABP (P <0.05) (Figure 5B, C). The expres-
sion of CD83 and CD1a was not altered by dendrimer
ABP. Thus, co-stimulation may be diminished in DC in
the presence of the immunomodulatory agent dendri-
mer ABP.

Discussion
In this current work, we have studied how ABP dendri-
mer can orientate Mo and MoDC toward phenotypes
capable of fighting classical pro-inflammatory stimulus
mediated by LPS and IFN-γ. We showed that dendrimer
ABP displays an anti-inflammatory activity by favoring
the M2 phenotype and by preventing TNFα and IL-23
production by Mo in the context of pro-inflammatory
stimulus. In MoDC, dendrimer ABP induced a tolero-
genic phenotype by favoring the secretion of IL-10 and
decreasing that of IL-12 and TNFα. Reduced expression
of CD80 and CD86 was also observed. Our data suggest
an immunomodulatory role of dendrimer ABP on both
Mo and MoDC. This may be of importance in breaking
the vicious circle of inflammation in the treatment of
arthritis.
Activated monocytes/macrophages are the main pro-

ducers of TNFα and IL-1β in the rheumatoid synovium.
The decrease of TNFα production by Mo and MoDC is
of importance with regard to RA treatment. On the one
hand, TNFα is a key mediator of synovial inflammation
and bone erosion [4,34]. On the other hand, it induces
the production of IL-1β, which is also responsible of
bone loss [35]. Whatever the mechanism, by a direct ef-
fect on IL-1β production or an indirect action through
the inhibition of TNFα, dendrimer ABP induced a de-
crease of IL-1β production in Mo.
In Mo and MoDC put in the presence of LPS + IFN-γ,

dendrimer ABP also decreased the production of IL-12
and increased IL-10, although the IL-12:IL-10 ratio was
significantly decreased only in MoDC. The decrease of
the IL-12:IL-10 ratio may also be in part responsible for
the decrease of CD80 and CD86 expression in MoDC.
In Mo, IL-12:IL-10 ratios were much lower than in
MoDC and may have been difficult to modulate. Indeed,
only blood donors with the highest IL-12:IL-10 ratio in
Mo showed a decrease after ABP treatment. Thus, an
alternative activation of Mo and MoDC is induced by
dendrimer ABP. This is in accordance with previous
publications on mRNA expression in Mo [26].
IL-10 is an anti-inflammatory cytokine which induces,

among others, regulatory T cells Tr1 [36] and, in DC,



Figure 5 Modulation of MoDC maturation by dendrimer ABP. A. the phenotype of immature MoDC was determined by flow cytometry.
Expression of CD14, CD1a, CD11c, CD83, CD80 and CD86 was evaluated after six days of differentiation in the presence of IL-4 and granulocyte-
macrophage colony-stimulating factor (GM-CSF). These results are representative of nine donors. B. Phenotype of mature MoDC was determined
by flow cytometry. Markers of MoDC were evaluated after incubation for 38 hours in the presence or in the absence of dendrimer ABP and
LPS + IFN-γ. The phenotype of non-manipulated, immature MoDC is shown as the control. These results are representative of nine donors. Mean
Fluorescence Intensity (MFI) differences between staining and isotype control are shown. C. Variation of expression of MoDC maturation markers
CD1a, CD83, CD80 and CD86. MFI was used to measure the level of expression of markers. Data are presented as the relative percentage of
expression, as compared to controls obtained in the absence of stimulation (100%). Bars correspond to the 75th percentile (IQR). Data are from
nine donors. *P <0.05. ABP, aza-bis-phosphonate; IFN-γ, interferon-gamma; IQR, interquartile range; LPS, lipopolysaccharides; MoDC, monocyte
derived dendritic cells.
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the decrease of co-stimulatory molecules, the inhibition
of maturation, of antigen presentation and of pro-
inflammatory cytokines production [33]. There is a com-
petition between intracellular signaling of IL-10 and
IFN-γ. IL-10 has been shown to inhibit STAT1 signaling
and the transcription of genes of the “IFN-γ signature”.
On the opposite side, IFN-γ inhibits the ERK- and p38-
dependent production of IL-10 by blocking the STAT3
signaling [27,37]. IL-10 production by MoDC was in-
creased by dendrimer ABP in the context of LPS + IFN-
γ signaling. We may thus hypothesize that dendrimer
ABP decreases the inhibitory action of IFN-γ on IL-10
production. This is particularly illustrated by the fact
that, in MoDC, ABP alone (or in the presence of LPS)
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did not induce significant production of IL-10 in the
absence of IFN-γ. If the orientation of dendrimer ABP-
treated MoDC is tolerogenic, this should have a benefi-
cial effect with regard to anti-RA therapeutic objectives.
Thus, our current data are more informative with regard
to MoDC, which are highly relevant cells in RA [38].
This trend towards IL-10 production has already been
observed in arthritic mice treated with dendrimer ABP
[25] and in a rat model of uveitis [39]. We make the hy-
pothesis that dendrimer ABP possesses stronger immu-
nomodulatory properties when IFN-γ stimulation is
engaged. This is supported by the observation of dendri-
mer ABP effect on IL-1β in Mo and IL-6 in MoDC in
the LPS + IFN-γ, but not in the context of LPS alone.
The mechanism of action of dendrimer ABP on the
JAK-STAT pathway remains to be investigated.
DC are most important in antigen presentation and

orientation of the T cell immune response. Dendrimer
ABP may participate in the immunomodulation as well,
by acting on co-stimulation (decrease of CD80 and
CD86) and decrease of cytokine secretion. Future experi-
ments will determine whether the decrease of CD80 and
CD86 and the decrease of IL-12 production have an im-
pact on the T helper cell compartment.
The role of IFN-γ in RA is controversial. On the one

hand, IFN-γ activates Mo/macrophages in the synovium
[1]. On the other hand, mice deficient in IFN-γ receptors
have accelerated collagen-induced arthritis [40] and IFN-γ
inhibits the development of osteoclasts [4] and of Th17
cells [41], which are major players in arthritis. In this
current study, we have used IFN-γ along with the TLR4
agonist LPS as classical tools to activate Mo to M1
polarization and induce cytokine production. Whether
this reflects precisely the activation in vivo in RA is be-
yond the scope of our study.
Most of the current treatments for RA are aimed at

neutralizing inflammatory cytokines. Blocking TNFα was
shown in early publications to result in the inhibition of
IL-1β, IL-6 and IL-8 production, thus putting TNFα at
the center stage of inflammatory cytokine regulation and
providing a rationale for the use of anti-TNF reagents. It
is thus of interest that inhibition of TNFα production
was a prominent feature of the effect of dendrimer ABP
on both Mo and MoDC, although it was not followed by
inhibition of IL-1β in MoDC and by inhibition of IL-6.
It is of note that our setting allows for the analysis of
isolated populations. However, in our previous study, the
resulting effect of dendrimer ABP action in arthritic
mice was a dramatic decrease of both IL-1β and IL-6
[25], suggesting a strong in vivo capability to decrease
inflammatory cytokines involved in arthritis. In addition,
our current work shows that IL-12 production was de-
creased in Mo and MoDC. However, IL-23 was signifi-
cantly decreased only in Mo.
Conclusion
We have added to the understanding of mechanisms of ac-
tion of a potential therapeutic agent dendrimer ABP. We
have confirmed that dendrimer ABP orientates Mo to-
wards an M2 phenotype and shown that orientation of
MoDC is towards a tolerogenic phenotype. Our data are in
accordance with previous observations from our laboratory
showing immunomodulatory and anti-osteoclastic effects
[25,26]. Our data add further arguments for dendrimer
ABP as a potential therapeutic agent ofor RA.

Abbreviations
ABP: Aza-bis-phosphonate; DC: Dendritic cells; FCS: Fetal calf serum;
IFN-γ: Interferon gamma; IL: Interleukin; IQR: Interquartile range;
LPS: Lipopolysaccharide; MFI: Mean Fluorescence Intensity; Mo: Monocytes;
MoDC: Monocytes-derived dendritic cells; PBMCs: Peripheral blood
mononucleated cells; RA: Rheumatoid arthritis; TLR4: Toll-like receptor 4;
TNFα: Tumor necrosis factor alpha.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
YD contributed to the study conception and design, data collection and
analysis, manuscript writing and final approval of the manuscript. SF, MB and
DN were responsible for data collection and analysis, critical revision and
final approval of the manuscript. COT and AMC contributed to conception
and design, critical revision and final approval of manuscript. RP, AC and JLD
contributed to conception and design, data analysis, manuscript writing and
final approval of the manuscript. All authors read and approved the final
manuscript. All authors have given final approval of the version to be
published. They agree to be accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity of any part of
the work are appropriately investigated and resolved.

Acknowledgements
We thank Fatima-Ezzahra L'Faqihi-Olive and Valérie Duplan-Eche from the
Flow Cytometry Facilities of CPTP.

Funding support
This work was supported by Grants from INSERM-CNRS and Pfizer Passerelle
grant to JLD. YD was supported by a fellowship from Société Française de
Rhumatologie for his Master Research work.

Author details
1Centre de Rhumatologie, CHU PURPAN, 1 Place Baylac, 31300 Toulouse,
France. 2INSERM U1043 - CNRS UMR 5282, CPTP, Université Paul Sabatier,
Toulouse, France. 3Laboratoire de Chimie de Coordination, CNRS, Toulouse,
France.

Received: 8 October 2013 Accepted: 1 April 2014
Published: 18 April 2014

References
1. Firestein GS: Evolving concepts of rheumatoid arthritis. Nature 2003,

423:356–361.
2. Lundy SK, Sarkar S, Tesmer LA, Fox DA: Cells of the synovium in

rheumatoid arthritis. T lymphocytes. Arthritis Res Ther 2007, 9:202.
3. Bartok B, Firestein GS: Fibroblast-like synoviocytes: key effector cells in

rheumatoid arthritis. Immunol Rev 2010, 233:233–255.
4. Takayanagi H: Osteoimmunology: shared mechanisms and crosstalk

between the immune and bone systems. Nat Rev Immunol 2007,
7:292–304.

5. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M: The
chemokine system in diverse forms of macrophage activation and
polarization. Trends Immunol 2004, 25:677–686.



Degboé et al. Arthritis Research & Therapy 2014, 16:R98 Page 10 of 10
http://arthritis-research.com/content/16/2/R98
6. Edwards JP, Zhang X, Frauwirth KA, Mosser DM: Biochemical and
functional characterization of three activated macrophage populations.
J Leukoc Biol 2006, 80:1298–1307.

7. Banchereau J, Steinman RM: Dendritic cells and the control of immunity.
Nature 1998, 392:245–252.

8. Manicassamy S, Pulendran B: Dendritic cell control of tolerogenic
responses. Immunol Rev 2011, 241:206–227.

9. Iwasaki A, Medzhitov R: Toll-like receptor control of the adaptive immune
responses. Nat Immunol 2004, 5:987–995.

10. Huang QQ, Sobkoviak R, Jockheck-Clark AR, Shi B, Mandelin AM 2nd, Tak PP,
Haines GK 3rd, Nicchitta CV, Pope RM: Heat shock protein 96 is elevated
in rheumatoid arthritis and activates macrophages primarily via TLR2
signaling. J Immunol 2009, 182:4965–4973.

11. Ohashi K, Burkart V, Flohe S, Kolb H: Cutting edge: heat shock protein 60
is a putative endogenous ligand of the toll-like receptor-4 complex.
J Immunol 2000, 164:558–561.

12. Roelofs MF, Boelens WC, Joosten LA, Abdollahi-Roodsaz S, Geurts J,
Wunderink LU, Schreurs BW, van den Berg WB, Radstake TR: Identification
of small heat shock protein B8 (HSP22) as a novel TLR4 ligand and
potential involvement in the pathogenesis of rheumatoid arthritis.
J Immunol 2006, 176:7021–7027.

13. Schaefer L, Babelova A, Kiss E, Hausser HJ, Baliova M, Krzyzankova M, Marsche
G, Young MF, Mihalik D, Götte M, Malle E, Schaefer RM, Gröne HJ: The matrix
component biglycan is proinflammatory and signals through Toll-like
receptors 4 and 2 in macrophages. J Clin Invest 2005, 115:2223–2233.

14. Smiley ST, King JA, Hancock WW: Fibrinogen stimulates macrophage
chemokine secretion through toll-like receptor 4. J Immunol 2001,
167:2887–2894.

15. Termeer C, Benedix F, Sleeman J, Fieber C, Voith U, Ahrens T, Miyake K,
Freudenberg M, Galanos C, Simon JC: Oligosaccharides of Hyaluronan
activate dendritic cells via toll-like receptor 4. J Exp Med 2002,
195:99–111.

16. Tsan MF, Gao B: Endogenous ligands of Toll-like receptors. J Leukoc Biol
2004, 76:514–519.

17. Musiani M, Zerbini M, Ferri S, Plazzi M, Gentilomi G, La Placa M: Comparison
of the immune response to Epstein-Barr virus and cytomegalovirus in
sera and synovial fluids of patients with rheumatoid arthritis. Ann Rheum
Dis 1987, 46:837–842.

18. Gaudreault E, Fiola S, Olivier M, Gosselin J: Epstein-Barr virus induces
MCP-1 secretion by human monocytes via TLR2. J Virol 2007, 81:8016–8024.

19. Murawski MR, Bowen GN, Cerny AM, Anderson LJ, Haynes LM, Tripp RA,
Kurt-Jones EA, Finberg RW: Respiratory syncytial virus activates innate
immunity through Toll-like receptor 2. J Virol 2009, 83:1492–1500.

20. Compton T, Kurt-Jones EA, Boehme KW, Belko J, Latz E, Golenbock DT,
Finberg RW: Human cytomegalovirus activates inflammatory cytokine
responses via CD14 and Toll-like receptor 2. J Virol 2003, 77:4588–4596.

21. Lotz M, Roudier J: Epstein-Barr virus and rheumatoid arthritis: cellular and
molecular aspects. Rheumatol Int 1989, 9:147–152.

22. Toussirot E, Roudier J: Epstein-Barr virus in autoimmune diseases.
Best Pract Res Clin Rheumatol 2008, 22:883–896.

23. Akira S, Takeda K, Kaisho T: Toll-like receptors: critical proteins linking
innate and acquired immunity. Nat Immunol 2001, 2:675–680.

24. Poupot M, Griffe L, Marchand P, Maraval A, Rolland O, Martinet L,
L'Faqihi-Olive FE, Turrin CO, Caminade AM, Fournie JJ, Majoral JP, Poupot R:
Design of phosphorylated dendritic architectures to promote human
monocyte activation. FASEB J 2006, 20:2339–2351.

25. Hayder M, Poupot M, Baron M, Nigon D, Turrin CO, Caminade AM, Majoral
JP, Eisenberg RA, Fournie JJ, Cantagrel A, Poupot R, Davignon JL: A
phosphorus-based dendrimer targets inflammation and osteoclastogenesis
in experimental arthritis. Sci Transl Med 2011, 3:81ra35.

26. Fruchon S, Poupot M, Martinet L, Turrin CO, Majoral JP, Fournie JJ,
Caminade AM, Poupot R: Anti-inflammatory and immunosuppressive
activation of human monocytes by a bioactive dendrimer. J Leukoc Biol
2009, 85:553–562.

27. Hu X, Chakravarty SD, Ivashkiv LB: Regulation of interferon and Toll-like
receptor signaling during macrophage activation by opposing
feedforward and feedback inhibition mechanisms. Immunol Rev 2008,
226:41–56.

28. Wittmann M, Zwirner J, Larsson VA, Kirchhoff K, Begemann G, Kapp A, Gotze
O, Werfel T: C5a suppresses the production of IL-12 by IFN-gamma-
primed and lipopolysaccharide-challenged human monocytes.
J Immunol 1999, 162:6763–6769.

29. Sallusto F, Lanzavecchia A: Efficient presentation of soluble antigen by
cultured human dendritic cells is maintained by granulocyte/
macrophage colony-stimulating factor plus interleukin 4 and downregulated
by tumor necrosis factor alpha. J Exp Med 1994, 179:1109–1118.

30. Hayes MP, Wang J, Norcross MA: Regulation of interleukin-12 expression
in human monocytes: selective priming by interferon-gamma of
lipopolysaccharide-inducible p35 and p40 genes. Blood 1995, 86:646–650.

31. Snijders A, Kalinski P, Hilkens CM, Kapsenberg ML: High-level IL-12
production by human dendritic cells requires two signals. Int Immunol
1998, 10:1593–1598.

32. McKenzie BS, Kastelein RA, Cua DJ: Understanding the IL-23-IL-17 immune
pathway. Trends Immunol 2006, 27:17–23.

33. Moore KW, de Waal MR, Coffman RL, O'Garra A: Interleukin-10 and the
interleukin-10 receptor. Annu Rev Immunol 2001, 19:683–765.

34. Lam J, Takeshita S, Barker JE, Kanagawa O, Ross FP, Teitelbaum SL:
TNF-alpha induces osteoclastogenesis by direct stimulation of
macrophages exposed to permissive levels of RANK ligand.
J Clin Invest 2000, 106:1481–1488.

35. Wei S, Teitelbaum SL, Wang MW, Ross FP: Receptor activator of nuclear
factor-kappa b ligand activates nuclear factor-kappa b in osteoclast
precursors. Endocrinology 2001, 142:1290–1295.

36. Roncarolo MG, Bacchetta R, Bordignon C, Narula S, Levings MK: Type 1 T
regulatory cells. Immunol Rev 2001, 182:68–79.

37. Saraiva M, O'Garra A: The regulation of IL-10 production by immune cells.
Nat Rev Immunol 2010, 10:170–181.

38. Lutzky V, Hannawi S, Thomas R: Cells of the synovium in rheumatoid
arthritis. Dendritic cells. Arthritis Res Ther 2007, 9:219.

39. Fruchon S, Caminade AM, Abadie C, Davignon JL, Combette JM, Turrin CO,
Poupot R: An azabisphosphonate-capped poly(phosphorhydrazone)
dendrimer for the treatment of endotoxin-induced uveitis.
Molecules 2013, 18:9305–9316.

40. Manoury-Schwartz B, Chiocchia G, Bessis N, Abehsira-Amar O, Batteux F,
Muller S, Huang S, Boissier MC, Fournier C: High susceptibility to
collagen-induced arthritis in mice lacking IFN-gamma receptors.
J Immunol 1997, 158:5501–5506.

41. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM,
Weaver CT: Interleukin 17-producing CD4+ effector T cells develop via a
lineage distinct from the T helper type 1 and 2 lineages. Nat Immunol
2005, 6:1123–1132.

doi:10.1186/ar4546
Cite this article as: Degboé et al.: Modulation of pro-inflammatory
activation of monocytes and dendritic cells by aza-bis-phosphonate
dendrimer as an experimental therapeutic agent. Arthritis Research &
Therapy 2014 16:R98.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Isolation of monocytes
	Culture and activation of monocytes
	Generation and activation of monocyte-derived dendritic cells (MoDC)
	Production of cytokines
	Statistical analysis

	Results
	Actions of dendrimer ABP on pro-inflammatory cytokine production by activated monocytes
	Actions of dendrimer ABP on pro-inflammatory cytokine production by MoDC
	Dendrimer ABP favors IL-10 over IL-12 production in MoDC
	Dendrimer ABP affects the phenotype of TLR4-activated MoDC

	Discussion
	Conclusion
	Abbreviations
	Competing interests
	Authors’ contributions
	Funding support
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


