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Abstract

in the murine model of antigen-induced arthritis (AIA).

-

Background: Phosphoinositide 3-kinase y (PI3Ky) has been depicted as a major regulator of inflammatory processes,
including leukocyte activation and migration towards several chemokines. This study aims to explore the role of PI3Ky

Methods: Development of AIA was investigated in wildtype and PI3Ky-deficient mice as well as in mice treated with a
specific inhibitor of PI3Ky (AS-605240) in comparison to untreated animals. Inflammatory reactions of leukocytes,
including macrophage and T cell activation, and macrophage migration, were studied in vivo and in vitro.

Results: Genetic deletion or pharmacological inhibition of PI3Ky induced a marked decrease of clinical symptoms in
early AlA, together with a considerably diminished macrophage migration and activation (lower production of NO, IL-
1B, IL-6). Also, macrophage and neutrophil infiltration into the knee joint were impaired in vivo. However, T cell
functions, measured by cytokine production (TNFa, IFNy, IL-2, IL-4, IL-5, IL-17) in vitro and DTH reaction in vivo were not
altered, and accordingly, disease developed normally at later timepoints

Conclusion: PI3Ky specifically affects phagocyte function in the AIA model but has no impact on T cell activation.

Background
Rheumatoid arthritis (RA) is a painful and disabling auto-
immune disorder, affecting about one percent of the pop-
ulation in Western countries [1]. As a main indication the
disease comprises chronic inflammation of pheripheral
joints, resulting in progressive destruction of articular
cartilage and bone [2]. Inflamed tissue is characterized by
infiltration of leukocytes, pannus formation and occur-
rence of aggressive synovial fibroblasts [1]. Enhanced
expression of several cytokines or matrix metalloprotei-
nases by these cells promotes pathogenicity [reviewed in
[3,4]]. Moreover, various chemotactic factors are pro-
duced or activated in the joint tissue, recruiting even
more leukocytes and exacerbating inflammation [5].
Despite major advantages during the last decade, cur-
rently available therapeutic approaches for RA have only
partial clinical benefit and are associated with consider-
able side effects. Treatment strategies include anti-
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inflammatory or immunosuppressive drugs and biologi-
cals, e.g. antibodies against TNF. Recently, prevention of
leukocyte infiltration in inflamed tissue by blocking
chemokines or chemokine receptors has also been
explored but with limited success [6], possibly due to
redundancy, enabling efficient leukocyte responses, even
when one particular factor is blocked. Therefore current
investigations are directed to the suppression of mutual
intracellular signaling pathways shared by multiple
chemokines. One prominent protein, integrating
chemokine signaling in leukocytes, is PI3Ky, a G-protein-
coupled receptor (GPCR) isoform of phosphoinositide 3-
kinases [7]. This enzyme was shown to regulate chemot-
actic responses of neutrophils, macrophages and T cells
to several stimuli, including IL-8, C5a and SDF-1a [8].
Furthermore, PI3Ky is involved in oxidative burst induc-
tion in phagocytes [9,10] and activation of T cells [11,12].
Thus, ablation of PI3Ky could prevent both, leukocyte
infiltration into joints and autoimmune activation.
Indeed, Camps et al. showed a marked suppression of
joint inflammation and reduced tissue destruction by
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inhibition of PI3Ky activity in the mouse model of colla-
gen-induced arthritis (CIA) [13]. Our data, presented
here, prove a role for PI3Ky in the early phase of murine
antigen-induced arthritis (AIA), which is due to
decreased phagocyte infiltration into the joint and
reduced macrophage activation. However, PI3Ky-/- mice
showed unaltered inflammation at later time points
together with normal T cell responses in this model.

Methods

Animals

PI3Ky-deficient (PI3Ky-/-) mice were described before
[8] and backcrossed to the C57BL/6 background for more
than 10 generations. Wildtype and PI3Ky-/- littermates
were raised in the Animal Research Facility, Friedrich
Schiller University, Jena, Germany. They were kept under
standardized conditions with food and water ad libitum
in a 12 hour light/dark rhythm. All animal studies were
approved by the local commission for animal protection.

Antigen-induced arthritis and delayed-type
hypersensitivity reaction

Wildtype control and PI3Ky-/- mice, age 7-8 wk, were
immunized s.c. at 21 and 14 days before AIA induction
with 100 pg of methylated BSA (mBSA; Sigma, Deisen-
hofen, Germany), dissolved in 50 pl 0.9% NaCl and emul-
sified with an equal volume of CFA (Sigma),
supplemented with 2 mg/ml Mycobacterium tuberculosis
(Difco). Additionally to immunization with mBSA/CFA,
5 x 108 heat inactivated Bordetella pertussis germs (Chi-
ron-Behring, Liederbach, Germany) were administered
i.p. Arthritis was induced by intraarticular inoculation of
100 pg mBSA in 25 ul normal saline solution (0.9% NaCl)
in the right knee joint (day 0), leading to development of
severe acute synovitis associated with subsequent carti-
lage and bone erosion in the arthritic joints. At days 2, 7
or 21, animals were sacrified by cervical dislocation.
Knees were dissected for histology, spleen and lymph
node cells were isolated, and macrophages were prepared
by rinsing peritoneal cavitiy with ice-cold PBS (see
below). For treatment experiments, PI3Ky inhibitor AS-
605240 (Enzo, Loerrach, Germany) was dissolved in 0.9%
NaCl and orally administered every 12 hours for 7 days
with 50 mg/kg of body weight in a total volume of 200 pl.
Delayed-type hypersensitivity (DTH) reaction in the ear
was induced by intradermal injection of 5 pg of mBSA in
10 pl 0.9% NacCl at day 7 of AIA.

Clinical assessment of AIA and DTH

Knee swelling was measured during the devolution of
AIA at definite time points using an Oditest caliper
(Kroeplin, Schliichtern, Germany). DTH reaction was
estimated by increase of ear thickness 24 and 48 h after
challenge. For histopathological exploration, knee joints
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were fixed in 4.5% formaldehyde, decalcified with EDTA,
embedded in paraffin and cut into 5-pm-sections. Serra-
tions were stained with haematoxylin and eosin and eval-
uated in a blinded manner according to a histological
scoring system ranging from 0 to 3 (0: no, 1: mild, 2: mod-
erate, 3: severe alterations). The amount of fibrin exuda-
tion, the relative number and density of granulocytes in
synovial membrane and joint space allowed grading of
the acute inflammatory reaction, the relative number and
density of infiltrating mononuclear leukocytes in the syn-
ovial membrane, the degree of synovial hyperplasia, the
extent of infiltration and fibrosis in the periarticular
structures allowed grading of chronic inflammation. The
extent of damage of the cartilage surface and bone struc-
tures was also evaluated on a scale of 0-3, where 0 = no
damage, 1 = mild destruction, 2 = moderate destruction,
and 3 = severe destruction of cartilage and bone (exten-
sive area of chondrocyte death and cartilage destruction,
deep invasive bone erosions).

Immunohistochemical examinations

Cryosections of knee joints were fixed in acetone,
blocked with 4% milk/Tris, and stained with 10 pg/ml pri-
mary rat mAbs directed against mouse Mac-1 (mac-
rophages and neutrophil granulocytes; Medac, Wedel,
Germany) or Gr-1 (neutrophil granulocytes; BD Biosci-
ences, Heidelberg, Germany) for 1 h at 22°C, followed by
incubation with biotinylated secondary goat anti-rat IgG
Abs (Dako, Glostrup, Denmark). Preparations were re-
fixed in 1% formalin, and developed with diaminobenzi-
dine (Sigma) in 0.03% H,O, after blocking endogenous
peroxidase activity with 0.3% H,0, in 0.1 M NaN,. Sec-
tions were counterstained with Mayer's hematoxylin.

Peritoneal macrophage activation

Macrophages were isolated at different time points after
arthritis induction by peritoneal lavage of three mice with
7 ml ice-cold phosphate buffered saline containing 5 U/
ml heparin (Liquemin N 2000, Roche, Grenzach-Whylen,
Germany) [14]. Cells were cultured for 24 hours ex vivo in
RPMI1640 medium supplemented with 10% FCS without
further restimulation; supernatants were collected and
cytokines analyzed by ELISA (see T cell activation). Pri-
mary antibodies for IL-1p and IL-6 and biotin-labeled
secondary antibodies were purchased from BD Biosci-
ences. Nitric oxide production was measured by Griess
reagent as described previously [15].

Migration assay

For in vitro chemotaxis, 10® macrophages/ml were
applied to the upper compartment of transwell chambers
(Corning, Wiesbaden, Germany; 5 um pore size) and 600
ul of medium with or without C5a were added to the
lower compartment. After 20 h incubation, membranes
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were excised, upper sides were wiped clean and cells on
the lower side stained with cristal violet and counted
microscopically. PI3Ky inhibitor AS-605240 was applied
at a concentration of 20 uM.

Akt phosphorylation

One million macrophages were starved for 4 hours,
restimulated with C5a for 5 min, lysed in Laemmli buffer
and subjected to SDS-PAGE and immunoblotting. Anti-
bodies were purchased from Cell Signalling (Frankfurt,
Germany; Akt, phospho-Akt) and Sigma (B-actin). Sec-
ondary HRP-coupled anti-mouse and anti-rabbit anti-
bodies were from KPL (Gaithersburg, USA).

T cell activation

Single cell suspensions were prepared from draining
lymph nodes and spleen and cultured at 106/ml in RPMI
1640 medium containing 10% FCS, 2 mM sodium pyru-
vate, 10 mM HEPES, 15 pg/ml L-glutamine, 5 pg/ml
streptomycin, 5 U/ml penicillin (Invitrogen, San Diego,
USA), 5 x 10-5M p-mercaptoethanol (Sigma) in a humid-
ified atmosphere at 37°C, 5% CO, in the presence of 25
pg/well mBSA or 2 pg/well of plate-bound anti-CD3 anti-
bodies from 1452C11 hybridoma cell supernatant. Super-
natants were harvested after 42 h and analyzed for levels
of secreted cytokines using standard sandwich ELISA
procedures as previously described [16]. Primary and
biotin-labeled secondary Abs for IL-2, IL-4, IL-5, IL-17,
IENy, and TNF« were purchased from BD Biosciences.
Detection limit was 10 pg/ml for all ELISAs used.

Statistical analysis

Differences between the groups were evaluated using
nonparametric Mann-Whitney U-test and considered
statistically significant with p < 0.05. All calculations were
performed by means of the SPSS software package
(v.10.0.5). Outliers were identified using Grubbs-test.
Data are shown as arithmetic mean and SEM.

Results
Clinical symptoms of AIA are decreased in PI3Ky-deficient
mice
After arthritis induction, wildtype and knockout mice
developed rapid inflammation, indicated by acute joint
swelling. Knee diameter reached its maximum in both
strains at day 1 and declined afterwards. In PI3Ky-/- mice
the swelling response at day 1 was markedly alleviated
compared to wildtype controls (figure 1A). This differ-
ence was evident for the next days and disappeared at
approximately day 7. Afterwards, joint diameter
decreased further, declining to baseline values at day 17
for both strains.

At days 2, 7, and 21, mice were sacrificed, histological
sections were taken and evaluated for arthritis score (fig-
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ure 1B and table 1). Paralleling the joint swelling, signifi-
cant differences between wildtype and PI3Ky-/- mice
were found at day 2, while disease scoring at later time-
points was essentially identical.

Reduced activation and migration of phagocytes

Maximal macrophage activation has been reported to
occur during the first days of AIA [17]. We speculated,
that amelioration of clinical symptoms during these days
might reflect impaired macrophage activity in the PI3Ky-
/- mice. Peritoneal macrophages were isolated from ani-
mals at days 2 or 7 of AIA and tested ex vivo for produc-
tion of NO, IL-1p, and IL-6 without further restimulation.
None of these molecules could be detected in mac-
rophages of naive mice (data not shown), while cells of
arthritic mice produced all three mediators. At all time-
points investigated, PI3Ky-/- macrophages synthesized
significantly lower levels of NO, IL-1f, and IL-6 (figure
2A).

PI3Ky is also known to control migration of phago-
cytes. Thus, we investigated peritoneal macrophages at
day 2 for their in vitro reaction to complement factor
Cb5a, a known chemotactic agent in AIA which signals via
PI3Ky [8]. After starvation and restimulation with differ-
ent concentrations of Cb5a, phosphorylation of Akt
(pAkt), a major downstream target of PI3K, was investi-
gated. Wildtype macrophages showed pronounced phos-
phorylation in this experiment. In contrast, C5a was not
able to induce pAkt in PI3Ky-deficient cells (figure 2B).
Moreover, in a transwell chemotaxis assay, wildtype cells
were much more responsive to C5a stimulation than
PI3Ky-deficient macrophages. By adding the selective
PI3Ky-inhibitor AS-605240 [13] to the assay, migration of
wildtype cells could be decreased nearly to the level,
observed with PI3Ky-/- macrophages (figure 2C).

Finally, immunohistochemical analysis of inflamed
joints revealed a markedly reduced infiltration of PI3Ky-
deficient macrophages and neutrophils to the inflamed
tissue in vivo (figure 2D). We conclude that loss of PI3Ky
reduces activity and migration of innate immune cells at
early phases of AIA.

T cell reactions are largely unaltered in PI3Ky-/- mice

Clinical markers of acute inflammation and markers of
macrophage activity passed through a maximum at day 2
(table 1 and figures 1 and 2). In contrast, chronic inflam-
matory reactions further increased later on. Moreover,
knee swelling and histological scoring were comparable
between wildtype and knockout animals at days 7 and 21
(figure 1 and table 1). This implicated pathogenic pro-
cesses independent of PI3Ky. Since AIA depends on T
helper cells to a large extend [18], we tested the T cell
activation in the knockout mice. Splenocytes or cells
from draining lymph nodes were isolated at days 2, 7, and
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Figure 1 Clinical manifestation of early AlA is decreased in PI3Ky-/- mice. AIA was induced in C57BL/6 wildtype or PI3Ky-/- littermates (n = 8) at
day 0. (A) Joint swelling was measured during three weeks. Mean and SEM are shown, *: statistically significant difference, p < 0,05. (B) Mice were sac-
rificed at the indicated time points, histological sections were taken and evaluated microscopically (see table 1).
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Table 1: Histological disease scoring of wildtype and PI3Ky-/- mice during AIA (n = 8, mean + SEM)

day 2 day 7 day 21

wt PI3Ky-/- PI3Ky-/- wt PI3Ky-/-
acute 1,6+0,5 0,7+0,5 1,0£04 08+0,5 02+0,2 02+0,2
inflammation
chronic 0,7+0,3 0,1+0,1 1,6+£0,5 1,4+£0,5 1,0+04 0,8+£0,3
inflammation
destruction 0,5+0,2 03+0,3 0,8+0,1 0,7+0,2 0,5+0,2 04+0,2
total score 2,8+1,0 1,1+0,9 34+£1,0 29+1,2 1,7+0,8 14+0,7

bold: significant differences between groups (p < 0.05)

21 and restimulated in vitro either polyclonally with anti-
CD3-antibodies or specifically with mBSA. Culture
supernatants were collected and TNFa, IFNy, IL-2, IL-4,
and IL-5 were measured. There were no significant differ-
ences observed between either anti-CD3-stimulated
(data not shown) or mBSA-stimulated wildtype and
PI3Ky-deficient cells (figure 3A). At day 2, IL-17 was
quantified additionally in the supernatants. Cells stimu-
lated with mBSA did not secrete detectable quantities of
this cytokine (data not shown), while after activation with
anti-CD3-antibodies comparable amounts of IL-17 were
produced by wildtype and PI3Ky-deficient cells (table 2).
Cells of naive mice did not secrete measurable amounts
of cytokines (data not shown).

To further investigate T cell immune reactions in vivo, a
delayed-type hypersensitivity test (DTH) was performed
at day 7 and ear swelling was measured 24 and 48 hours
later (figure 3B). No differences between the strains could
be detected, again pointing to normal T cell responses in
the PI3Ky-/- mice.

Pharmacologic inhibition of PI3Ky reduces joint swelling
and macrophage activity in early AIA

Our data implicate specific functions of PI3Ky in phago-
cytes during acute inflammatory responses. Neverthe-
less, the observed alleviation of clinical effects could also
be caused by a priming defect during the immunization
phase (days -21 to 0). To clarify this and mimick a thera-
peutic intervention, we again used the inhibitor AS-
605240. Wildtype C57BL/6 mice were immunized with
mBSA and randomly assigned to two groups at day 0.
One group was orally treated with AS-605240 (50 mg/kg
in PBS) twice a day for 7 days and the other group
received an equal volume of 0.9% saline. Joint swelling
and arthritis scores are shown in figure 4A and table 3.
The results reflected a similar situation as found with
PI3Ky-/- animals. Joint swelling was markedly reduced in
treated mice during days 1 to 5 and was comparable to
controls afterwards. Arthritis scores were decreased at

day 2 in the group receiving AS-605240, although this
effect was not statistically significant. However, at day 7,
joint swelling and histological scoring were essentially
identical between both groups. In line with these clinical
parameters, peritoneal macrophage activity was
decreased by AS-605240 treatment at day 2 (figure 4B).
With an average reduction of about 20%, production of
NO, IL-1B, and IL-6, was not as strongly inhibited in this
experiment, as was observed with PI3Ky-/- mice (com-
pare to figure 2A). Migration of wildtype macrophages
towards C5a could be inhibited by AS-605240 (see figure
2C). Cytokine production by T cells was not influenced
by the inhibitor at all (figure 4C). These results demon-
strate the potential of AS-605240, especially to alleviate
clinical signs of acute AIA (joint swelling) and, once
again, prove that chronic inflammatory processes in the
AIA model are independent of PI3Ky.

Discussion

Our study aimed at elucidating the role of PI3Ky in the
mouse model of AIA, which resembles many aspects of
RA in humans. PI3Ky is known to control various effec-
tor functions of leukocytes, including migration (e.g.
extravasation from blood to tissue), oxidative burst,
cytokine production and phagocytosis [8-10,19,20]. This
suggests the kinase as a possbile exacerbating factor in
autoimmune disorders, including RA. Accordingly, in the
AIA model genetic or pharmacologic inactivation of
PI3Ky results in considerably diminished manifestation
of early disease. Joint swelling two days after arthritis
induction was only about 60% of the controls and histo-
logical scoring in the knockouts revealed only about 40%
disease intensitiy compared to wildtype animals. These
findings are in line with studies on PI3Ky in mouse mod-
els of CIA or serum-induced arthritis [13,21] and under-
line the importance of this molecule in acute
inflammatory processes. Quite surprisingly, in the AIA
model at later time points, PI3Ky-/- mice revealed a fully
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Figure 2 Phagocyte functions are impaired in PI3Ky-/- mice. Peritoneal macrophages of three wildtype and three knockout littermates were iso-
lated at different time points, cells were pooled and used for in vitro experiments. (A) Production of NO, IL-13, and IL-6 was measured after 24 hours
culture without restimulation. Mean and SEM of triplicates are shown for one of two experiments. < det: below detection limit (10 pg/ml) (B) Mac-
rophages isolated at day 2 of AIA were starved for 4 hours, restimulated for 5 min with C5a, as indicated, lysed and subjected to immunoblotting for
Akt, phospho-Akt (pAkt), and B-actin. (C) Macrophages isolated at day 2 of AIA were seeded into transwell plates and migrated towards different con-
centrations of C5a for 20 hours. Afterwards, membranes were washed and cells at the lower side were stained and counted microscopically. One of
two experiments is shown (mean and SEM). (D) Joint sections at day 2 of AIA were prepared and stained with Mac-1 (macrophages, neutrophils) or
Gr-1 (neutrophils) specific antibodies (upper panel) and positive cells were counted (lower panel, mean and SEM of 6 animals). *: statistically significant

difference, p < 0.05.
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Figure 3 T cell responses are normal in PI3Ky-/- mice. (A) Splenocytes or cells of draining lymph nodes were isolated and restimulated in vitro with
mBSA for 24 hours. Supernatants were collected and cytokine production was measured by ELISA (n = 6, one of two experiments shown). 'Two out-
liers were eliminated for day 7 (Grubbs test). (B) DTH reaction was induced at day 7 and ear swelling was determined 24 and 48 hours later.
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Table 2: IL-17 content in supernatants of anti-CD3-stimulated cell cultures (n = 5, mean + SEM)

IL-17 (pg/ml)
PI3Ky-/-
spleen 68 + 54 67 +49
lymph nodes 443 £ 61 318+ 69

developed disease with knee swelling and histological
scoring being comparable between controls and knock-
outs. These observations were in contrast to both other
studies on PI3Ky in arthritis [13,21] but may be explained
by different requirements for T cells among the three
models. Randis et al. [21] induced arthritis by serum
transfer from K/BxN mice to PI3Ky-/- on a C57BL/6
background, a model that was reported to be indepen-
dent of lymphocytes [22]. Likewise, T cells are dispens-
able for the development of anti-CII antibody-induced
arthritis [23], one of the models investigated by Camps et
al. [13]. However, the same group also studied CIA,
which requires T cell activation, and found considerably
decreased disease symptoms upon treatment of mice
with AS-605240. The reason for this discrepancy is not
completely clear, but most probably, the relative contribu-
tion of innate immunity to CIA is much stronger than in
the later (chronic) phases of the AIA model. This might
be reflected by the different pattern of paw and knee
swelling: while paw thickness in the CIA model steadily
increases during the whole observation period, the knee
swelling in AIA has a maximum at day 1 and decreases
thereafter.

Macrophage activation peaked at day 2 in our experi-
ments, while main T cell responses were observed at days
7 and 21. From this, we hypothesized, that loss of PI3Ky
mostly inhibits phagocyte activation and function,
whereas T cells are less or even not affected. Our data in
vivo and in vitro support this hypothesis: Effector pro-
duction by peritoneal macrophages (NO, IL-1f, IL-6) ex
vivo was clearly decreased in PI3Ky-/- mice during the
course of AIA. It is important to note, that cytokine pro-
duction in this experiment was not induced by external
stimuli, specifically targeting GPCR receptors and PI3Ky,
but rather reflected the state of in vivo macrophage prim-
ing. Thus, our results extend data of several groups,
investigating PI3Ky-dependent activation of mac-
rophages in vitro [9,10,20]. In our experiments, C5a
induced phosphorylation of Akt in wildtype macrophages
in vitro, while no phosphorylation could be observed in
PI3Ky-/- cells. This is in line with previous reports [8,13]
and contradicts to some extend a recent study, showing
concerted and partially redundant action of PI3Ky and
PI3Kp isoforms downstream of GPCR [24]. These issues
require further investigation and clarification. Addition-

ally, macrophage migration towards C5a in vitro and infil-
tration of both, neutrophils and macrophages to the
inflamed joint in vivo were diminished in the PI3Ky-/-
mice and migration of wildtype macrophages could be
blocked in vitro by using AS-605240. Taken together,
innate immunity seems to be largely impaired by loss of
PI3KYy, causing the marked alleviation of clinical symp-
toms at early days of AIA.

On the other hand, our experiments revealed no
changes in T cell activation of PI3Ky-/- mice. Neither
cytokine production in vitro (TNFa, IFNy, IL-2, IL-4, IL-
5, IL-17) was significantly altered, nor was the DTH reac-
tion in vivo. Those results were somewhat surprising,
considering several reports on involvement of PI3Ky in T
cell maturation, migration and activation [25-28]. How-
ever, most of those results were obtained in vitro, while in
vivo data are less clear. Most groups investigated an acute
activation of T cells by anti-CD3-antibodies in vitro or
migration of naive T cells towards SDF-1a in a time frame
of several hours. Contrary, the immunization period of
the AIA model (3 weeks) might provide sufficient time
for efficient T cell priming and mounting of effector func-
tion. Moreover, in two models of systemic lupus erythe-
matosus, PI3Ky was shown to control the CD4+ memory
T cell reservoir mostly in the context of a second genetic
alteration (MRL-/pr or p65P13KTg), while single-targeted
PI3Ky-inhibition revealed only modest phenotypes
[27,29]. Additionally, although defective T cell differenti-
ation can be detected in newborn PI3Ky-deficient mice,
differences decrease in mice of about one month of age
[12]. Those data suggest an at least partial compensation
of PI3Ky in vivo, dependend on the microenvironment
and activation status of the T cell. This premise is sup-
ported by recent studies of Ward and colleagues on
human T lymphocytes. The activation status or even cul-
ture conditions strongly influenced requirement of PI3Ky
for migration in these experiments [30,31].

The DTH reaction at 24 and 48 hours post challenge
was unchanged in PI3Ky-/- mice (days 8 and 9 of AIA).
This again demonstrates a largely unaltered T cell
response and suggests a compensation of deficient signal-
ing reactions in PI3Ky-/- T cells by other proteins.
Although defective development of thymocytes or CD4
memory T cells as described by Rodriguez-Borlado et al.
[12] and Barber et al. [27] was not addressed by our
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Figure 4 Pharmacologic inhibition of PI3Ky alleviates joint swelling and macrophage activity. Wildtype C57BL/6 mice were immunized with
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Table 3: Histological disease scoring of wildtype mice treated with the specific PI3Ky inhibitor AS-605240 during AlA (n =

5, mean = SEM)

day 2 day 7
control AS-605240 control AS-605240
acute inflammation 3,0+1,0 1,9+0,8 25+1,0 25+0,8
chronic inflammation 1,9+0,6 1,4+0,6 2,2+0,7 22+04
Destruction 1,1+£0,1 08+0,2 1,3+04 1,0+0,3
total score 6,0+1,1 41+0,6 6,0+0,6 57+0,8

experiments, this does not seem to primarily influence
disease development.

The effects of genetic ablation of PI3Ky could be mim-
icked largely by using the inhibitor AS-605240, specific
for PI3Ky. This compound was able to markedly decrease
macrophage activation and joint swelling during the first
days (acute phase) of AIA, in accordance to Camps et al.
[13]. Efficacy of AS-605240 in both models points to a
possible impact in human rheumatoid arthritis too and
asks for further development of this drug candidate
towards clinical use. Although T cell activation was not
influenced by the inhibitor, its ability to alleviate clinical
parameters specifically during early AIA suggests a
potential of AS-605240 or other PI3Ky inhibitors prefer-
entially in therapy of acute exacerbations of the disease, a
hallmark of chronic RA in humans.

Conclusions

In summary, PI3Ky has its greatest impact on AIA during
the first days of the inflammation, when innate immune
cells dominate pathogenesis. The enzyme controls pro-
duction of NO and cytokines by macrophages and migra-
tion of macrophages and neutrophils. Deletion or
inhibition of PI3Ky does not influence T cell responses in
the AIA model. Accordingly, disease becomes fully devel-
oped at later stages, as judged from T cell cytokine pro-
duction and histological sections of inflamed joints.
Thus, influence of PI3Ky on adaptive immune reactions
is rather limited in this model.

List of abbreviations

ATJA: antigen-induced arthritis; CIA: collagen-induced
arthritis; mBSA: methylated bovine serum albumin;
PI3K: phosphoinositide 3-kinase; RA: Rheumatoid arthri-
tis

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

Authors' contributions
MGr, CR, RW and RB designed research, MGr, CR, CK and MGa conducted
experiments, MGr, CR, RW and RB interpreted data, MGr, CR and RB drafted the

manuscript, RW and RB raised funding. All authors read and approved the final
manuscript.

Acknowledgements

The authors thank Mrs. Renate Stockigt and Mrs. Cornelia Huttich for excellent
technical assistance in animal experiments and preparation of histologic sec-
tions, respectively. PI3Ky-/- mice were a gift of Dr. Emilio Hirsch (Torino, Italy)
and Dr. Matthias P. Wymann (Basel, Switzerland). This work was supported by
grants of the Interdisciplinary Center for Clinical Research (IZKF) Jena to RB and
of the German Research Foundation to RW (SFB 604) and RB (Br 1372/9).

Author Details

'Institute of Molecular Cell Biology, Center for Molecular Biomedicine, Friedrich
Schiller University, Jena, Germany and 2Institute of Pathology, University
Hospital, Jena, Germany

Received: 15 December 2009 Accepted: 7 April 2010
Published: 7 April 2010

References

1. Firestein GS: Evolving concepts of rheumatoid arthritis. Nature 2003,
423(6937):356-361.

2. GayS, Gay RE, Koopman WJ: Molecular and cellular mechanisms of joint
destruction in rheumatoid arthritis: two cellular mechanisms explain
joint destruction? Ann Rheum Dis 1993, 52(Suppl 1):539-47.

3. Mclnnes IB, Schett G: Cytokines in the pathogenesis of rheumatoid
arthritis. Nat RevImmunol 2007, 7:429-442.

4. Muller-Ladner U, Ospelt C, Gay S, Distler O, Pap T: Cells of the synovium in
rheumatoid arthritis - Synovial fibroblasts. Arthritis Res Ther 2007,
9(6):223-233.

5. lwamoto T, Okamoto H, Toyama Y, Momohara S: Molecular aspects of
rheumatoid arthritis: chemokines in the joints of patients. febsJ 2008,
275(18):4448-4455.

6. Gerlag DM, Tak PP: Novel approaches for the treatment of rheumatoid
arthritis: lessons from the evaluation of synovial biomarkers in clinical
trials. Best Pract Res Clin Rheumatol 2008, 22(2):311-323.

7. Hirsch E, Lembo G, Montrucchio G, Rommel C, Costa C, Barberis L:
Signaling through PI3Kgamma: a common platform for leukocyte,
platelet and cardiovascular stress sensing. Thromb Haemost 2006,
95:29-35.

8. Hirsch E,Katanaev VL, Garlanda C, Azzolino O, Pirola L, Silengo L, Sozzani S,
Mantovani A, Altruda F, Wymann MP: Central role for G protein-coupled
phosphoinositide 3-kinase gamma in inflammation. Science 2000,
287(5455):1049-1053.

9. Condliffe AM, Davidson K, Anderson KE, Ellson CD, Crabbe T, Okkenhaug
K, Vanhaesebroeck B, Turner M, Webb L, Wymann MP, et al.: Sequential
activation of class IB and class IA PI3K is important for the primed
respiratory burst of human but not murine neutrophils. Blood 2005,
106(4):1432-1440.

10.  Lehmann K, Muller JP, Schlott B, Skroblin P, Barz D, Norgauer J, Wetzker R:
PI3Kgamma controls oxidative burst in neutrophils via interaction with
PKCalpha and p47phox. Biochem J 2009, 419:603-610. Epub Nov, 5.


http://www.biomedcentral.com/1471-2474/11/63
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12748655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8481058
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17525752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18177509
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18662305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18455687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16543958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10669418
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15878979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18983267

Gruen et al. BMC Musculoskeletal Disorders 2010, 11:63
http://www.biomedcentral.com/1471-2474/11/63

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Sasaki T, Irie-Sasaki J, Jones RG, Oliveira-dos-Santos AJ, Stanford WL, Bolon
B, Wakeham A, Itie A, Bouchard D, Kozieradzki |, et al.: Function of
PI3Kgamma in thymocyte development, T cell activation, and
neutrophil migration. Science 2000, 287(5455):1040-1046.
Rodriguez-Borlado L, Barber DF, Hernandez C, Rodriguez-Marcos MA,
Sanchez A, Hirsch E, Wymann M, Martinez AC, Carrera AC:
Phosphatidylinositol 3-kinase regulates the CD4/CD8 T cell
differentiation ratio. J/mmunol 2003, 170(9):4475-4482.

Camps M, Ruckle T, Ji H, Ardissone V, Rintelen F, Shaw J, Ferrandi C,
Chabert C, Gillieron C, Francon B, et al.: Blockade of PI3Kgamma
suppresses joint inflammation and damage in mouse models of
rheumatoid arthritis. Nat Med 2005, 11(9):936-943.

Nissler K, Pohlers D, Huckel M, Simon J, Brauer R, Kinne RW: Anti-CD4
monoclonal antibody treatment in acute and early chronic antigen
induced arthritis: influence on macrophage activation. Ann Rheum Dis
2004, 63(11):1470-1477.

Mentzel K, Brauer R: Matrix metalloproteinases, IL-6, and nitric oxide in
rat antigen-induced arthritis. Clin Exp Rheumatol 1998, 16(3):269-276.
Irmler IM, Gajda M, Brauer R: Exacerbation of antigen-induced arthritis in
IFN-gamma-deficient mice as a result of unrestricted IL-17 response. J
Immunol 2007, 179(9):6228-6236.

Simon J, Surber R, Kleinstauber G, Petrow PK, Henzgen S, Kinne RW, Brauer
R: Systemic macrophage activation in locally-induced experimental
arthritis. JAutoimmun 2001, 17(2):127-136.

Pohlers D, Nissler K, Frey O, Simon J, Petrow PK, Kinne RW, Brauer R: Anti-
CD4 monoclonal antibody treatment in acute and early chronic
antigen-induced arthritis: influence on T helper cell activation. Clin Exp
Immunol 2004, 135(3):409-415.

Liu L, Puri KD, Penninger JM, Kubes P: Leukocyte PI3Kgamma and
PI3Kdelta have temporally distinct roles for leukocyte recruitment in
vivo. Blood 2007, 110(4):1191-1198.

Weiss-Haljiti C, Pasquali C, Ji H, Gillieron C, Chabert C, Curchod ML, Hirsch
E, Ridley AJ, van Huijsduijnen RH, Camps M, et al.: Involvement of
phosphoinositide 3-kinase gamma, Rac, and PAK signaling in
chemokine-induced macrophage migration. JBiol Chem 2004,
279(41):43273-43284.

Randis TM, Puri KD, Zhou H, Diacovo TG: Role of PI3Kdelta and
PI3Kgamma in inflammatory arthritis and tissue localization of
neutrophils. EurJimmunol 2008, 38(5):1215-1224.

Korganow AS, Ji H, Mangialaio S, Duchatelle V, Pelanda R, Martin T, Degott
C, Kikutani H, Rajewsky K, Pasquali JL, et al.: From systemic T cell self-
reactivity to organ-specific autoimmune disease viaimmunoglobulins.
Immunity 1999, 10(4):451-461.

Terato K, Hasty KA, Reife RA, Cremer MA, Kang AH, Stuart JM: Induction of
arthritis with monoclonal antibodies to collagen. J/mmunol 1992,
148(7):2103-2108.

Guillermet-Guibert J, Bjorklof K, Salpekar A, Gonella C, Ramadani F,
Bilancio A, Meek S, Smith AJH, Okkenhaug K, Vanhaesebroeck B: The p110
beta isoform of phosphoinositide 3-kinase signals downstream of G
protein-coupled receptors and is functionally redundant with p110
gamma. Proc Nat Acad Sci USA 2008, 105(24):8292-8297.

Alcazar |, Marques M, Kumar A, Hirsch E, Wymann M, Carrera AC, Barber
DF: Phosphoinositide 3-kinase gamma participates in T cell receptor-
induced T cell activation. JExp Med 2007, 204(12):2977-2987.

Curnock AP, Sotsios Y, Wright KL, Ward SG: Optimal chemotactic
responses of leukemic T cells to stromal cell-derived factor-1 requires
the activation of both class IA and IB phosphoinositide 3-kinases. J
Immunol 2003, 170(8):4021-4030.

Barber DF, Bartolome A, Hernandez C, Flores JM, Fernandez-Arias C,
Rodriguez-Borlado L, Hirsch E, Wymann M, Balomenos D, Carrera AC:
Class IB-phosphatidylinositol 3-kinase (PI3K) deficiency ameliorates IA-
PI3K-induced systemic lupus but not T cell invasion. J/mmunol 2006,
176(1):589-593.

Sotsios Y, Whittaker GC, Westwick J, Ward SG: The CXC chemokine
stromal cell-derived factor activates a Gi-coupled phosphoinositide 3-
kinase in T lymphocytes. JImmunol 1999, 163(11):5954-5963.

Barber DF, Bartolome A, Hernandez C, Flores JM, Redondo C, Fernandez-
Arias C, Camps M, Ruckle T, Schwarz MK, Rodriguez S, et al.: PI3Kgamma
inhibition blocks glomerulonephritis and extends lifespan in a mouse
model of systemic lupus. Nat Med 2005, 11(9):933-935.

Smith LD, Hickman ES, Parry RV, Westwick J, Ward SG: PI3Kgamma is the
dominant isoform involved in migratory responses of human T

Page 11 of 11

lymphocytes: effects of ex vivo maintenance and limitations of non-
viral delivery of siRNA. Cell Signal 2007, 19(12):2528-2539.

31. Smith L, Webb A, Ward SG: T-lymphocyte navigation and migration:
beyond the PI3K paradigm. Biochem Soc Trans 2007, 35(Pt 2):193-198.

Pre-publication history

The pre-publication history for this paper can be accessed here:

http//www.biomedcentral.com/1471-2474/11/63/prepub

doi: 10.1186/1471-2474-11-63

Cite this article as: Gruen et al, Loss of phosphoinositide 3-kinase ?
decreases migration and activation of phagocytes but not T cell activation in
antigen-induced arthritis BMC Musculoskeletal Disorders 2010, 11:63

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

( ) BiolVed Central



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10669416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12707323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16127437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15479897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9631748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17947698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11591121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15008972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17488877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15292195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18412166
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10229188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1545120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18544649
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17998387
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12682230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16365454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10570282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16127435
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17900864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17371236
http://www.biomedcentral.com/1471-2474/11/63/prepub

	Abstract
	Background
	Methods
	Animals
	Antigen-induced arthritis and delayed-type hypersensitivity reaction
	Clinical assessment of AIA and DTH
	Immunohistochemical examinations
	Peritoneal macrophage activation
	Migration assay
	Akt phosphorylation
	T cell activation
	Statistical analysis

	Results
	Clinical symptoms of AIA are decreased in PI3K.-deficient mice
	Reduced activation and migration of phagocytes
	T cell reactions are largely unaltered in PI3K.-/mice
	Pharmacologic inhibition of PI3K. reduces joint swelling and macrophage activity in early AIA

	Discussion
	Conclusions
	List of abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	Author Details
	References
	Pre-publication history

