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Figure 1. Proof of IPSC induction from hematopoietic cells in a single-HSC transg del. (A) Sch tic representation of the experimental procedure. Single
CD150*CD34~/o% KSL cells obtained from B6 Ly5.1 mice were transplanted into lethally irradiated B6 Ly5.2 mice together with BM cells from B6 Ly5.2 mice. BM HSPCs were
obtained from a recipient mouse that showed long-term (~ 10 months) stable Ly5.1 chimerism (~ 80%), enriched for Ly5.1* cells, and subjected to iPSC generation,
(B) A schematic diagram of iPSC generation from BM HSPCs. (i) Lineage markers (Lin) versus c-Kit plots are shown for cells either before (whole BM) or after (Lin~ c-Kit*)
purification. Note that purified HSPCs are 98% CD45-positive. (ii) A schematic diagram of iPSC generation from BM HSPCs. (C) Typical ES cell-like appearance of sSHSC-iPS
cell colonies (left) with high ALP activities (right). Bars represent 100 ,m. (D) Determination of the cellular origin of SHSC-iPSC clones. (Top panel) Scheme of the polymerase
chain reaction (PCR)-based method used, using a single-base polymorphism at Cd45 exon (EX) 25. Black triangles represent primer positions. Ly5.1 and Ly5.2 strains differ
by a single base in EX 25, as shown in the presented 12-bp sequences from within the 301-bp amplicons. Treatment with the restriction enzyme Kpnl leaves the Lys.1+
cell-derived amplicon undigested, whereas it generates 2 smaller fragments (113 bp + 188 bp) from the Ly5.2* counterpart. The gel images (bottom panel) indicate that, of
4 sHSC-IPSC clones, 1 (no. 9-1) is of Ly5.2* cell origin, whereas 3 (nos. 9-5, -6, and -8) are derived from Ly5.1* cells that originated from a single Ly5.1+ HSC. A vertical line

has been inserted to indicate a repositioned gel lane. (E) Chimeric mice obtained by implantation of sHSC-iPSC clone 9-5 into ICR host blastocysts.

Figure 1A depicts our experimental design. We attempted iPSC
generation from marrow HSPCs harvested long-term (~ 10 months)
after reconstitution from a single HSC of C57BL6 (B6) Ly 5.1 origin.
We used concentrated vesicular stomatitis virus-G—pseudotyped retrovi-
ruses, as we had succeeded in their efficient transduction into murine
HSPCs.1213 We purified from bone marrow (BM) of a reconstituted
mouse (B6 Ly5.2) Lin~Kit* cells, a HSPC population, with approxi-
mately 98% of cells expressing C4S (Figure 1B). We then transduced
these cells with a cocktail of retroviral vectors harboring each of the
iPSC factor genes Oct4, Sox2, Kif4, and c-Myc, transferred onto mouse
embryonic fibroblast cells, and maintained in the presence of leukemia
inhibitory factor until cell sorting (Figure 1B). Visible iPSC-like
colonies appeared on approximately days 9 to 11 among a majority of
hematopoietic cells that remained nonreprogrammed; these colonies
then grew steadily (supplemental Figure 1A). To enrich iPSC candi-
dates, we sorted the cells expressing SSEA-1 on approximately days 14
to 16 and allowed them to regrow for another 7 to 12 days (Figure 1B).
Generated iPSC-like colonies showing typical embryonic stem (ES)
cell-like appearance were picked up on approximately days 21 to 28.
These cells showed robust stability in phenotype, had high alkaline
phosphatase (ALP) activity (Figure 1C), and expressed SSEA-1 at

levels comparable with those in ES cells (supplemental Figure 1B). In
the absence of leukemia inhibitory factor, they readily formed embryoid
bodies (data not shown). By using a single-base polymorphism in
CD45,17 we could demonstrate that, of the iPSC clones thus established,
3 were derived from Ly5.1% cells and 1 from aLy5.2* cell (Figure 1D).
These results formally demonstrate that direct reprogramming of
marow hematopoietic cells is feasible given that transdifferentiation of
HSCs to nonhematopoietic lineage cells is, if it ever occurs, an
extremely rare event.?? We named these iPSCs sSHSC-iPS cells (sHSC-
iPSCs) specifically when established from BM HSPCs reconstituted
from a single HSC.

Fach sHSC4PSC clone was demonstrated to retain proviral se-
quences of the 4 iPSC factors (supplemental Figure 2A), without
detectable ransgene expression, probably resulting from gene silencing
(supplemental Figure 2B). In contrast, all sSHSC-iPSCs were found to
express each iPSC factor gene endogenously (supplemental Figure 2B).
All sHSC-PSCs were shown to express the ES cell marker genes
Nanog, ERas, Rexl, and Gdf3 (supplemental Figure 3A). Nanog
expression was also confirmed by immunostaining (supplemental
Figure 3B). Despite the low expression levels of Ecatl and Zfp296,
another set of ES cell marker genes, these SHSC-PSCs were shown to
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be competent in both teratoma formation (supplemental Figure 4) and
contribution to chimeric mice (Figure 1E).

We next sought to confirm the reproducibility of direct repro-
gramming of primary BM HSPCs. Lin~Kit* BM cells obtained
from adult B6 mice were subjected to retrovirus-mediated repro-
gramming procedures (Figure 1B). From approximately 5 X 10°
HSPCs, we consistently obtained approximately 10 to 30 discrete
colonies with typical ES cell-ike appearances that stained for ALP
(data not shown). Interestingly, iPSC clones established from
primary BM HSPCs (pHPC-iPSCs) were shown to express ES
cell marker genes more robustly than did sHSC-iPSCs (Figures
2A, S3A). Expression levels in endogenous iPSC factor genes were
also more intense in pHPC-iPSCs (supplemental Figure 5B) than in
sHSC-iPSCs (supplemental Figure 2B). This may support the idea
that huge replicative stress imposed on a single HSC by hematopoi-
etic reconstitution might restrict effective reprogramming of target
cells, which are thought to be in senescent states. Confirmation of
germline configuration in the immunoglobulin gene revealed the
non-B-cell origin of pHPC-iPSCs (Figure 2B). pHPC-iPSCs had
the potential for multilineage differentiation, as evidenced by the
formation of teratomas, which contained various tissues represent-
ing all 3 germ layers (Figure 2C). We were also successful in
generating pHPC-iPSCs that constitutively expressed green fluores-
cence protein from enhanced green fluorescent protein (EGFP)-
transgenic mice?! (Figure 2D). These iPSCs showed a high
contribution to embryonic development when microinjected into
blastocysts (Figure 2E).

Here we report generation of iPSCs from hematopoietic cells with
unrearranged immunoreceptor genes by direct viral transfer of iPSC
factors. The principle shown here ensures the feasibility of direct
reprogramming of human hematopoietic cells, in conjunction with the
recent report of iPSC generation from human blood.? The defined
cellular origin of our iPSCs enables formal comparative studies using
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Figure 2. Characterization of primary BM hematopoietic
cell-derived iPSCs generated using the 4 IPSC factors.
(A) Reverse-transcription PCR analysis showing ES marker gene
expression in primary BM HSPC-derived iPSC clones (pHPC-
iPSCs). H,0 indicates no-template control; ES, ES cells as a
positive control; RT (-), no-reverse-transcriptase control. A verti-
cal line has been inserted to indicate a repositioned gel lane.
(B) PCR analysis for Ig gene rearrangement of D-J segments
(DJ1-DJ3) in pHPC-IPSC clones. GL indicates amplification of the
fragment representing unrearranged, gemline configuration of
the Ig heavy chain gene; EL4, a T lymphoma cell line as an
unrearranged control. (C) Histologic sections of teratomas derived
from a pHPC-IPSC clone. (D) Images of pHPC-iPSC colonies
derived from an EGFP-transgenic mouse. Bars represent 100 pm
(C-D). (E) E10.5 chimeric embryos generated with one represen-
tative EGFP* iPSC clone.
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iPSC clones from various sources: One intriguing question is whether or
not our iPSC clones differ from those generated from other tissues in
respect to reprogramming efficiency, genomic stability, ability of tissue
differentiation, and susceptibility to tumorigenesis. Another question is
what types of cells in murine HSPCs are actually reprogrammed into
iPSCs. At present, we have not yet succeeded in iPSC generation from
highly purified HSCs. Considering the germline configuration of the
immunoglobulin gene in our iPSC clones (Figure 2B) and the fact that
the transduced cells rapidly acquired granulocytic/myeloid-lincage
marker expression in our culture conditions (data not shown), myeloid
progenitors are currently the plausible target cells of iPSC induction in
our system. Studies to address all these issues are ongoing.
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CD8™ effector T cells contribute to macrophage
recruitment and adipose tissue inflammation in obesity

Satoshi Nishimura!™, Ichiro Manabe'>*5, Mika Nagasakil*, Koji Eto’, Hiroshi Yamashita’,
Mitsuru Ohsugi®, Makoto Otsu’, Kazuo Hara®, Kohjiro Ueki*>%, Seiryo Sugiura®, Kotaro Yoshimura!®,
Takashi Kadowaki’>*® & Ryozo Nagail*>

Inflammation is increasingly regarded as a key process underlying metabolic diseases in obese individuals. In particular, obese
adipose tissue shows features characteristic of active local inflammation. At present, however, little is known about the sequence
of events that comprises the inflammatory cascade or the mechanism by which inflammation develops. We found that large
numbers of CD8* effector T cells infiltrated obese epididymal adipose tissue in mice fed a high-fat diet, whereas the numbers of
CD4* helper and regulatory T cells were diminished. The infiltration by CD8* T cells preceded the accumulation of macrophages,
and immunological and genetic depletion of CD8* T cells lowered macrophage infiltration and adipose tissue inflammation and
ameliorated systemic insulin resistance. Conversely, adoptive transfer of CD8* T cells to CD8-deficient mice aggravated adipose
inflammation. Coculture and other in vitro experiments revealed a vicious cycle of interactions between CD8* T cells, macrophages
and adipose tissue. Our findings suggest that obese adipose tissue activates CD8* T cells, which, in turn, promote the recruitment

and activation of macrophages in this tissue. These results support the notion that CD8* T cells have an essential role in the

initiation and propagation of adipose inflammation.

Inflammation is now considered to have a pivotal role in the
development of metabolic diseases'. In particular, obese adipose tissue
shows the hallmarks of chronic inflammation??, and the inflamma-
tion is thought to alter adipose tissue function, leading to systemic
insulin resistance?. The mechanism by which the development of this
insulin resistance occurs is believed to involve proinflammatory
cytokines produced by infiltrating macrophages and resident adipo-
cytes within the obese adipose tissue'. Likewise, chronic inflammation
also impairs triglyceride storage in adipose tissues, and the excess
circulating free fatty acids and triglycerides also induces insulin
resistance in muscle and liver’”. Adding insult to injury, it has been
postulated that a paracrine loop involving these free fatty acids and
inflammatory cytokines establishes a vicious cycle that aggravates the
inflammatory changes, furthering the dysfunction of adipose tissue®.
As such, the inflammatory changes seen in obese adipose tissue may
be the key pathology that promotes systemic inflammatory states and
insulin resistance in obese individuals.

Macrophage infiltration of adipose tissue has been described in
both mice and humans'. However, little is known about the sequence
of events that lead to macrophage infiltration. Recently accumulation
of other immune cells, such as T cells, has been documented in obese

adipose tissue®!®. T lymphocytes are known to interact with macro-
phages and regulate the inflammatory cascade!!. However, their
functional role in adipose inflammation remains unclear. Here we
show that infiltration of CD8" effector T cells is an early event during
the development of adipose tissue obesity induced by a high-fat diet.
Further, we show using loss- and gain-of-function approaches in vivo
that these T cells are critical mediators of systemic metabolic dysfunc-
tion. Finally, we also show in vitro that obese adipose tissue can
activate CD8" T cells, which, in turn, allows for the recruitment and
differentiation of macrophages. Thus, together our findings indicate
that CD8" T cells have essential roles in the initiation and main-
tenance of adipose tissue inflammation and systemic insulin resis-
tance. Our results also clearly show the involvement of adaptive
immunity in metabolic disorders.

RESULTS

CD8* T cell infiltration precedes macrophage accumulation
Adipose tissue consists of not only adipocytes but also stromal and
vascular cells, including fibroblasts, vascular endothelial cells and
inflammatory cells. This stromal vascular fraction is known to be
essential for adipose tissue inflammation?. Therefore, to gain insight
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Figure 1 Differential infiltration of lymphocytes and macrophages into obese adipose tissue. (a) Flow cytometric analysis of the stromal vascular fraction
(SVF) from the epididymal fat pads of control mice fed a normal chow diet (ND), diet-induced obese (DIO) mice fed a high-fat diet for 16 weeks and

ob/ob mice fed a normal diet (ob/ob). All mice were 20-weeks-old. The cell populations of macrophages (F4/80*CD11b*), endothelial cells (CD31*),
CD3*CD8*CD4~ T cells, CD3*CD8-CD4* T cells, regulatory T cells (CD4*CD25*Foxp3*) and NK cells (CD3-CD94+) were analyzed (n = 5 mice in each
group). The number of each cell type was normalized to the total number of viable SVF cells. *P < 0.05. (b,c) Immunohistochemical analysis of CD8 and
CD4 (each in red) in epididymal (b) and femoral subcutaneous (c) adipose tissue from ND, DIO and ob/ob mice. Adipocytes were counterstained with boron-
dipyrromethene (BODIPY, blue) and nuclei with Hoechst (green). Quantification of CD8* and CD4* cells is shown in Supplementary Fig. 3. Scale bars,

100 pm. (d-g) Time courses of changes in the cell populations in the adipose stroma during development of obesity. Flow cytometric analysis of the stromal
vascular fraction from the epididymal fat pads of control mice fed a normal chow diet and mice fed a high-fat diet beginning when they were 4-weeks-old.
Numbers of macrophages (d), CD8* T cells (e), CD4* T cells (f) and regulatory T cells (g) were determined during the course of DIO development (n= 5

mice in each group; *P < 0.05). Error bars represent means + s.e.m.

into the inflammatory processes taking place within these cell frac-
tions during obesity, we first analyzed immune cell populations in
collagenase-digested stromal vascular fractions from obese epididymal
adipose tissue with the aim of identifying local obesity-induced
immunological changes. We acquired stromal vascular fractions using
previously described methods of isolation'? with a few modifications.
We first carried out a set of flow cytometric analyses to determine the
proper gating for analysis of lymphocytes and macrophages in adipose
tissue (Supplementary Fig. 1). We found that R1 gating accounted for
the majority of viable cells, including a majority of F4/80"CD11b*
macrophages. Because earlier studies used broader gating to analyze
macrophages in the stromal vascular fraction'®, we compared the
broader R2 gating with the narrower R1 gating. We found that the
macrophage and lymphocyte fractions detected with R1 gating did not
significantly differ from those detected using the broader R2 gating
(Supplementary Fig. 1 and Supplementary Table 1). For that reason,
we analyzed subsequent cell fractions by R1 gating (for further discussion
of gating, see Supplementary Methods and Supplementary Fig. 1).
Consistent with earlier reports?, the infiltration of F4/80*CD11b*
macrophages into adipose tissue was significantly increased by diet-
induced obesity (DIO) and in obese ob/ob mice compared to the
contro] lean mice on a normal diet (P < 0.05) (Fig. 1a). The numbers
of CD31* endothelial cells were also higher in obese mice (Fig. 1a),
which may reflect angiogenesis'4. Notably, we found that CD3" T cells
accounted for 14.8 + 0.9% of stromal vascular cells in lean adipose
tissue, and most (94.7 £ 0.3%) of the CD3" T cells were CD4 or CD8
positive. The CD3"CD8"CD4~ T cell fraction was larger in obese
adipose tissue, whereas the CD3*CD4"CD8~ T cell fracton was
smaller, as was the regulatory T cell fraction (CD4*CD25"Foxp3*)

compared to lean mice on normal diet (P < 0.05). The natural killer
(NK) cell fraction (CD3~CD94") was unaffected by obesity (Fig. 1a).
In contrast to the higher number of CD8* lymphocytes seen in obese
adipose tissue, CD8" and CD4" T cell counts were significantly lower
in peripheral blood from 0b/ob mice and were unchanged in DIO mice
as compared to mice on a normal diet (P < 0.05) (Supplementary
Fig. 2), suggesting selective recruitment of CD8" T Iymphocytes to
obese adipose tissues.

Immunohistochemical analysis of F4/80, CD8 and CD4 expression
also revealed higher numbers of F4/80" macrophages and CD8*
T cells and lower numbers of CD4" T cells in obese epididymal fat
pads as compared to mice on a normal diet (P < 0.05) (Fig. 1b and
Supplementary Fig. 3). By contrast, we found no significant changes
in the numbers of CD8" and CD4" cells in subcutaneous fat pads
(Fig. 1c). In obese epididymal adipose tissues, we found a number of
CD8" cells within ‘crown-like structures’ (CLSs), which reflect the
focal convergence of macrophages surrounding necrotic adipo-
cytes'®15 (Fig. 1b), whereas CD4" cells showed no apparent relation-
ship with CLSs.

Most CD3*CD8" cells were CD62L~ and CD44" (74.7% + 3.8%
of CD3* CD8" cells in DIO mice), suggesting the majority of
infiltrated CD8* T cells were activated effector T cells!6. To assess
the clonality of CD8" in obese adipose, we examined the T cell
receptor (TCR) Vp repertoire of CD8" T cells in lean and obese
adipose tissues. The results showed that CD8" T cells in obese adipose
were not monoclonal, though the CD8" cell fractions that were
positive for V7 and Vg, were significantly larger in obese adipose
tissues as compared to mice on a normal diet (P < 0.05) (Supple-
mentary Fig. 4).
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Figure 2 Effects of CD8-specific antibody
treatment on obese adipose tissue inflammation.
(a) Flow cytometric analysis of M1 macrophages
(F4/80*CD11c*CD206-), M2 macrophages
(F4/80*CD11c~CD206*), CD8* T cells and
CD4* T cells in stromal vascular fractions

in mice from lean normal-diet (ND), and

DIO mice administered either antibody to

CD8 (DIO + CD8ADb) or control IgG (DIO + IgG).
The same mice were used in b—e. High-fat
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(b) Histochemical identification of endothelial
cells (lectin, red), adipocytes (BODIPY, blue)
and nuclei (Hoechst, green) in epididymal
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It is known that one consequence of macrophage accumulation,
particularly M1 macrophages, in inflamed adipose tissue is modulation
and impairment of the tissue’s function!’. It is not known, however,
what initiates macrophage infiltration or the resultant inflammatory
cascade. The dynamic changes in lymphocyte populations seen in
obese adipose tissue (Fig. 1a,b) suggest that lymphocytes might have
a key role. To test this idea, we examined the time course of changes
in stromal cell populations during the progression of DIO. We fed
C57BL/6 mice a high-fat diet, beginning when they were 4-weeks-
old (Fig. 1d-g). Within 2 weeks, the CD8"CD4~ T cell fraction within
the total stromal vascular cell fraction was significantly increased in
the stroma of the epididymal fat, as compared to that in mice fed
a control chow diet (Fig. 1e). The numbers of CD8*CD4™ T cells
continued to increase thereafter, peaking when the mice were 15-weeks-
old (Fig. le). By contrast, the fractions of CD8"CD4" T cells and
CD4"CD25"FoxP3" regulatory T cells were reduced at later times
(Fig. 1f,g), suggesting that CD8" T cell infiltration is a primary event
during inflammatory cascades within adipose tissue. The increase in
CD8" T cells also preceded the accumulation of macrophages when
cell numbers were expressed per fat pad (Supplementary Fig. 5),
clearly indicating that CD8" cells infiltrated into the epididymal fat
pads of DIO mice before macrophage infiltration.

To gain additional insight into the clinical importance of CD8*
T cells in obese fat, we analyzed the expression of CD8A in samples of
human subcutaneous adipose tissue. Levels of CDSA expression were
significantly higher in obese subjects than in lean ones (P < 0.05),
suggesting that CD8" T cells also accumulate in human obese adipose
tissue (Supplementary Fig. 6).

CD8 depletion inhibits inflammatory cascade in obese adipose

To assess the role of CD8" T cells in adipose inflammation, we
examined the effects of CD8 depletion using neutralizing antibody
treatment on the inflammatory response in obese adipose tissue. We
randomly assigned male C57BL/6 mice to two groups and intraper-
itoneally administered either antibody to CD8 or control IgG once a
week for 8 weeks, beginning when the mice were 4-weeks-old. We fed
the mice a high-fat diet over the same period, and we performed
metabolic and histological analyses at 12 weeks of age. Antibody to

CD8 treatment had no effect on body weight, food intake, fat pad
weight or adipocyte diameter (Supplementary Fig. 7). However, it
significantly lowered the CD8*CD4~ T cell fraction in the epididymal
fat pads without affecting the CD8"CD4" cell fraction (Fig. 2a). It
also reduced the infiltrated M1 macrophage (F4/80"CD11c*CD206™)
fraction without affecting the M2 macrophage (F4/80*CD11c~CD206*)
fraction!” and significantly lowered the numbers of CLSs (P < 0.05 for
each) (Fig. 2b and Supplementary Fig. 7d).

The messenger RNA expression of the proinflammatory cytokines
interleukin-6 (IL-6) and tumor necrosis factor-o0 (TNF-o) in
epididymal fat pads was lowered by CD8-specific antibody treat-
ment (Fig. 2c), as were their serum concentrations (Supplementary
Fig. 7f). In addition, the insulin resistance and glucose intolerance
induced by the high-fat diet were ameliorated by CD8-specific anti-
body treatment (Fig. 2d,e). Similarly, CD8-specific antibody treat-
ment lowered M1 macrophage infiltration into epididymal fat and
ameliorated systemic insulin resistance in ob/ob mice (Supplementary
Fig. 8). Collectively, these effects of CD8-specific antibody treatment
clearly show that CD8" cells are required for the recruitment of
macrophages into obese adipose tissue and the initiation and propa-
gation of inflammatory responses there.

CD8 depletion ameliorates pre-established inflammation

We next examined the activity of CD8" T cells in obese adipose tissues
in which inflammation had already been established. We began
administering antibodies to 19-week-old DIO mice that had been
fed a high-fat diet since they were 9-weeks-old. We intraperitoneally
administered either antibody to CD8 or control IgG three times per
week for 2 weeks, and examined the mice at 21-weeks-old. Treatment
with antibody to CD8 suppressed CD8* T cell infiltration into
obese fat pads without affecting CD4" T cells (Fig. 3a). CD8 anti-
body also lowered M1 (F4/80*CD11c*) macrophage fraction while
leaving the M2 macrophage (F4/80"CD11c™) fraction unchanged
(Fig. 3a). The reduction in macrophage infiltration was confirmed
by F4/80 immunohistochemistry (Fig. 3b). In addition, the number
of CLSs was also lowered by CD8-specific antibody treatment
(Fig. 3b,c). DIO led to upregulated mRNA expression of the
proinflammatory cytokines IL-1, IL-6 and TNF-a, as well as of
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Figure 3 Effects of CD8-specific antibody treatment on pre-established obese adipose inflammation. (a) Flow cytometric analysis of cell populations

in stromal vascular fractions from control mice on a normal chow diet (ND) and DIO mice administered control IgG (DIO + IgG) or antibody to CD8

(DIO + CD8Ab) three times per week from 19- to 21-weeks-old. (n = 5 mice in each group). High-fat diet was started at the age of 9-weeks-old, and

all the mice were examined at 21-weeks-old. The same mice were used in b-f. (b) Immunchistochemical identification of macrophages (F4/80, red) in
epididymal adipose tissue. Adipocytes were counterstained with BODIPY (blue), and the nuclei with Hoechst (green). Scale bars, 100 pm. (c) Numbers
of CLSs (shown by white arrows in b) in adipose tissue (n = 20 low-power fields (LPF) in each group). (d) Real-time PCR analysis of cytokine expression
in epididymal adipose tissue. The levels of each transcript were normalized to those in control ND mice. MIP, monocyte inflammatory protein (n = 5 mice
in each group). (e,f) Results of insulin tolerance (e, 1 U insulin per kg body weight ) and oral glucose tolerance (f, 1 g per kg glucose) tests in DIO mice
treated with antibody to CD8 or control 1gG (n = 10 mice in each group). *P < 0.05. Error bars represent means + s.e.m.

intercellular adhesion molecule-1 (ICAM1) and matrix metallo-
proteinase-2 (MMP-2), in adipose tissue, which is consistent with
local inflammation, and CD8-specific antibody treatment lowered
expression of all of these mediators (Fig. 3d).

CD8-specific antibody treatment also ameliorated insulin resis-
tance and glucose intolerance in DIO mice (Fig. 3e,f and Supple-
mentary Fig. 9). These results clearly show that CD8-specific antibody
treatment suppresses preexisting adipose inflammation, which strongly
suggests that CD8" cells are required for the maintenance of inflamma-
tory reactions in obese adipose tissue.

CD8* T cells are required for adipose tissue inflammation

To further establish the requirement for CD8" T cells in adipose
inflammation in vivo, we started 6-week-old genetically CD8-deficient
mice on a high-fat diet and maintained them on it for 8 weeks, and
examined the CD8a™/~ mice at 14-weeks-old. In sharp contrast to
wild-type mice fed the same high-fat diet (Fig. 1), the CD8-deficient
mice did not show significant increases in the M1 or M2 macrophage
fraction in the epididymal fat under high-fat diet (Fig. 4a), and we
found very few CLSs (Fig. 4b,c), although both body weight and
epididymal fat mass were significantly higher compared to CD8a™'~
mice on a normal diet (Supplementary Fig. 10a,b). Levels of proin-
flammatory cytokine mRNA expression in adipose tissue, including
IL-6 and TNF-a, also were not increased by the high-fat diet in CD8-
deficient mice (Fig. 4d).

To directly examine the role of CD8" T cells in adipose tissue
inflammation, we adoptively transferred splenic CD8" T cells into
CD8-deficient mice. We intravenously administered either 5 x 106
splenic CD8* T cells isolated from 7-week-old C57BL/6 mice or control

vehicle weekly over the same period and examined the CD8a~/~
mice at 14-weeks-old. Adoptive transfer of CD8* T cells increased
M1 macrophage infiltration (Fig. 4a), numbers of CLSs (Fig. 4b,c),
and expression of IL-6 and TNF-a in epididymal fat (Fig. 4d),
indicating initiation of adipose inflammation. A high-fat diet induced
moderate glucose intolerance in untreated CD8-deficient mice, but we
did not observe insulin resistance in insulin tolerance tests (Fig. 4e,f).
Adoptive CD8" T cell transfer aggravated the glucose intolerance and
induced insulin resistance (Fig. 4e,f). Taken together, the results that
we obtained with CD8-deficient mice confirm that CD8* T cells are
essential for macrophage recruitment and inflammation in adipose
tissue in DIO.

Interplay between macrophages, T cells and adipocytes

We next analyzed the cellular interplay via which inflammation
develops in obese adipose tissue. On the basis of the findings of the
in vivo experiments summarized above, we hypothesized that obese
adipose tissue activates CD8" T cells, which, in turn, recruit and
activate macrophages. To test this hypothesis, we first cocultured
splenic CD8* T cells with epididymal fat tissue prepared from lean
or obese mice to determine whether obese adipose tissue can activate
CD8* T cells. Whereas obese epididymal fat clearly induced T cell
proliferation, lean fat did so only modestly (Fig. 5a), indicating that
obese adipose tissue can indeed activate CD8" T cells.

To assess the involvement of CD8" T cells in monocytes and
macrophage differentiation, we cocultured various combinations of
peripheral blood CD11b"8" granulocyte-1 (Gr-1)~CD4~CD8" cells
(most of which were monocytes), CD8" cells prepared from either
lean or obese adipose tissue, and lean epididymal adipose tissue. By
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CD8* T cells and CD4* T cells in stromal vascular fractions from ND and
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into DIO Cd8a-deficient mice (n = 5 mice in each group). The same mice
were used in b-f. (b) Histochemical identification of endothelial cells
(lectin, red), adipocytes (BODIPY, blue) and nuclei (Hoechst, green) in epididymal adipose tissue. White arrows indicate CLSs. Scale bars, 100 pm.

(€) Numbers of CLSs in adipose tissues (n = 20 low-power fields in each group). (d) Real-time PCR analysis of cytokine expression in adipose tissue from
C57BL/6 (WT) ND, WT DIO, and Cd8a-deficient ND, DIO + CD8 or DIO + PBS mice. (n = 5 mice in each group). *P < 0.05 in a-d. (e,f) Insulin tolerance
(e, 0.75 U insulin per kg body weight) and oral glucose tolerance (f, 1 g per kg) tests of the Cd8a-deficient ND (dotted lines), DIO + CD8 and DIO + PBS
groups (n = 6 mice in each group). *P < 0.05 for ND versus DIO + PBS and P < 0.05 for DIO + PBS versus DIO + CD8. Error bars represent
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themselves, neither CD8" cells nor adipose tissue induced macrophage
differentiation (Fig. 5b). However, when cocultured with both CD8*
cells and lean adipose tissue, peripheral blood monocytes differen-
tiated into F4/80"CD11b*CD68* macrophages (Fig. 5b). Moreover,
CD8" cells from obese adipose tissues generated significantly more
macrophages than those from lean adipose (Fig. 5b). Thus, CD8" cells
seem to be essential for macrophage differentiation in this setting.

Further, the requirement for adipose tissue suggests that the inter-
action between CD8" T cells and adipose tissue is necessary for
induction of macrophage differentiation.

We then tested whether activated CD8" cells elicit macrophage
migration via humoral interactions. Analysis of the medium condi-
tioned with activated CD8* T cells showed that these cells secrete
substantial amounts of humoral factors known to induce macrophage
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Figure 5 Interplay between macrophages, CD8* T cells and adipose tissue. (a) Carboxyfluorescein succinimidyl ester (CFSE) proliferation assay of isolated
splenic CD8* T cells cultured with or without epididymal adipose tissue from ND or DIO mice. WAT, white adipose tissue. (b) Effects of CD8* T cells and
adipose tissue on differentiation of peripheral blood monocytes (CD11b"&"Gr-1-) into macrophages (CD11b*F4/80*CD68*). Monocytes were cocultured for
7 d with CD8* T cells isolated from epididymal adipose tissue from lean (ND CD8) or DIO (DIO CD8) mice, with or without epididymal WAT from lean mice.
The differentiated macrophage fractions are shown (n = 5 in each group; *P < 0.05; NS, not significant). (c—f) Concentrations of various cytokines in the
control medium and medium conditioned by quiescent (CD8) or activated (activated CD8) CD8 cells (n = 5 in each group). *P < 0.05. IP-10, interferon-
inducible protein-10. (g,h) Migration of RAW264.7 (g) and peritoneal (h) macrophages, as examined using unconditioned control medium (Ctrl), medium
conditioned by quiescent (CD8) or activated (activated CD8) CD8* T cells, or neutralizing antibody to MCP-1 (anti-MCP-1) (n = 20 in each group).

*P < 0.05. (i) The fraction of F4/80* CD11b* macrophages producing high levels of TNF-a after isolation from lean epididymal adipose tissue and
cultured without (Ctrl) or with CD8* T cells isolated from ND (ND CD8) or DIO (DIO CD8) mice (n = 5 in each group, *P < 0.05). Error bars represent
means + s.e.m.
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migration, including interferon-inducible protein-10, monocyte
chemoattractant protein-1 (MCP-1), MCP-3 and regulation upon
activation, normal T cell expressed and secreted protein (RANTES)
(Fig. 5c—f). When we plated cells of the macrophage cell line
RAW264.7 or isolated peritoneal macrophages in Boyden chambers
and treated them with medium conditioned by activated CD8" T cells,
the numbers of both cell types that migrated through the pores
between the chamber wells with activated CD8" T cell-conditioned
medium were significantly higher compared to cells cultured in non-
conditioned medium (P < 0.05 for each) (Fig. 5g,h). Treatment with
antibody to MCP-1 lowered the migration of peritoneal macrophages
by approximately half, indicating MCP-1 to be one of the factors
mediating the humoral interactions (Fig. 5h).

To further assess the involvement of CD8" T cells in macrophage
activation in adipose tissue, we cocultured F4/80% CD11b* macro-
phages isolated from lean epididymal fat tissue with CD8* cells
isolated from either lean or obese fat tissue. The numbers of macro-
phages producing high amounts of TNF-o were significantly increased
by the CD8" cells (Fig. 5i). Moreover, CD8" cells from obese adipose
tissue increased the number of TNF-o#" macrophages to a signifi-
cantly greater degree than those from lean adipose tissue (Fig. 5i).
Collectively, then, the results of the coculture experiments show that
the interaction between obese adipose tissue and CD8" T cells is
crudial for macrophage differentiation, migration and activation.

DISCUSSION

Adipose tissue inflammation is now considered to be a crucial event
leading to the metabolic syndrome, diabetes and atherosclerotic
cardiovascular disease. However, it is still unclear how adipose
inflammation is initiated and maintained. Here we showed that
CD8* T cell infiltration precedes accumulation of macrophages in
adipose tissue obesity, CD8" T cells are required for adipose tissue
inflammation and CD8* T cells have major roles in macrophage
differentiation, activation and migration. Thus, CD8" T cells are
crucially involved in initiating inflammatory cascades in obese adipose
tissue. Moreover, the finding that CD8-specific antibody treatment
ameliorates preestablished adipose inflammation in DIO mice indi-
cates that CD8" T cells are also essential for maintenance of the
inflammatory response. Although infiltration of T cells into obese
adipose tissue has been reported previously'®!%, to our knowledge, the
present study is the first to directly address the functional role of CD8"
cells in adipose tissue inflammation. The findings that systemic insulin
resistance is ameliorated by CD8 depletion and aggravated by adoptive
transfer of CD8" cells strongly suggest that CD8-dependent adipose
inflammation has an impact on systemic metabolism.

Accumulation of CD8" T cells in obese epididymal fat pads was not
accompanied by the presence of greater numbers of CD8" T cells in the
systemic circulation, suggesting that CD8" T cells are activated by
endogenous stimuli localized in the adipose tissue. Supporting this
notion is our finding that obese adipose tissue induces CD8" T cell
proliferation. The findings that incubation with CD8" T cells plus lean
adipose tissue induced macrophage differentiation, although neither
CD8" T cells nor lean adipose tissue did so alone, suggest that CD8*
T cells and adipose tissue interact with each other to activate a local
inflammatory cascade. In addition, the results of coculture experiments
showing the interactions among CD8" T cells, macrophages and
adipose tissue, as well as the results of our CD8 depletion experiments,
which showed that CD8" T cells are essential for both the initiation
and maintenance of adipose inflammation, strongly suggest that there
is a relay involving both CD8" T cells and macrophages in obese
adipose tissue that propagates local adipose inflammation.

ARTICLES

In contrast to the increased infiltration of CD8" T cells, numbers of
CD4* T cells and regulatory T cells were low at later time points
(Fig. 1), which would also be expected to contribute to local
inflammation within adipose tissue. For instance, subsets of CD4*
T cells are known to secrete cytokines that can inhibit macrophage
recruitment, including IL-4 and IL-10 (ref. 19), whereas regulatory T
cells control adaptive immune responses by suppressing T cells, NK
cells, NKT cells, B cells and dendritic cells®. In addition, regulatory
T cells have also been shown to inhibit proinflammatory activation of
monocytes’! and to inhibit macrophage infiltration and renal injury
in a model of chronic kidney disease?. It is therefore tempting to
speculate that reducing the numbers of CD4" and regulatory T cells
augments the inflammatory response during the late phase of adipose
tissue obesity.

Taken together, our results support the idea that obese adipose
tissue activates CD8* T cells, which, in turn, initiate and propagate
inflammatory cascades, including the recruitment of monocytes and
macrophages into obese adipose tissues and their subsequent differ-
entiation and activation there. Thus, it seems that CD8" T cells have a
primary role in obese adipose tissue inflammation, though future
studies are needed to address which environmental cues within obese
adipose tissue initiate CD8* cell infiltration. Even so, these results
further support the idea that adipose inflammation has a major
impact on systemic metabolism.

METHODS

Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

ilable on the Nature Medicine website.
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ONLINE METHODS

Mice. We obtained Male C57BL/6], ob/ob and Cd8a-deficient mice from
Charles River Japan or Jackson Laboratories. All mice were housed under a
12-h light-dark cycle and allowed free access to food. To examine the time-
course of changes in stromal vascular cell populations in adipose tissue
under conditions of diet-induced obesity, we divided C57BL/6 mice into
two groups and fed either a standard chow diet (6% fat, Oriental Yeast
Company) or a high-fat diet (D12492, 60 Kcal% fat, Research Diets) from
the age of 4 weeks.

To examine the effects of CD8 depletion on the initiation and develop-
ment of adipose inflammation, we started antibody administration before the
establishment of DIO. We fed male C57BL/6 mice a high-fat diet for 8 weeks,
beginning when they were 4-weeks-old, and we intraperitoneally administered
either CD8-specific antibody (3 pg per g body weight, 1 mg ml™! solution,
Biolegend) or control rat IgG (Sigma, 1 mg ml~* PBS solution) weekly over the
same period. We examined the mice at 12 weeks old (Fig. 2 and Supplemen-
tary Fig. 7). We validated depletion of CD8* T cells by antibody as shown in
Supplementary Figure 11.

To assess the effects of CD8 depletion on preestablished adipose inflamma-
tion in DIO mice, we fed C57BL/6 mice a high-fat diet, beginning when they
were 9-weeks-old. Ten weeks later, we randomly assigned the 19-week-old obese
mice to two groups and we intraperitoneally administered either CD8-specific
antibody (120 pg per mouse) or control IgG three times per week for 2 weeks
(total of six administrations). Age-matched lean C57BL/6 mice fed a normal
chow diet served as controls. At 21 weeks, we performed oral glucose and
insulin tolerance tests and then killed the mice for analysis of their adipose
tissue (Fig. 3 and Supplementary Fig. 9).

To assess the effects of CD8-deficient and adoptive transfer of CD8" T cells
on adipose inflammation, we fed CD8a~/~ mice either normal chow or a high-
fat diet for 8 weeks, beginning when they were 6-weeks-old. We intravenously
administered either 5 x 10° splenic CD8* T cells or control PBS weekly over
the same period. We examined the CD8a '~ mice at 14-weeks-old. We prepared
CD8* splenic T cells from 7-week-old C57BL/6 mice (Fig. 4 and Supplemen-
tary Fig. 10). All experiments were approved by the Institutional Committee
for Animal Research of The University of Tokyo and strictly adhered to the
guidelines for animal experiments of The University of Tokyo.

Isolation of the stromal vascular fraction and flow cytometry. We isolated
stromal vascular cells using previously described methods with some modifica-
tions. We killed the mice after general anesthesia after systemic heparinization.
We removed the epididymal and subcutaneous adipose tissues and then minced
it into small pieces (~2 mm). We vigorously agitated the pieces in PBS
supplemented with 1 pg ml™! heparin for 30 s to remove any circulating blood
cells and then centrifuged the suspension at 1,000g for 8 min. We collected
floating pieces of adipose tissue and incubated them for 20 min in collagenase
solution (2 mg ml™! of collagenase type 2 (Worthington) in Tyrode buffer
(containing 137 mM NaCl, 54 mM KCl, 1.8 mM CaCl,, 0.5 mM MgCl,,
0.33 mM NaH,POy, 5 mM HEPES and 5 mM glucose)) with gentle stirring. We
then centrifuged the digested tissue again at 1,000¢ for 8 min. We resuspended
the resultant pellet containing the stromal vascular fraction into PBS and
filtered it through a 70-pm mesh. We washed the cells twice with PBS,
incubated for 10 min in erythrocyte-lysing buffer (Becton Dickinson) as
previously described®, and we finally resuspended them in PBS supplemented
with 3% FBS. We incubated these isolated cells with either labeled mono-
clonal antibody or isotype control antibody (eBioscience and BD Pharmingen)
and analyzed by flow cytometry with a Vantage flow cytometer (Becton
Dickinson) and FlowJo (Tree Star, Inc.) software. We used propidium iodide
(Invitrogen) to exclude dead cells. We validated flow cytometric identifica-
tion of M1 (F4/80*CD11c*) and M2 (F4/80*CD1lc™) macrophages with
CD11c markers as described in the Supplementary Methods and Supple-
mentary Figure 12.

Immunohistochemistry. We stained and visualized whole-mount adipose
tissue as previously described4.

CFSE proliferation assay of CD8* T cells. We isolated splenic CD8* T cells
from 7-week-old C57BL/6 mice and incubated the isolated CD3* CD8* cells
with 5 pM CFSE (CellTrace CFSE Cell Proliferation Kit, Invitrogen). After
staining, we incubated 2 x 10° cells in DMEM supplemented with 3% FBS for
2 d, with or without 20 mg of minced epididymal white adipose tissue prepared
from either 20-week-old lean mice fed a normal chow diet or DIO mice fed a
high-fat diet for 16 weeks. We harvested the CD8" cells and then analyzed them
by flow cytometry to examine the proliferation status.

Differentiation of peripheral blood monocytes into macrophages. We iso-
lated peripheral blood monocytes (CD11bM8%Gr-1~) from lean 7-week-old
C57BL/6 mice. In the lower wells of a 24-well Multiwell Boyden chamber
(Becton Dickinson), we cultured 5 x 10* monocytes per well in DMEM
supplemented with 3% FBS, with or without 10 mg of minced epididymal
adipose tissue prepared from 7-week-old lean mice in the upper wells. Also in
the upper wells, we cultured 5 x 10* CD3*CD8*CD4~ T cells, which we
isolated from epididymal adipose tissues of 20-week-old lean or DIO mice. We
incubated the cells for 7 d, after which the cells in the upper wells were
collected, stained for CD11b, F4/80 and CD68, and assayed by flow cytometry
for the differentiated macrophage fractions (CD11b*F4/80*CDé68*).

Migration of RAW264.7 and peritoneal macrophages. We isolated CD8*
T cells from blood collected from C57BL/B6] mice after cardiac puncture. We
isolated and cultured CD3"CD8" cells were in DMEM supplemented with
3% FBS. To activate CD8* T cells, we cultured the cells with recombinant IL-2
(20 U ml~; Sigma), Dynabeads CD3/CD28 T Cell Expander (a bead-to-cell ratio
of 1:1) and 2-mercaptoethanol (50 uM). After 120 h of culture, we aspirated the
culture medium and performed migration assay using Boyden chambers with
8-um pore inserts (Becton Dickinson). We cultured RAW264.7 and peritoneal
macrophages in the upper wells, and we added the conditioned medium to the
lower wells. We used fresh DMEM supplemented with 5% FBS as a control. To
inhibit MCP-1 activity, we added a neutralizing antibody (5 pg ml~! antibody
to MCP-1, clone 2H5, Biolegend) to the conditioned medium.

TNF-a production in macrophages cocultured with CD8* cells. We isolated
F4/80* CD11b* macrophages from epididymal adipose tissue from lean 7-week-
old C57Bl/B6] mice, and we isolated CD3*CD8*CD4™~ T cells from epididymal
adipose tissue from 20-week-old lean or DIO mice. We then added the adipose
macrophages to the upper wells of a Multiwell Boyden chamber (Becton
Dickinson) (5 x 10* cells per well), and we added the same number of CD8*
T cells to the lower wells, after which we cultured the cells in DMEM supple-
mented with 3% FBS for 7 d. We assessed intracellular production of TNF-c.
by flow cytometry using an intracellular cytokine production detection kit
(Cytofix/Cytoperm Fixation/Permeabilization Solution Kit, BD Pharmingen).

Human subjects. We acquired subcutaneous adipose tissue from healthy female
donors undergoing liposuction of the abdomen or thighs (after obtaining their
consent). We examined expression of CD8a in the tissue. We processed samples
comprised of 1 g of each specimen by digestion with collagenase and then
centrifuged to isolate the stromal vascular fractions. We purified total RNA
using Trizol (Invitrogen) and determined relative mRNA levels using real-time
PCR. This study was approved by the Ethics Committee of The University of
Tokyo Hospital.

Statistical analyses. We expressed the results as means + sem. We
determined the statistical significance of differences between two groups using
Student’s ¢ tests, and we evaluated differences among three groups by analysis of
variance followed by post-hoc Bonferroni tests. Values of P < 0.05 were
considered significant.
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Evidence That Integrin allbB3-dependent Interaction of Mast
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Integrin odIbB3 is expressed in mast cells as well as in
megakaryocytes/platelets. A recent study has shown that sur-
face expression levels of integrin aV 83 are elevated in integrin
allb-deficient bone marrow-derived mast cells (BMMCs) as
compared with wild-type (WT) counterparts, but the underly-
ing mechanism remains obscure. Here we demonstrate by trans-
ducing integrin olIb into integrin allb-deficient BMMCs that
surface expression levels of integrin &V 83 are inversely related
to those of integrin «IIbg3. Thus, competitive association of
integrin B3 with integrin odIb or integrin &V determines surface
expression levels of integrin allbB3 or VB3 in mast cells. We
compared WT and integrin allb-deficient BMMCs as well
as integrin allb-deficient BMMCs transduced with integrin
alIb(WT) or non-functional allb(D163A) mutant and found
that enhancement of proliferation, degranulation, cytokine pro-
duction, and migration of BMMCs through interaction with
fibrinogen (FB) depended on integrin aIIbg3. In addition, ele-
vated surface expression of integrin V3 failed to compensate
for loss of FB-associated functions in integrin allb-deficient
BMMCs while enhancing adhesion to vitronectin or von Will-
ebrand factor. Importantly, integrin ollb deficiency strongly
suppressed chronic inflammation with the remarkable increase
of mast cells induced by continuous intraperitoneal administra-
tion of FB, although it did not affect acute allergic responses
or mast cell numbers in tissues in steady states. Interestingly,
soluble FB promoted cytokine production of BMMCs in re-
sponse to Staphylococcus aureus with FB-binding capacity,
through integrin allbg3-dependent recognition of this patho-
gen. Collectively, integrin allbB3 in mast cells plays an impor-
tant part in FB-associated, chronic inflammation and innate
immune responses.

Mast cells play a critical role in IgE-associated allergic disor-
ders, but recent advances have delineated the involvement of
mast cells in IgE-independent physiological and pathological
processes, including certain innate immune responses. In fact,
various stimuli, in addition to IgE and specific antigens, can
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activate mast cells to release a diverse array of preformed and
newly synthesized pro-inflammatory mediators such as hista-
mine, lipids, cytokines, and chemokines (1-4). Although mast
cell numbers and activation in tissues are closely related to mast
cell-mediated immunity, the underlying mechanism remains
incompletely understood. As one of the key phenomena, mast
cells interact with the extracellular matrix (ECM)? through
integrins composed of two subunits (« and f3), thereby regulat-
ing mast cell functions. As previously reported (5-9), integrins
a41and o531, or integrin aV B3, expressed in mast cells medi-
ate binding to fibronectin (FN) or vitronectin (VN), respec-
tively. Interestingly, integrin o437 is involved in intestinal
homing of mast cell progenitors via interaction with mucosal
vascular addressin cell adhesion molecule-1 (10). In view of the
implication of mast cell integrins in innate immunity, integrin
a2l expressed in peritoneal mast cells is required for the
induction of inflammatory responses to infection (11). In addi-
tion, integrin oV 36 is essential for nematode-induced mucosal
mast cell hyperplasia and for expression of the granule chymase
(12).

Integrin ollb, also known as CD41, which forms a complex
with integrin (33, is a well known marker of the megakaryocyte/
platelet lineage. Integrin ollbg3 is required for normal platelet
hemostatic function (13-17). Previously, we reported that inte-
grin olIbB3 is also highly expressed in mast cells (9, 18). In
addition, we demonstrated that mast cell interaction with
fibrinogen (FB) via integrin olIb33 enhances in vitro mast cell
functions, by using a blocking Ab specific for integrin «IIb (9).
On the other hand, higher surface expression levels of integrin
aV and enhanced adhesion to VN were found in integrin aIlb-
deficient BMMCs as compared with wild-type (WT) counter-
parts (18), suggesting that integrin olIb and integrin &V coun-
ter-regulate their surface expression levels and functions in
mast cells. Therefore, we attempted to carefully analyze the
regulatory mechanisms by utilizing retroviral transduction
with integrin olIb WT or non-functional mutant into integrin
allb-deficient BMMCs.

2 The abbreviations used are: ECM, extracellular matrix; BMMCs, bone mar-
row-derived mast cells; FB, fibrinogen; FN, fibronectin; SA, fixed S. aureus
Cowan |; PCA, passive cutaneous allergic reaction; SCF, stem cell factor; VN,
vitronectin; VWF, von Willebrand factor; WT, wild type; Ab, antibody; mAb,
monoclonal antibody; IL-3, interleukin-3; BSA, bovine serum albumin; PBS,
phosphate-buffered saline; LPS, lipopolysaccharide; TNP, trinitrophenol;
DNP, dinitrophenol; WT, wild type; KO, knockout.
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Mast-cell Integrin allbf33-dependent Chronic Inflammation

FB abundant in plasma contributes to blood clotting (19). In
addition, FB as well as its degradation product fibrin are also
present in ECM outside blood vessels, where they play impor-
tant roles in inflammation and wound healing through recruit-
ment and activation of inflammatory cells expressing FB-bind-
ing receptors (19 -22). Interestingly, surface proteins that bind
to FB are also expressed by several types of bacteria, such as
Staphylococcus aureus and Streptococcus pyogenes, which mod-
ulate immune responses to bacterial infections (23-25).

In the present study, we showed that integrin oIIb expression
levels regulate surface expression levels of integrin oV 33 as well
as integrin olIbf3 in mast cells and that mast cell functions
augmented by interaction with FB are dependent on integrin
ollbB3 and independent of integrin V3. In accordance, inte-
grin ollb deficiency strongly suppressed FB-induced chronic
inflammation. Notably, the interaction with soluble FB via inte-
grin oIIb33 helps mast cells recognize and respond to S, aureus
(Cowan I) with FB-binding capacity. Thus, integrin olIbg3 in
mast cells modulates FB-associated, chronic inflammation and
innate immune responses.

EXPERIMENTAL PROCEDURES

Mice—All experimental mice were sex- and age-matched
(616 weeks old). Balb/c mice were purchased from Charles
River Japan (Tokyo, Japan). Integrin allb ™/~ mice were gener-
ated as described previously (14) and backcrossed to Balb/c
mice for at least six generations. Animal studies were per-
formed according to the guidelines of the animal care commit-
tee of the Institute of Medical Science, University of Tokyo.

Antibodies and Other Materials—Source of antibodies (Abs)
were as follows: anti-mouse integrin allbf3 mAb (1B5) was a
kind gift from Dr. B. S. Coller (Rockefeller University, New
York, NY) (26). Anti-mouse integrin 'V (8B3) and anti-mouse
integrin 83 (8B11) mAbs were kind gifts from Drs. D. J. Gerber
and S. Tonegawa (Picower Center, Massachusetts Institute
of Technology, Boston, MA) (27). Anti-dinitrophenol (DNP)
IgE (SPE-7) was from Sigma. Anti-trinitrophenol (TNP) IgE
(C38-2), anti-mouse allb (MWReg30), anti-mouse oV (RMV-7
and H9.2B8), anti-mouse o4 (9C10), anti-mouse o5 (5H10-27),
anti-mouse LFA1 (M17/4), anti-mouse 1 (Ha2/5), anti-mouse (32
(GAME-46), and anti-aV33 (2C9.G2) mAbs and other Abs were
from BD Pharmingen. Cytokines such as mouse IL-3 and SCF
were obtained from R&D Systems. Bovine serum VN and TNP-
conjugated BSA (TNP-BSA) were from Sigma. Human plasma FB
and von Willebrand factor (VWF) were from Chemicon. Formalin-
fixed S. aureus Cowan I was purchased from Calbiochem.

Cells—To generate BMMCs with 95% purity (c-kit* /FceRI *
by flow cytometry), bone marrow cells from 6-week-old male
mice were cultured for 5-8 weeks in the presence of 10
ng/ml IL-3 with or without 20 ng/ml SCF as described pre-
viously (9, 28).

DNA Constructs, Transfection, and Infection—To generate
mouse integrin alIb(D163A) mutant, two-step PCR mutagen-
esis was performed by using mouse integrin oIlb wild-type
(WT) <DNA (provided by Dr. R. B. Basani, Children’s Hospital
of Philadelphia, PA) as a template. Retroviral transfection was
as described in a previous study (29). Briefly, integrin olIb(WT)
or ollb(D163A) mutant ¢cDNA was subcloned into pMXs-
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IRES-puro” (pMXs-IP) to generate pMXs-IP-integrin olIb(WT)
or ollb(D163A), respectively. To generate recombinant retrovi-
ruses, pMXs-IP plasmids were transfected into PLAT-E packaging
cells (30) with FuGENE 6 (Roche Diagnostics). Cells were infected
with retroviruses in the presence of 10 ug/ml Polybrene. Selection
with puromycin was started 48 h after infection.

Flow Cytometric Analysis—Cells were stained as described
before (9, 28). Cells stained with the indicated Abs were ana-
lyzed with a FACSCalibur equipped with CellQuest software
(BD Biosciences) and Flowjo software (Tree Star).

Adhesion Assay and Migration Assay——Adhesion assay was
done as described (6, 9). In brief, 96-well plates were coated
with 20 ug/ml FB, FN, VN, or vWF. BMMCs resuspended at
5 X 10° cells/ml were transferred into coated wells with or
without stimulant for 1 h at 37 °C. After washing, cell adhesion
was quantitated using CellTiter-Glo™ (Promega, Madison,
WI) and a Micro Lumat Plus luminometer (EG&G Berthold),
according to the manufacturer’s instructions. In assays using
blocking Abs, BMMCs were preincubated with 20 pg/ml Abs
for 1 h before adding the cells to the plate. Migration assays
were carried out as described (7, 9), using 24-well Transwell
chambers with 5-um polycarbonate filters (Corning).

Measurement of Cytokines—The cells were transferred into
FB-coated 96-well plates (1 X 10* cells/well) with or without
stimulants. After incubating for 12 h at 37 °C, the supernatant
of each well was collected, and the concentration of IL-6 or
TNF-a was quantified by enzyme-linked immunosorbent assay
with OptiEIA for IL-6 or TNF-a (BD Pharmingen) as described
(9, 28).

B-Hexosaminidase Release Assay—p-Hexosaminidase release
assay was as described before (31). Briefly, 5 X 10* cells of IgE-
sensitized BMMCs in Tyrode buffer (10 mm HEPES buffer (pH
7.4), 130 mm NaCl, 5 mm KCl, and 5.6 mM glucose) containing
0.1% BSA, 1 mm CaCl,, and 0.5 mm MgCl, were stimulated with
the indicated concentration of TNP-BSA in BSA- or FB-coated
96-well plates for 1 h at 37 °C. Cell supernatants and total
cell lysates solubilized with 1% Nonidet P-40 were collected,
and B-hexosaminidase in the supernatants and cell lysates
was quantified by spectrophotometric analysis of hydrolysis
of p-nitrophenyl-N-acetyl-B-p-glucopyranoside (Sigma). The
percentage of 3-hexosaminidase release was calculated.

PCA Reactions—Passive cutaneous anaphylactic (PCA) reac-
tions were performed as described (32-34). Briefly, anti-DNP
IgE was intradermally injected into the ears of mice. After 24 h,
250 pg of DNP-BSA and 0.5% Evans blue dye was intravenously
injected. The amounts of extravasated dye were measured after
30 min by extracting ears. In another type of experiment, mice
received anti-DNP IgE intravenously. After 24 h, a skin reaction
was elicited by applying 0.75% dinitrofluorobenzene acetone-
olive oil solution to both sides of the ears. The reaction was
assessed by measuring the ear thickness 1 h and 12 h after anti-
gen challenge.

FB-induced Chronic Inflammation Model—200 ul of 0.5
mg/ml FB or PBS was intraperitoneally injected into WT or
integrin oIIb™ /" mice every 2 days. After 1 month, total peri-
toneal cells of the sacrificed mice were collected by using 3 ml of
PBS. Total cell numbers were counted by using a hemocytom-
eter; the percentages of mast cells (c-kit* /FceRI™), granulo-
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Mast-cell Integrin allbf33-dependent Chronic Inflammation

cytes (Gr-1"8"/CD11b "), and macrophages (F4/80™) were cal-
culated by fluorescence-activated cell sorting analysis.

Responses to Fixed S. aureus Cowan I in BMMCs—Fixed S.
aureus Cowan I (SA) purchased from Calbiochem was stained
with Cell Tracker Orange (Molecular Probes). Five X 10*
BMMC:s suspended in 10% BSA/Tyrode buffer were incubated
with SA in the presence or absence of 0.5 mg/ml soluble FB in
BSA-coated 96-well plates for 2 h. The interaction between
mast cells and SA was observed by using a fluorescence micro-
scope. After the supernatant of each well was collected, bacte-
rial cells were removed with a 0.22-um filter. Cytokine concen-
trations in the supernatants were quantified by enzyme-linked
immunosorbent assay.

Quantitation of Tissue Mast Cells—Tissue mast cells in ear
skin, back skin, peritoneal wall, and intestine were quantified by
light microscopy at X400 by an observer who was unaware of
the identity (i.e. mouse genotype) of the individual specimens,
in Giemsa-stained sections, as previously described (28, 35, 36).
Results were expressed as mast cells (mean + S.E.) per mm?>.

Statistical Analysis—Data are shown as the mean + S.D. Sta-
tistical significance was determined by Student’s ¢ test, with p <
0.01 (**) and p < 0.05 (*) taken as being statistically significant.

RESULTS

Surface Expression Levels of Integrin oV Are Elevated in Inte-
grin allb-deficient BMMCs—To investigate the role of integrin
olIb in mast cells, bone marrow cells from WT and integrin
allb™/~ mice were cultured in the presence of IL-3 for 5 weeks
to generate comparable numbers of morphologically pure
(>95%) mast cells. BMMCs from WT and integrin ollb™’~
Balb/c mice exhibited similar levels of FceRI and c-kit on their
cell surfaces as determined by flow cytometry (Fig. 14). In addi-
tion, proliferative responses to IL-3 as well as apoptosis induced
by growth factor (IL-3) deprivation were comparable between
both BMMC:s (Fig. 1, C and D). Thus, integrin allb deficiency
did not affect Balb/c mice-derived mast cell development and
growth in suspension culture, as previously reported in
C57BL/6 mice (18). Moreover, when IgE-sensitized BMMCs
were stimulated with the indicated doses of antigen, we found
comparable levels of B-hexosaminidase release and cytokine
(IL-6 and TNF-a) production (Fig. 1, E and F, and data not
shown). This also suggested that integrin allb deficiency did
not modulate FceRI signaling in suspension culture of mast
cells. However, in keeping with previous findings (18), we con-
firmed the striking differences between the two cell types: sur-
face expression levels of integrin aV and integrin «V33 were
10-fold higher in integrin olIb-deficient BMMCs as compared
with WT counterparts, despite comparable expression levels of
other integrins such as integrins o4, a5, and 81, and no detect-
able expression of integrin 32 in either BMMC (Fig. 1E). Col-
lectively, these results led us to postulate that integrin olIb defi-
ciency influenced mast cell functions through interaction with
ECM.

Surface Expression Levels of Integrin oV Are Inversely Corre-
lated with Those of Integrin allb—We next investigated the
mechanism by which surface expression levels of integrin oV
were elevated in integrin allb-deficient BMMCs. As previously
reported (18), mRNA levels of integrin oV and integrin 33 were
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comparable between WT and integrin allb-deficient BMMCs
(data not shown), suggesting the post-translational regulation
of surface expression levels of integrin V in BMMCs. Because
integrin 33 forms a complex with integrin oIIb or integrin aV,
we hypothesized that integrin oV competed with integrin allb
in the association with integrin 83. To test this, integrin ollb-
deficient BMMCs were retrovirally transduced with integrin
allb WT or mock. Notably, flow cytometric analysis demon-
strated that transduction with integrin olIb(WT) strongly
down-regulated surface expression of integrin oV in integrin
allb-deficient BMMCs (Fig. 24). In addition, integrin ollb-
(D163A) mutant (37), which lost the capacity to bind to FB, was
transduced into integrin allb-deficient BMMCs. Consistent
with a previous report (37), surface expression levels of integrin
allb(D163A) mutant were weaker than those of integrin
oIIb(WT) in the transduced cells. In proportion to less induc-
tion of integrin alIb(D163A), surface expression levels of inte-
grin oV in integrin olIb(D163A) mutant-transduced cells were
less down-regulated as compared with those in integrin
oIIb(WT)-transduced BMMCs (Fig. 2A). Furthermore, similar
experiments were performed using murine T cell lymphoma
cell line BW5147, which originally expressed integrin oV 33 but
not integrin olIbB3. As shown in Fig. 2B, transduction with
integrin olIb(WT) into BW5147 cells down-regulated surface
expression of integrin aV to a greater degree as compared with
transduction with integrin alIb(D163A) mutant. Collectively,
surface expression levels of integrin aV were inversely related
to those of integrin allb, and even non-functional integrin allb
competed with integrin aV for integrin [33.

Reduced Adhesion to FB and Enhanced Adhesion to VN and
vWF in Integrin ollb-deficient BMMCs—Next, we examined
the effects of integrin olIb deficiency on mast-cell adhesion to
ECM proteins such as FN, FB, VN, and vWF. IgE stimulation-
dependent adhesion to FB was strongly suppressed in integrin
allb-deficient BMMCs, whereas adhesion to VN or vWF was
drastically enhanced in integrin allb-deficient BMMCs, pre-
sumably because of increased surface expression of integrin
VB3 in integrin allb-deficient BMMCs when compared with
WT BMMCs (Fig. 34). On the other hand, integrin olIb defi-
ciency did not significantly affect the adhesion to FN (Fig. 34).
In addition, we examined the inhibitory effect of pretreat-
ment with blocking Abs against integrin oIIbB3 or integrin
aV B3 on mast-cell adhesion to ECM proteins, confirming
that, in WT BMMCs, the binding to FB, VN, or vIWF was
dependent on integrin allbg3, integrin oV 33, or both (Fig.
3B). Similar experiments were also performed with regard to
integrin allb-deficient BMMCs, demonstrating that pre-
treatment with blocking Abs against integrin «V dampened
IgE stimulation-dependent strong adhesion to VN or vIWF as
well as weak adhesion to FB, whereas it did not affect the
adhesion to FN (Fig. 3B). In contrast, pretreatment with
blocking Ab for integrin allb did not reduce the adhesive
property at all (Fig. 3B). Collectively, these results suggested
that elevated surface expression levels of integrin VB3 in
allb-deficient BMMCs enhanced the adhesion to VN or
vWF, but it did not compensate for the defective adhesion to
FB owing to integrin allbB3 deficiency.
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FIGURE 1. Functional analysis of WT and integrin alib-deficient BMMCs in in vitro suspension culture. A and B, surface expression levels of FceRl and c-kit
as well as several integrins such as integrin allb, aV, aV 33, a4, ¢S5, 31, and 32 in WT and integrin allb-deficient BMMCs. Mean fluorescent intensities of staining
were indicated. Data are representative of three independent experiments. C, in vitro growth curves of bone marrow cells derived from WT and integrin
allb-deficient mice. Numbers of trypan blue-excluding cells in bone marrow cell cultures in IL-3-containing medium were counted weekly. Data are repre-
sentative of three independent experiments. All data points correspond to the mean = $.D. D, IL-3 deprivation-induced apoptosis of WT and integrin
allb-deficient BMMCs. Percentage of annexin V-positive cells after 48 h was measured by flow cytometric analysis. Data represent three independent exper-
iments. All data points correspond to the mean = S.D. £ and F, after IgE-sensitized WT and integrin allb-deficient BMMCs were stimulated with the indicated
concentrations of antigen for 50 min or 24 h, the amounts of 3-hexosaminidase (£) or IL-6 (F), respectively, released into medium were measured. Data
represent three independent experiments. All data points correspond to the mean =+ S.D.

31466 JOURNAL OF BIOLOGICAL CHEMISTRY BEHEO\  VOLUME 284-NUMBER 45-NOVEMBER 6, 2009

11A7 A £o1IA1 1IN ‘SIAINSIAL NHD TIIMDAT | IBAAIN IN1 1IT11BA BHANMA T 1B Rtn ani-aAARAR 1110 11 NONDAN RN



Mast-cell Integrin allb33-dependent Chronic Inflammation

4 Integrin allb-KO BMMC

Mock Integrin allb

(WwT)

Integrin allb
(D163A)

specific ligand for integrin allbf3.
Moreover, it was found in WT,
but not integrin allb-deficient,
BMMCs that SCF-stimulated mast-cell
proliferation was accelerated in FB-

100 100

6.01

g&gese
8528

oB83E

0
1

10.05

10" 102 10° 10* (1’0" 10" 102 10° 10* 16“10‘ 10% 10° 10*

coated plates as compared with
BSA-coated plates (Fig. 4A4). Simi-
larly, when stimulated by IgE plus
antigen, WT, but not integrin
allb-deficient, BMMCs enhanced
B-hexosaminidase release and cyto-
kine (IL-6 and TNF-a) production
through interaction with FB (Fig. 4,

Integrin allb

100 236.14 |1 81

'\‘
|

BEZEE

B-D). Altogether, integrin ollbf3
plays crucial roles in enhancing
mast-cell functions through inter-
action with FB.

Transduction with Integrin ollb-
(WT), but Not Integrin ollb(D163A)

Integrin aV

~oB888E8E
oBE8E

B BW5147

Mock Integrin allb

0'510; 10210%10* 10510' 102103104 ?o°1o‘ 10210° 104

Integrin allb
(D163A)

Mutant, into Integrin ollb-deficient
BMMCs Recovered Mast Cell Func-
tions through Interaction with FB—
To further reduce the possibility
that enhanced expression levels of
integrin oV B3 modulated mast-cell

b 9.60

BEZER

S

(WT)
oo
801 /!_
60 |
40
20]

/)
Y\

16.56

functions through interaction with
FB, we performed similar experi-
ments on adhesion and cytokine
production in integrin olIb-defi-

Integrin olib cient BMMCs transduced with

00
80
60
4 |
20 |
A

‘,: 3

10

=G

%

o® 10" 102 10° 10* 10" 10" 10 10 10"

10210° 10*

integrin oIIb(WT), integrin ollb-
(D163A) mutant, or mock. As

b

8888

100

100 ‘g

\{1058.1 68.17

-
558

]
1
| o
=
,«; .
| 20 A

1 =

|

75 depicted in Fig. 5A4, transduction
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mented the adhesion to FB as com-
pared with transduction with mock.
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staining were indicated. Data represent three independent experiments.

Enhancement of Migration, Proliferation, Degranulation,and
Cytokine Production of BMMCs through Interaction with FB Is
Dependent on Integrin allb—We next examined the effect of
integrin allb deficiency on mast-cell functions through inter-
action with FB. As previously reported, SCF induced migration
of WT BMMCs when the lower membranes of the Transwells
were pre-coated with FB, FN, or VN. Comparison of the migrat-
ing cell numbers between WT and integrin allb-deficient
BMMCs revealed that integrin olIb deficiency strongly dimin-
ished or enhanced the migration of BMMCs through interac-
tion with FB or VN, respectively, whereas it did not affect mast
cell migration through interaction with FN (Fig. 3C). These
results also suggested that, in integrin allb-deficient BMMCs,
both the adhesive and migratory ability were altered toward
integrin VB33, whereas there was little interaction with FB, a
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FIGURE 2. Elevated surface expression levels of integrin aV in integrin allb-deficient BMMCs were
reduced by transduction with integrin allb. A and B, integrin allb-deficient BMMCs (A) or BW5147 cells (B)
were transduced with integrin allb(WT), «llb(D163A) mutant, or mock. Surface expression levels of integrin
allb or integrin aV in these transfectants were analyzed by flow cytometry. Mean fluorescent intensities of

On the other hand, transduction
with integrin olIb(D163A) as well as
integrin aIIb(WT) diminished the
adhesion to VN, with the degree of
the former being a little lower than
that of the latter, which was consist-
ent with surface expression levels of integrin aV33 in integrin
allb-deficient BMMCs transduced with integrin aIIb(WT) and
(D163A) mutant (Fig. 2A4). Moreover, transduction with inte-
grin allb(WT), but not integrin olIb(D163A), induced the
enhancement of cytokine production through interaction with
FB in integrin allb-deficient BMMCs (Fig. 5B). Collectively,
these results definitively confirmed that enhanced mast cell
functions through interaction with FB were dependent on inte-
grin oIIbB3 but not integrin oV 33.

Integrin allb Deficiency Affected Neither Tissue Mast Cell
Numbers in Steady States nor Mast Cell-mediated Acute Aller-
gic Reactions—Because enhanced proliferation and migration
of BMMCs through interaction with FB were suppressed by
integrin allb deficiency, we compared the quantity of tissue
mast cells in WT and in integrin olIb™ /" mice. Microscopic
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FIGURE 3. Enhanced adhesion to VN or vWF and deteriorated adhesion to FB in integrin allb-deficient
BMMCs. A, WT and integrin allb-deficient BMMCs were incubated with or without 5 pug/ml SPE-7 IgE in FN-, FB-,
VN-, or vWF-coated plates. Percentage of adherent cells was measured. Data are representative of three inde-
pendent experiments. All data points correspond to the mean == S.D. ** (p < 0.01) and * (p < 0.05) indicate
statistical differences. B, pretreatment with blocking Ab for integrin allb or integrin aV inhibited to various
degrees the adhesion of WT- or integrin allb-deficient BMMCs stimulated by 5 pg/ml IgE in FN-, FB-, VN-, or
VWF-coated plates. Percentage of inhibition was measured. Data are representative of three independent
experiments. All data points correspond to the mean = S.D. C, WT or integrin allb-deficient BMMCs in the
upper wells were attracted by 100 ng/ml SCFin the lower wells through BSA-, FB-, FN-, or VN-coated Transwells.
Migrated cells were counted. Data represent three independent experiments. All data points correspond to the
mean * S.D. ** (p < 0.01) indicates statistical differences.

ent interaction with FB (Fig. 4,
B-D). These results indicated that
integrin olIbB3 was not involved in
tissue mast-cell numbers and distri-
butions in steady states or IgE-me-
diated acute allergic responses.
Integrin  ollb Deficiency Sup-
pressed Peritoneal Chronic Inflam-
mation with a Remarkable Increase
of Mast Cells Induced by Repetitive
Intraperitoneal FB Administration—
We next asked whether integrin
olIb deficiency influenced chronic
inflammation with extravascular FB
and fibrin deposition. To explore
the direct effects of FB, we adopted
FB-induced chronic inflammation
models where FB was administered
into peritoneal cavities every other
day. After 1 month, we counted
total peritoneal cell numbers and
estimated cell populations by flow
cytometric analysis. In steady states
before the stimulation, we found no
significant differences in total peri-
toneal cell numbers or in mast cell
numbers between WT and integrin
alIb™’" mice (Fig. 64 and data not
shown). Interestingly, repetitive in-
traperitoneal injection of FB, but
not PBS as a control, induced severe
chronic inflammation with a re-
markable increase of mast cells as
well as total inflammatory cells in
the peritoneal cavities of WT mice
(Fig. 6, A and B). Thus, an FB-in-
duced chronic inflammation model
was established. Intriguingly, inte-
grin oIlb deficiency strongly sup-
pressed the number of mast cells as
well as the total number of inflam-
matory cells in the peritoneal cavi-
ties (Fig. 6, A and B), although the
percentages of granulocytes and
macrophages were not significantly
different in the WT and integrin
ollb™ " mice (Fig. 6B, right panel).
Considering the i1 vitro roles of
mast cell integrin oIl 33-FB interac-

analysis demonstrated that mast-cell numbers in the ear skin,
back skin, peritoneum wall, and small intestine were not differ-
ent in these mice (Table 1). Based on this, we addressed the
question of whether tissue FB extravasated by acute inflamma-
tion modulated mast cell-associated allergic reactions of WT
and integrin olIb™/~ mice. However, no significant difference
of two types of PCA reaction was observed in these mice (data
not shown), despite enhanced in vitro degranulation and cyto-
kine production of mast cells through integrin olIbg3-depend-

31468 JOURNAL OF BIOLOGICAL CHEMISTRY

tion, these results strongly suggested that in vivo FB-induced
chronic inflammation was largely dependent on integrin
olIbB3 in mast cells, although the effect of few, if any, platelets
in the peritoneal cavities on this phenomenon was not com-
pletely ruled out. In addition, we found comparable numbers of
inflammatory cells in WT and integrin allb-deficient mice 24 h
after single dose of FB injection (data not shown). Therefore,
FB-induced chronic inflammation required continuous admin-
istration of FB. Collectively, integrin oIIbg3in mast cells played
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FIGURE 4. Enhanced proliferation, degranulatlon, and cytokine produc-
tion of WT, but not integrin allb-deficient, BMMCs through interaction
with FB. A, cell numbers of WT or integrin allb-deficient BMMCs stimulated
by 10 ng/ml IL-3 plus 100 ng/ml SCF for 5 days in BSA- or FB-coated plates.
B, B-hexosaminidase release of IgE-sensitized WT or integrin allb-deficient
BMMCs stimulated by 30 ng/ml TNP-BSA for 60 min in BSA- or FB-coated
plates. C and D, IL-6 (C) and TNF-« (D) production of IgE-sensitized WT or
integrin allb-deficient BMMCs stimulated by 30 ng/m| TNP-BSA for 16 h in
BSA- or FB-coated plates. All data are representative of four independent
experiments. All data points correspond to the mean + S.D. * (p < 0.05)
indicates statistical differences.

an important role in FB-mediated chronic, but not acute,
inflammatory responses.

Soluble FB Enhanced Cytokine Production of W1, but Not
Integrin allb-deficient BMMCs, in Response to S. aureus Cowarn I
with FB-binding Capacity—As previously reported, mast cells
adhered to soluble FB as well as plate-coated FB via integrin
allb 3. Because soluble FB is bound by certain types of bacteria
such as S. aureus (Cowan I), the immune cells expressing
FB-binding receptors are thought to modulate the immune
responses to these pathogens (23-25). We then investigated
whether soluble FB influenced the response of mast cells to
S. aureus (Cowan I). When WT or integrin ollb-deficient
BMMCs were incubated with S. aureus (Cowan I) for 2 h in the
presence of soluble FB, fluorescent microscopic analysis dem-
onstrated that WT, but not integrin collb-deficient, BMMCs
were completely surrounded by aggregated S. aureus (Cowan I)
probably through interaction with soluble FB (Fig. 7A). On
the other hand, BMMCs were not apparently covered with S.
aureus (Cowan I) in the absence of soluble FB. These results
suggested that integrin ollbpB3-dependent interaction of
BMMCs with S. aureus (Cowan I) via soluble FB probably
helped mast cells recognize this pathogen. Moreover, IL-6
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FIGURE 5. Transduction with integrin alib(WT) enhanced or suppressed
the adhesion to FB or VN, respectively, in integrin allb-deficient BMMCs.
A, integrin ollb-deficient BMMCs transduced with integrin allb(WT),
allb(D163A) mutant, or mock were incubated with 5 ug/ml SPE-7 IgE for 60
min in FB- or VN-coated plates. The percentage of adherent cells was meas-
ured. Data are representative of three independent experiments. All data
points correspond to the mean = S.D. ** (p < 0.01) and * (p < 0.05) indicate
statistical differences. B, integrin allb-deficient BMMCs transduced with inte-
grin allb(WT), allb(D163A) mutant, or mock were incubated with 5 ug/ml
SPE-7 IgE for 16 h in FB-coated plates. The amounts of IL-6 released into
medium were measured. Data are representative of three independent
experiments. All data points correspond to the mean = SD. * (p < 0.05)
indicates statistical differences.

TABLE 1

Numbers of mast cells in ear skin, back skin, peritoneum wall, and
small intestine

Numbers of mast cells per ten randomly selected high power fields were determined

under light microscopy. Results are the mean values * S.E. for four mice/group.
WT, wild type; KO, knockout.

Tissue wT KO
Ear skin 112 % 107 109 = 3.2
Back skin 29.7 + 23 41.3 = 13
Peritoneum wall 93+ 50 102
Small intestine 53%33 6+ 3.0

released into each supernatant was quantified by enzyme-
linked immunosorbent assay, demonstrating that soluble FB-
induced enhancement of IL-6 production was observed onlyin
WT, but not integrin allb-deficient, BMMCs in response to S.
aureus (Cowan I) (Fig. 7B). To examine the specificity of this
phenomenon, similar experiments were performed using Esch-
erichia coli without FB-binding capacity. As shown in Fig. 7B,
soluble FB-dependent enhancement of IL-6 production of
BMMC:s stimulated by E. coli was not observed irrespective of
integrin olIb expression, suggesting that soluble FB induced the
enhancement of cytokine production of BMMCs in response to
bacteria with, but not without, FB-binding capacity. Because
Toll-like receptors primarily play an important part in the rec-
ognition of and response to bacteria (3), we also asked if soluble
FB or immobilized FB enhanced cytokine production of both
BMMCs stimulated by LPS, a Toll-like receptor 4 agonist. As
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FIGURE 6. Repetitive injection of FB into peritoneal cavities induced
chronic inflammation more severely in WT mice in comparison to inte-
grin allb-deficient mice. A, peritoneal mast cell numbers of WT and integrin
allb-deficient mice before (left panel) and after (right panel) FB injection.
B, total peritoneal cell numbers (left panel) and cell populations (right panel) of
WT and integrin «llb-deficient mice after continuous intraperitoneal inocula-
tion of FB or PBS for 1 month (n = 5/genotype). All data points correspond to
the mean * S.D. ¥* (p < 0.01) indicates statistical differences.

depicted in Fig. 7 (B and C), soluble FB did not affect IL-6
production of either WT or integrin ollb-deficient BMMCs
stimulated by LPS, whereas immobilized FB enhanced IL-6
production of WT, but not integrin allb-deficient, BMMCs
stimulated by LPS. These results suggested the synergism of
Toll-like receptor 4 signaling and integrin ollIbg3 signaling
through interaction with immobilized FB, but not scluble
FB. Altogether, soluble FB enhances the cytokine production
of BMMC:s in responses to S. aureus (Cowan I), probably
because mast cell-soluble FB-S. aureus (Cowan I) complex
formation promoted the quick and tight recognition of this
pathogen by mast cells.

DISCUSSION

In a previous study, we found that integrin allbg3 is highly
expressed in mast cells, in addition to the megakaryocyte/plate-
let lineage and a subset of hematopoietic progenitors (9, 14, 18).
Experiments using blocking Abs specific for integrins demon-
strated that adhesion to FB, VN, or vWF was mediated through
integrin ollbf3, integrin oV 33, or both, respectively (9). In the
follow-up study, we first paid attention to the interesting results
shown by Berlanga O et al. that integrin allb-deficient BMMCs
displayed extremely higher surface expression levels of integrin
aV B3 as compared with WT counterparts (18). Because coun-
ter-regulation of integrin olIb3 and integrin «Vj33 on their
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FIGURE 7. Soluble FB enhanced cytokine production of WT, but not inte-
grin allb-deficient, BMMCs in response to S. aureus with FB-binding
capacity. A, WT or integrin allb-deficient BMMCs were incubated with heat-
killed S. aureus labeled by Cell Tracker Orange in the presence or absence of
500 pg/mlsoluble FBfor 2 h. WT, but not integrin allb-deficient, BMMCs were
covered with SA aggregates in the presence of soluble FB (arrowhead). B, WT
or integrin allb-deficient BMMCs were incubated with 100 ng/ml LPS, 100
pg/mlheat-killed £, coli, 100 wg/ml S. aureus, or PBS as control in the presence
or absence of 500 ug/ml soluble FB for 8 h. The ratio of the amounts of IL-6
released in the presence of soluble FB to those of IL-6 in the absence of solu-
ble FB was measured. Data are representative of three independent experi-
ments. All data points correspond to the mean == S.D. ** (p < 0.01) indicates
statistical differences. C, WT or integrin allb-deficient BMMCs were incubated
with the indicated concentrations of LPS in FB- or BSA-coated plates. Data
represent three independent experiments. All data points correspond to the
mean = S.D.* (p < 0.05) indicate statistical differences.

100

surface expression levels might affect in vivo functions of inte-
grin olIbf3 in mast cells, we attempted to delineate the under-
lying mechanism. Our hypothesis that integrin ollb competed
withintegrin oV in heterodimerization with integrin 83 in mast
cells was illustrated by experimental results as follows: retrovi-
ral transduction with integrin alIb(WT) into integrin ollb-de-
ficient BMMCs reduced surface expression of integrin oV 33 at
levels comparable to those in WT BMMCs (Fig. 24). In addi-
tion, transduction with integrin oIlb(D163A) mutant led to
less reduction in surface expression levels of integrin aVp3
together with less induction in those of integrin ollbA3 in inte-
grin allb-deficient BMMCs. Thus, surface expression levels of
integrin VB3 were conversely related to those of integrin
olIbB3 in mast cells (Fig. 24). Notably, this phenomena was
true for BW5147 cells transduced with integrin oIIb(WT) or
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Mast-cell Integrin allb33-dependent Chronic Inflammation

alIb(D163A) mutant (Fig. 2B). However, integrin ollb defi-
ciency did not affect surface expression levels of integrin V33
in platelets (data not shown). These results suggested that reg-
ulatory mechanisms on surface expression levels of integrin
aV B3 differed between mast cells and platelets. One possible
explanation is as follows: integrin olIb deficiency might fail to
influence surface expression levels of integrin oV 3 if integrin
33 expression were sufficient in platelets, whereas it might pro-
mote the association of integrin oV with integrin 83 if integrin
B3 expression were insufficient in mast cells. Further examina-
tion is necessary to fully understand the mechanism. Impor-
tantly, all the functional analyses (Figs. 2—4) showed that higher
surface expression levels of integrin V33 in integrin oIIb-de-
ficient BMMCs enhanced adhesion to VN or vWF but did not
compensate for the loss of mast-cell functions through interac-
tion with FB. Based on this, we compared in vivo mast cell
functions between WT and integrin allb-deficient mice.

First, integrin ollb deficiency did not affect mast-cell num-
bers in tissues under normal conditions (Table 1). This seems
reasonable, given that FB is not abundant outside blood vessels
under normal conditions. Second, integrin allb deficiency did
not affect two types of PCA estimated by ear dye extravasation
or swelling (data not shown), which was reported to be mast
cell-dependent (32-34). These results indicate that extravascu-
lar FB and fibrin accompanied by acute inflammation are
unable to enhance mast-cell functions. On the other hand,
recent advances demonstrate that FB is a central regulator of
the inflammatory response as well as of hemostasis. Analysis of
gene-targeted mice expressing a mutant form of FB, lacking the
integrin a,;32-binding motif, demonstrated that the high affin-
ity engagement of FB by integrin «,,32 in neutrophils and mac-
rophages was critical for inflammatory responses (38, 39).
Therefore, we speculated that FB extravasated at acute inflam-
matory sites activated neutrophils and macrophages via inte-
grin a,,32 but failed to enhance mast-cell functions via integrin
aIlb3. In contrast, we found striking differences between WT
and integrin olIb™/~ mice in FB-induced chronic inflamma-
tion: integrin olIb deficiency strongly suppressed the increase
of total inflammatory cells with mastocytosis in the peritoneal
cavities. However, administration of single dose FB did not lead
to any significant difference of initial inflammatory responses
in these mice 24 h after inoculation (data not shown), confirm-
ing the negligible role of integrin olIb in acute inflammation.
Taking into consideration that platelets are absent in the peri-
toneal cavities and that integrin «V33 did not significantly
affect in vitro mast-cell functions through interaction with FB,
we concluded that FB-induced chronic inflammation
depended on integrin oIIb33 in mast cells. The relevant mech-
anism might be as follows: FB activates macrophages and gran-
ulocytes via integrin a2 to produce inflammatory cytokines
and chemokines in the initial phase, leading to the gradual
recruitment, proliferation, and activation of mast cells in the
presence of FB. Alternatively, activated mast cells also produce
a diverse array of chemical mediators, accelerating chronic
inflammation. Thus, FB-mediated inflammation appears to be
augmented with the increase of mast cells in tissues. This sce-
nario may explain in part why mast cell numbers increase in a
variety of chronic inflammatory diseases such as atopic derma-
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titis and asthma that are thought to cause continuous extrava-
sation of FB in tissues. Further analysis of WT and integrin
allb-deficient mice using different types of chronic inflamma-
tion models will be required to delineate the role of mast cell
integrin oIIbB3 in chronic inflammatory diseases.

Another important finding in this study was that soluble FB
enhanced IL-6 production of WT, but not integrin olIb-defi-
cient, BMMCs in response to S, aureus (Cowan I) with FB-
binding capacity. On the other hand, soluble FB failed to
enhance IL-6 production of WT BMMCs stimulated by E. coli
harboring no FB-binding capacity, LPS, or bacterial lipopeptide
(Fig. 7B and data not shown). Because WT, but not integrin
allb-deficient, BMMCs apparently kept a strong contact with
aggregated S. aureus (Cowan I) in the presence of soluble FB,
integrin alIbB3-dependent recognition of S. aureus (Cowan I)
in mast cells may augment the innate response to this pathogen.
Considering that soluble FB facilitates the interaction of plate-
lets with S. aureus by bridging clumping factor A in S. aureus
and integrin «llbB3 in platelets (23-25), a similar mechanism
probably occurs in mast cells: the complex formation of mast
cell integrin ollbB3-FB-S. aureus (Cowan I) promotes quick
and tight recognition of this pathogen by mast cells, thereby
enhancing innate immune responses. Collectively, these results
suggested that integrin allb3 plays an important part in the
innate responses of mast cells to certain types of bacteria with
FB-binding capacity.

In conclusion, the integrin alIbg3-dependent interaction of
mast cells with FB augments FB-associated chronic inflamma-
tion or innate responses to FB-binding bacteria. Elucidation of
the in vivo function of integrin olIIbB3 in mast cells will lead to
new approaches in the prevention of and therapy for the rele-
vant inflammatory and infectious diseases.
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