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Figure 4 | Inhibition of in vitro ATP-mediated MC activation by 1F11 mAb. (a) BM-derived MCs, pretreated with various concentrations of 1F11 mAb
(0,1, 10 ugmi~1) for 15 min, were stimulated with 0.5mM ATP for 30 min. Cells were stained with an anti-CD63 mAb for flow cytometric analysis. Data
are representative of three independent experiments. (b) BM-derived MCs pretreated with various concentrations of 1F11 mAb or control rat IgG2b

(0, 10pgmi~) for 15 min were stimulated with 0.5mM ATP for 30 min in the presence of Tmgml™ Lucifer yellow (LY). (¢) LY uptake was determined
by using flow cytometry and fluorescence microscopy. Scale bar, 100 um. Data are representative of three individual experiments.

ATP stimulation of MCs induced the expression of chemokines,
including CCL2, CCL7 and CXCL2 (Fig. 8e~g), and 1F11 mAb
treatment or P2X7 deficiency resulted in decreased CCL2 pro-
duction from MCs activated by ATP but not by IgE plus allergen
(Fig. 8g). Furthermore, KitW-sh'W-sh mice showed decreased levels
of both CCL2 and IL-1B in the colon tissue, but the production lev-
els of these molecules recovered when the mice were reconstituted
with wild-type MCs (Supplementary Fig. S10a). As neutrophils
express the corresponding chemokine receptors, it is likely that
ATP-dependent MC activation induced inflammatory neutrophil
infiltration into the colon from the peripheral blood (Supplemen-
tary Fig. S10b,c), given the high level of TNFo production by the
neutrophils (Supplementary Fig. S10d). These results indicate that
ATP-dependent MC activation has key roles in the induction of
inflammatory responses (by inducing inflammatory cytokines) and
in the exacerbation of inflammatory responses (by inducing LTs and
chemokines to recruit TNFo-producing neutrophils to the colon).

Discussion

Here, we showed that MCs have a critical role in the severity of
colitis through their interaction with ATP and P2X7 purinocep-
tors. These interactions not only induce MC-mediated inflamma-
tory responses but also exacerbate them by promoting neutrophil
infiltration. Indeed, MC-deficient mice reconstitution with wild-
type, but not P2x7~/~, MCs resulted in neutrophil infiltration and
severe inflammatory responses, together with increased production
of IL-1P, LTs and CCL2 (Figs 5 and 8, and Supplementary Fig. S10).
KitWshWsh mice spontaneously show elevated levels of neutrophils
in their spleens%; however, we confirmed that the neutrophil levels
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were the same as those in the colons of Kit*/*, KitWs/+ and
KitWsh/Wsh mice under naive conditions (Fig. 1h,1). To exclude the
possible involvement of other immunological defects in KitWsh/Wsh
mice, such as the involvement of the Corin gene, which is associ-
ated with type II transmembrane serine protease®®, we further con-
firmed the amelioration of intestinal inflammation in conditional
MC-deficient mice (Fig. 2d-h). These findings strongly suggest that
P2X7 on MCs has a pivotal role in the development of murine and
human intestinal inflammation.

P2X7 purinoceptors are expressed on T cells, DCs, macrophages
and ECs®-11:2536 1n a recent study, ATP/P2X7-mediated signal-
ling inhibited the generation and function of regulatory T cells
and ATP stimulation led to their conversion into Th17 cells via an
IL-6-dependent pathway; thus, the P2X7 antagonist OxATP
inhibited colitis*”. In that study, ATP/P2X7-mediated regulation of
regulatory T cells was involved in the chronic phase of intestinal
inflammation, which takes about 4 weeks for disease development®’.
Similarly, ATP-mediated DC activation occurs in the chronic phase
of intestinal inflammation through the preferential induction of
Th17 cells, although whether this is mediated by P2X7 remains to
be seen®. In contrast, ATP/P2X7-mediated MC activation in our
model was important in the development of T-cell-independent
acute colitis, which occurs within 1 week. Thus, our study and those
of others®”»38 complement each other by reflecting the complicated
pathological aspects and kinetics of the acute and chronic phases of
intestinal inflammation mediated by ATP and P2X7.

We also found that the expression level of P2X7 receptors dif-
fered depending on the tissue and animal species. First, colonic
MCs expressed high levels of P2X7, but skin MCs did not
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Figure 5 | Inhibitory targeting of P2X7 purinoceptors on MCs leads to amelioration of colonic inflammation. Kit"V-sh"W-sh MC-deficient mice
reconstituted with P2x7*/*, P2x7~/~ or caspase-1~/~ BM-derived MCs were applied to a TNBS-induced colitis model. (a) Body weight changes were
monitored in TNBS-treated KitWs"W=h mice reconstituted with P2x7*/* (closed squares; n=9), P2x7~/~ (open squares; n=7) or caspase-1~/~ (open
triangles; n=4). BM-derived MCs were used for TNBS treatment, and P2x7*/* BM-derived MC-reconstituted KitW-sW-sh mice receiving EtOH served
as controls (closed triangles; n=3). *P=0.0264 (two-tailed Student's t-test), **P=0.0058 (two-tailed Student's t-test). Data are shown as percentages
of baseline weights and are means*s.e.m. (b) Representative images of haematoxylin and eosin staining are shown. Scale bars represents 100 um.

(c) Representative images of whole colons are shown. (d) Colon length was measured 4 days after TNBS administration. Data are shown as means+s.e.m.
(n=3for P2x7*/* EtOH, n=9 for P2x7*/*TNBS, n=7 for P2x7~/~ TNBS), *P< 0.001 (two-tailed Student's t-test). (e) Representative flow cytometric
data of infiltrated neutrophils (CD11b* Gr-1M&h) in the colon from three individual experiments. *P=0.00741, **P=0.0009 (two-tailed Student's t-test).
Data are shown as means+ts.e.m. (f) The percentage of CD63* MCs in all c-kit* FceRla* MCs was determined with flow cytometry. Data are shown
as meansts.e.m. (n=3-9), *P=0.007 (Welch's t-test), **P=0.0234 (Welch's t-test). (g) Colonic tissue sections from a healthy volunteer (HV) and
from UC and CD patients were stained with 4’,6-diamidino-2-phenyl indole (blue), MC tryptase (red) and P2X7 (green). Scale bars, 100 um. ¢h) Cells
expressing both P2X7 and MC tryptase were counted in the fields of the tissue sections (four fields for each section). Data are meansts.e.m. (n=6).

(Fig. 3a). Second, in contrast to MCs, some macrophages (for
example, microglia and RAW264.7 cells) expressed higher lev-
els of P2X7 than did colonic macrophages (Fig. 3b and data not
shown). Third, among the several types of immunocompetent cell
in the colon, MCs expressed the highest levels of P2X7 (Fig. 3a,b).
Fourth, we found P2X7 expression on human colonic ECs, but not
on murine colonic ECs (Figs 3b and 5g). In addition, as reported
previously®, P2X7 expression on ECs was downregulated in the
colons of CD patients; instead, CD patients showed increased
numbers of P2X7* MCs in their colons (Fig. 5g,h). It is impor-
tant to note that, like murine MCs, human lung MCs express
functional P2X7 (ref. 39). Therefore, although we must recognize
the similarities and differences between mouse and human intes-
tinal inflammation and MC distribution, ATP/P2X7-mediated
MC activation seems to have a major role in the development of
intestinal inflammation.

We found elevated levels of extracellular ATP in the colons of
TNBS-treated mice (Fig. 6a). This high ATP concentration was most
likely achieved by a combination or cascade of several ATP produc-
tion pathways (for example, cell injury or lysis’, pattern recognition
receptor-mediated activation of monocytes*? and commensal bac-
teria®®). In our tissue culture system, we detected elevated release
of ATP (40uM) in the inflamed colon compared with the control
(Fig. 6); however, at least 100 UM ATP was required for MC activation
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in vitro in the single cell culture system (Fig. 7b). This disparity likely
reflects the differences in the culture conditions. Unlike in the single
cell culture system, the concentration of secreted ATP in the tis-
sue culture system could have been diluted in the culture medium,
or ATP could have been consumed rapidly by activated inflamma-
tory cells in the tissue. Alternatively, a lack of commensal bacteria-
derived ATP in the tissue culture system as a result of the inclusion
of antibiotics may have reduced the ATP level. Another possibil-
ity is that the abundant endogenous ATP-degrading enzymes (for
example, CD39) in the colon tissue may have degraded some of
the ATP. In support of this idea, a suppressive role for CD39 in
intestinal inflammation has been reported*!.

We found that ADP-reactive P2Y1 and P2Y12 receptors were
expressed on colonic MCs (Fig. 7c), but inhibition or knockdown
of these receptors did not suppress the CD63 expression (Fig. 7d,e;
Supplementary Fig. S8a). In previous studies, stimulation of MCs
with ADP (0.05-50 uM) has led to calcium influx via the P2Y1- but
not the P2Y12-mediated pathway®?, whereas our results indicate
that CD63 expression required a higher concentration of ADP and
was not suppressed by a P2Y1 inhibitor (Fig. 7b,d). This finding
indicates that P2Y purinoceptors are not involved in the induction
of CD63 " -activated MCs that is mediated by high concentrations
of ADP. However, we found that adenylate kinase and ATP synthase
converted ADP back to ATP, which subsequently induced P2X7
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Figure 6 | Enhanced ATP production in intestinal inflammation and MC
activation induced by non-hydrolyzable ATP. (a) The concentration

of ATP released from the colon tissue of mice receiving intrarectally
administered phosphate-buffered saline, vehicle or TNBS was measured.
Data are shown as meansts.e.m. (n=3-7). *P=0.0004, **P=0.0447
(two-tailed Student's t-test). (b) CD63 expression of colonic MCs was
measured with flow cytometry after intrarectal administration of vehicle
(n=14), TNBS (n=5), non-hydrolyzable ATP (adenosine 5"-O-(3-

thio) triphosphate (ATPYS); n=9 or O-(4-benzoyl)benzoy! adenosine
5’-triphosphate (BzATP); n=10) or UDP-glucose (n=6), or in intact
mice (n=7). Data are shown as meansts.e.m. *P=0.0002 (two-tailed
Student's t-test), **P=0.0135 (Welch's t-test) and ***P=0.0238 (Welch's
t-test). NS, not significant.

purinoceptor-dependent MC activation. A similar conversion of
ADP to ATP has been reported for endothelial cells?”. Among ade-
nylate kinases, AK2 was highly expressed on MCs and had a pivotal
role in the conversion of ADP to ATP (Supplementary Fig. S9a,b). As
another P2Y ligand (UTP) did not induce MC activation (Fig. 7b),
our findings suggest that ADP could be converted into ATP by
AK2 and ATP synthase, and that this ATP subsequently activates
MCs through P2X7 purinoceptors. In addition, colonic MCs do
not express ecto-5'-nucleotidase (CD73), an enzyme that degrades
ADP into adenosine, which has anti-inflammatory effects in intesti-
nal inflammation*3. Therefore, our study indicates that MCs express
CD39, adenylate kinases and ATP synthase, but not CD73, to pref-
erentially convert ADP to ATP for the exacerbation of inflammatory
responses through P2X7 purinoceptors.

Here, we showed that colitis aggravated by P2X7-mediated acti-
vation of MCs was independent of the inflammasome pathway, and
that P2X7-mediated activation of MCs promoted TNFo production
by effector cells to further promote intestinal inflammation®4. Our
findings also suggest that MCs exacerbate inflammation by recruit-
ing neutrophils to produce abundant TNFo, but less IL-10 than is
produced by other cells (for example, eosinophils, DCs and macro-
phages; Supplementary Fig. $10d). This neutrophil recruitment was
mediated by the production of IL-1B, LTs and chemokines, which
are potential targets for the treatment of colitis. Mice with experi-
mentally induced colitis that lack CXCR2 or 5-LO (a key enzyme
for converting arachidonic acid to LTs), as well as mice treated with
inhibitors of CCR2, CXCR2 or 5-LO, show reduced inflammation
and less neutrophil recruitment in their colons®*4546, Moreover,
given that ATP promotes neutrophil migration®”, it is possible that
P2X7-dependent LT and chemokine production, as well as ATP
generation via AK2 and ATP synthase from MCs, could amplify
neutrophil infiltration of the colon. These data collectively indicate
that MCs are key factors in the induction of intestinal inflammation
and also recruit neutrophils to heighten inflammatory responses.
P2X7-dependent MC activation could, therefore, be a target for the
treatment of intestinal inflammation.

8

Methods

Mice and human samples. Female C57BL/6 mice were purchased from CLEA
Japan. Ragl ~/~ and P2x7~/~ mice were obtained from Jackson Laboratory

(Bar Harbour, ME, USA). MC-deficient KitW-s" W-sh mice were obtained from
Dr H. Suto (Atopy Research Center, Juntendo University, Japan). For the condi-
tional MC-deficient analysis, Mas-TRECK tg mice were injected intraperitoneally
with 250 ng of diphtheria toxin for 5 consecutive days and then with 150ng every
other day!®. Caspase-1~/~ mice were backcrossed with C57BL/6 mice; F5 mice
were used for this experiment®®. All mice were maintained under specific-
pathogen-free conditions at the Experimental Animal Facility of the Institute

of Medical Science, the University of Tokyo. All experiments were approved

by the Animal Care and Use Committee of the University of Tokyo.

MC reconstitution was performed as described previously®. Briefly,
BM-derived MCs were obtained from P2x7+/*, P2x7~/~ or caspase-1~/~ mice
as described previously?2. BM-derived MCs (5x106) were intravenously transferred
to Kit W-sH/W-sh mice at two time points (0 and 14 days). The reconstituted mice
were used 3 months after the last transfer.

Colon specimens from UC and CD patients and healthy volunteers were
obtained by endoscopic biopsy at Osaka University Hospital. All subjects provided
written informed consent, and the study protocol was approved by the Ethics
Committee of Osaka University Graduate School of Medicine (no. 08243) and
the Institute of Medical Science, The University of Tokyo (no. 20-67-0331).

Experimental colitis. For TNBS-induced colitis, anaesthetized mice (18-22g)
were sensitized with 2.5% TNBS (Sigma-Aldrich) together with acetone and olive
0il*®, After 1 week, after a 3-h fast, the mice were given 100l of 2.5% TNBS in
50% ethanol via a flexible feeding tube that maintained their heads in a vertical
position for 10 min. The control group received only 50% ethanol. Weight changes
were recorded daily, and tissues were collected for histological analysis and isola-
tion of mononuclear cells from the colonic lamina propria. For mAb treatment,
mice were injected intraperitoneally with 0.5 mg of mAb (1F11 or an isotype
control) 1 day before being given TNBS/EtOH intrarectally. mAb administration
was continued for 3 days. For P2Y12 inhibition with clopidogrel sulphate, (Wako,
Osaka, Japan), mice received clopidogrel (0.5 mgml™!) in their drinking water
from 3 days before intrarectal administration of TNBS/EtOH until the end of the
study®0. For DSS-induced colitis, mice were given 3.5% DSS (Wako, for C57BL/6)
or 2.5% DSS (MP Biomedicals, Illkirch, France, for Mas-TRECK tg mice) in their
drinking water for 5 days and their body weights were monitored daily*’. In some
experiments, non-hydrolysable ATP (adenosine 5”-O-(3-thio) triphosphate and
O-(4-benzoyl)benzoyl adenosine 5 -triphosphate) or UDP-glucose (0.25mg in 50%
EtOH) was intrarectally administered and the effects were analysed 2 days later.

In vitro MC stimulation and inhibition. BM-derived MCs (2.5x10%) were cultured
with various concentrations of adenosine, ADP, ATP, UTP or anti-DNP-IgE

with DNP-human serum albumin. Adenosine-3-phosphate 5-phosphosulfate
(0.25mM), carbenoxolone (10 M), flufenamic acid (100 uM), pyridoxal-phos-
phate-6-azophenyl-2’,4’-disulfonate (100 uM), 4,4'-diisothiocyanatostilbene-2,2'-
disulfonic acid disodium salt hydrate (100 uM), OxATP (0.5mM), AD2P5 (1 mM),
oligo (10 or 100 M) or UDP (100 uM) was added to the cells for the inhibition
assay27:28:40,51_ A1l reagents were purchased from Sigma-Aldrich (St Louis, MO,
USA, purity was 295%). 5-LO (BD Pharmingen, Franklin Lakes, NJ, USA) was
stained after permeabilization with 0.2% Triton-X100 for 10 min; nuclei were
stained with 4',6-diamidino-2-phenyl indole.

Cell preparation and flow cytometry. ECs and lamina propria mononuclear

cells were isolated from the colon, as described previously®2. For flow cytomet-

ric analysis, cells were incubated with 5pgml~! of an anti-CD16/32 antibody
(10pugml~1, Fe block, BD Pharmingen) for 5min and stained for 30 min at 4°C
with fluorescence-labeled Abs specific for c-kit (0.2ppgml™1), Gr-1 (0.4pgml—1),
CD4 (1pgml~1), CD11b (0.2pgml—1), CD11c (0.4pgml~1), CD39 (0.4 pgmi~1),
CD45 (0.4pgml—1), IgA (10pgml—1), B220 (0.4 igml~%; BD Pharmingen), CCR3
(2pugml~1), CXCR2 (4 pgml ™~ R&D Systems, Minneapolis, MN, USA), FceRIo
(0.4pugmi—1), CD73 (0.4pgml~1), TLR2 (10 ugml~'; eBioscience, San Diego, CA,
USA), F4/80 (20pugml—1), CCR2 (10 pgml~1), P2X7 (Hano43; 2jigml~1,Serotec,
UK) or CCRI (10igml~1, Abnova, Taiwan). Flow cytometric analysis and cell
sorting were performed by using FACSCalibur and FACSAria (BD Biosciences,
Franklin Lakes, NJ, USA), respectively. Sorted cells were stained with May-Giemsa
stain in some experiments. Colonic MCs and BM-derived MCs were prepared as
described elsewhere?2.

Establishment of an anti-P2X7 mAb (1F11) and an anti-CD63 mAb. The proce-
dure used to establish MC-specific mAbs is shown as a flowchart in Supplementary
Figure $3. Briefly, c-kit* FceRIo,* MCs were obtained as described previously??
from the colons of mice that exhibited allergic diarrhoea. Purified colonic MCs
(106 cells) were injected into the footpads of Sprague Dawley rats seven times, as
described previously>®. Lymphocytes were isolated from the spleen and inguinal
lymph nodes and fused with P3X63-AG8.653 myeloma cells (CRL-1580; American
Type Culture Collection, Manassas, VA, USA). The reactivity of each hybridoma to
the colonic MCs was examined by means of flow cytometry. To identify antigens
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Figure 7 | The ecto-adenylate kinase pathway mediates ADP-dependent MC activation through P2X7 purinoceptors. (a) BM-derived MCs treated
with ADP or ATP at 0.5mM for 30 min and examined for CD63 expression. (b) BM-derived MCs treated with IE plus relevant allergen or various
concentrations of ADP, ATP or UTP for the analysis of CD63 expression. Data are representative of four experiments. (¢€) Expression of mRNA encoding
each P2Y receptor in colonic lamina propria lymphocytes (LPLs) and MCs was analysed by quantitative reverse transcription (RT)-PCR (n=3).

(d,e) BM-derived MCs pre-treated with 0.25mM P2Y1inhibitor (adenosine-3-

phosphate 5-phosphosulfate (A3P5PS)) (d) or 0.01mM P2Y12 inhibitor

(MRS2353) (e), stimulated with ADP and examined for CD63 expression (n=3). (f) BM-derived MCs from P2x7~/~ mice stimulated with ATP or ADP;
CDé3 expression was determined with flow cytometry. Data are representative of four experiments. (g) Expression of pannexin-1 (Panx1), connexin-43
(Conx43) and Conx32 on colonic MCs, macrophages (Mac), CD4* T cells (CD4), DCs, IgA™ cells (IgA) and ECs was measured by quantitative RT-PCR
(n=4). (h) BM-derived MCs were pretreated with inhibitors of P2X receptors [OxATP, 0.5 mM; pyridoxal-phosphate-6-azophenyl-2’,4’-disulfonate
(PPADS); 4,4’-diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS)], connexins [flufenamic acid (FFA)J, Panx-1 [carbenoxolone (CBX)], ecto-adenylate
kinase [diadenosine pentaphosphate (AD2P5)], ATP synthase (oligomycin) or nucleoside diphosphokinase (UDP) and subsequently stimulated with
0.25mM ADP. CD63 expression was determined with flow cytometry. (n=3) *P<0.01, **P<0.05 (two-tailed Student’s t-test). All data are shown as
means+s.e.m. (i) BM-derived MCs were treated with AD2P5, oligomycin or UDP and stimulated with 0.5 mM ATP or IgE plus allergen. CD63 expression
was determined with flow cytometry (n=5). *P<0.0001 (two-tailed Student’s t-test), **P=0.0008 (two-tailed Student's t-test) and ***P=0.0008

(Welch's t-test). NS, not significant.

recognized by the mAbs, immunoprecipitation was performed with the mAbs,
followed by Liquid chromatography-mass spectrometry analysis, as described
previously®. Antigen specificity was confirmed by transfecting CHO cells with
plasmids that encoded the murine P2X7 receptor and CD63.

Measurements of membrane permeability and inflammatory mediators.

To assess membrane permeability, BM-derived MCs were washed twice with
phosphate-buffered saline (PBS) and incubated with 1 mgml~! Lucifer yellow
(Sigma-Aldrich) containing 250 uM sulfinpyrazone (Sigma- Aldrich). The MCs
were then stimulated with 0.5 mM ATP (Sigma-Aldrich) for 15min, as described
elsewhere!2, In the inhibition assay, 1 or 10jigml~! of 1F11 mAb or the control
antibody (Rat IgG2b) was added before ATP stimulation. The fluorescence signal
of Lucifer yellow was determined by using fluorescence microscopy (BZ9000,
Keyence, Osaka, Japan) and flow cytometry.

To measure the production of cytokines, chemokines and LTs from MCs,
BM-derived MCs (2.5x10°%) were stimulated with 2.5mM ATP for 30 min, after
which the supernatants were collected. Chemokine and cytokine production was
detected with an inflammatory cytokine kit (BD Pharmingen). For IL-1B meas-
urement, BM-derived MCs from wild-type, P2x7~/~ and caspase-1 =/~ mice

NATURE COMMUNICATIONS | 311034 | DOL 10.1038/ncomms2023 | www.nature.com/naturecommunications

were stimulated with 0.1ug ml~! of LPS for 4 h, followed by ADP or ATP stimula-
tion. LT C4/D4/E4 production was detected by use of an enzyme-linked immu-
nosorbent assay (GE Healthcare Bio-Science, NJ, USA). For ATP, cytokine and
chemokine measurements from the colon tissue, the colon tissues were isolated
from mice 2 days after intrarectal administration of TNBS. Released ATP was
measured by culturing colon tissues at 100 mg of tissue per 100l of RPMI1640
medium for 3h and using a luminescence ATP detection system (PerkinElmer,
Norwalk, CT, USA).

Immunoprecipitation and western blotting. Cell lysates obtained from
BM-derived MCs or CHO transfectants (mouse P2X7 variants a, ¢ and d and
flag-mP2X7s, cloned from C57BL/6 mice) were analysed by western blotting
and immunoprecipitation with 1F11 mAb or the control Ab. Membranes were
probed with an anti-flag and a polyclonal rabbit anti-P2X7 antibody (Sigma-
Aldrich).

Histology. Colonic tissues were fixed in 4% paraformaldehyde and embedded
in paraffin. Tissue sections (5 pm) were stained with haematoxylin and
eosin solution, as described previously?2. For the detection of MCs and P2X7

© 2012 Macmillan Publishers Limited. All rights reserved.
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Figure 8 | Critical role of the intestinal MC-associated ATP-P2X7 purinoceptor pathway for induction of neutrophil infiltration. P2x7*/* and P2x7~/~
BM-derived MCs were treated with 0.25 mM ATP (+) or left untreated (~). (@) Production of IL-6 (left panel; isotype mAb-treated MC, closed column;
1F11 mAb-treated MC, open column; P2x7+/*, grey column; and P2x77", beige column) and TNFo. (right panel) in culture supernatant (P2x7*/*, closed
column; P2x77~/~, open column) was determined after 24 h stimulation. ND, not detected. Data are shown as means+s.e.m. (n=3). (b) Oncostatin M
mRNA expression was measured 30 min after stimulation of P2x7*/* (closed column) and P2x7~/~ (open column) MCs with ATP. Data are shown as
meansts.e.m. (n=3). (¢) LT C4/D4/E4 production from ATP-stimulated (+) or -unstimulated (=) P2x7*/* (closed column) or P2x7~7~ BM-derived
MCs (open column) in culture supernatants was measured by using enzyme-linked immunosorbent assay (ELISA). Data are shown as meansts.e.m.
(n=3). ND, not detected. (d) P2x7*/* and P2x7~/~ BM-derived MCs were stimulated with 0.5 mM ATP. Cells were fixed and stained with an anti-5LO
antibody (red) and 4’,6-diamidino-2-phenyl indole (blue). Scale bar, 10 um. Data are representative of two experiments. (e) Representative data of a
chemokine gene array are shown. Increased levels of each chemokine are shown as a heat map. (f) mRNA expression of CCL2 (left), CCL7 (middle)

and CXCL2 (right) was measured by using quantitative reverse transcription-PCR. Data are shown as means+s.e.m. (n=3). (g) CCL2 production was
enumerated by using ELISA 24 h after stimulation of BM-derived MCs with ATP or IgE plus antigen (IgE + Ag). Isotype mAb-treated MC, closed column;
1F11 mAb-treated MC, open column; P2x7*/+ MC, grey column; and P2x7 7/~ MC, beige column). Data are shown as means+s.e.m. (n=3).
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INTRODUCTION
Secretory-immunoglobulin A (S-IgA) is predominantly observed
in the intestine where it participates in immune defense (Mestecky
et al., 2005; Brandtzaeg, 2010). S-IgA inhibits adherence of
pathogens to host epithelial cells in the intestinal lumen and neu-
tralizes pathogenic toxins by binding to the toxins’ biologically
active sites. Based on the immunological importance of S-IgA
in immunosurveillance in the intestine, the development of oral
vaccines has focused on the induction of antigen-specific S-IgA
responses (Kunisawa et al., 2007). In addition to the immuno-
surveillance in the intestine, S-IgA antibody contributes to the
establishment of beneficial gut commensal microbiota and thus
dysfunction of S-IgA formation resulted in the alteration of nor-
mal bacterial flora (e.g., the reduction of Lactobacillus and increase
of segmented filamentous bacteria, SFB; Suzuki et al., 2004).
Peyer’s patches (PPs) are major gut-associated lymphoid tissue
(GALT) where intestinal IgA responses are initiated and regulated
by unique immunological crosstalk via cytokines [e.g., interleukin-
4 (IL-4), IL-6, IL-21, and transforming growth factor-f (TGF-8)]
and cell—cell interactions (e.g., via CD40/CD40 ligand interac-
tions) among dendritic, T, and B cells (Kunisawa et al., 2008;
Fagarasan et al., 2010). Thus, oral delivery of antigens to PPs is
considered an important strategy for the effective induction of
antigen-specific intestinal IgA responses (Kunisawa et al., 2011).
In addition to host-derived factors, microbial stimulation is also
required for the maximum production of S-IgA in the intestine
(Cebra et al., 2005). Indeed, germ-free (GF) mice have decreased
intestinal IgA responses with immature structure of GALT when
compared with mice housed under SPF or conventional conditions

Secretory-immunoglobulin A (S-IgA) plays an important role in immunological defense in
the intestine. It has been known for a long time that microbial stimulation is required for the
development and maintenance of intestinal IgA production. Recent advances in genomic
technology have made it possible to detect uncuitivable commensal bacteria in the intes-
tine and identify key bacteria in the regulation of innate and acquired mucosal immune
responses. In this review, we focus on the immunological function of Peyer’s patches (PPs),
a major gut-associated lymphoid tissue, in the induction of intestinal IgA responses and the .
unigue immunological interaction of PPs with commensal bacteria, especially Alcaligenes,
a unique indigenous bacteria habituating inside PPs.

Keywords: Peyer’s patch, IgA, commensal bacteria

(Weinstein and Cebra, 1991). Although it was reported that some
commensal bacteria [e.g., SFB and altered Schaedler flora (ASF), a
combined eight culturable bacteria] and bacterial products (e.g.,
peptidoglycan, CpG oligonucleotide, and LPS) stimulated the
intestinal IgA production (Michalek et al., 1983; Talham et al,
1999; Butler et al., 2005), it is obscure which bacteria is involved in
this process indigenously. Because predominant commensal bac-
teria in the intestine is uncultivable, it was difficult to determine by
culture-based method which bacteria regulated specific immune
responses. However, recent advances in the genomic analysis
allowed us to identify the uncultivable bacteria, which revealed key
bacteria in the regulation of specific immune responses (Ivanov
et al., 2009; Atarashi et al., 2011) as well as the development of
immune diseases (Chow et al., 2010; Hill and Artis, 2010). Using
genomic and immunological methods, we recently found that the
microbial community inside PPs is different from those on the
epithelium of PPs or in the intestinal lumen (Obata et al., 2010).

In this review, we discuss initially the immunological fea-
tures of PPs in the induction and regulation of intestinal IgA
responses. In the later part, we focus on the unique cross-
communication between PPs and habitat commensal bacteria,
Alcaligenes, a unique indigenous bacteria habituating inside PPs
and regulating dendritic cells (DCs) for the efficient production
of intestinal IgA.

IMMUNOLOGICAL FEATURES OF PEYER'S PATCHES

In the intestine, GALT comprise several different, organized lym-
phoid structures (Spencer et al.,, 2009; Fagarasan et al., 2010).
Among them, PPs are the largest and most well-characterized sites
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IgA responses in the GALT

for the initiation of intestinal IgA responses, especially responses to
T cell-dependent antigens (Kunisawa et al., 2008; Fagarasan et al.,
2010). There are generally 8-10 PPs in the mouse small intestine
and hundreds in the human small intestine. Each PP is composed
of several B cell-rich follicles surrounded by a mesh-like structure
consisting of T cells known as the interfollicular region (Figure 1).

Inside PPs, antigen-sampling M cells located in the follicle-
associated epithelium transport luminal antigens to DCs situated
in the subepithelium region (Neutra et al., 2001), which then form

clusters with T-, B-, and stromal cells in the germinal centers

and promote p-to-a-class-switch recombination of B cells with
the help of cytokines such as IL-4, IL-21, and TGF-p (Fagarasan
et al,, 2010). Upon immunoglobulin class-switching from p to
a, IgA-committed B cells (IgA™ B cells) begin to express type
1 sphingosine-1-phosphate receptor, CCR9, and a4f7 integrin,
allowing them to depart from the PPs and subsequently traffic
to the intestinal lamina propria (Mora et al., 2006; Gohda et al.,
2008). In the intestinal lamina propria, they further differentiate
into IgA-secreting plasma cells under the influence of terminal dif-
ferentiation factors (e.g., IL-6; Cerutti et al., 2011). DCs play a key
role in these processes. For instance, nitric oxide, TGF-B, APRIL,
and BAFF produced by TNF-0/iNOS-producing DCs (Tip-DCs)
promotes IgA production (Tezuka et al., 2007). Also, DCs in the
PPs metabolite vitamin A and produce retinoic acid, which induces
the expression of gut-homing receptors (CCR9, and a4f7 inte-
grin) on activated B and T cells (Iwata et al., 2004; Mora et al,,
2006). Retinoic acid also induces the preferential differentiation
into regulatory T (Treg) cells (Hall et al., 2011), and some of Treg
cells differentiated into follicular helper T cells to promote IgA
production in the PPs (Tsuji et al., 2009).

The identification of the molecular pathway of PP organogen-
esis allowed the establishment of PP-deficient mice through the
loss of any part of this pathway (Nishikawa et al., 2003). Notably,
disruption of the PP organogenesis pathway by blockade of tissue
genesis cytokine receptor signaling [IL-7R and/or lymphotoxin-
B receptor (LTBR)] during a limited fetus time period results
in the selective loss of PPs without affecting other lymphoid

FIGURE 1 | Microarchitecture of murine Peyer’s patches. Purified T cells
(green) and B cells {red) were chemically labeled with carboxyfluorescein
succinimidy! ester and carboxy-SNARF-1, respectively, and adoptively
transferred into mice. Fifteen hours after the transfer, cell distribution in the
Peyer'’s patches was observed at the whole-tissue level by using
macro-confocal microscopy.

tissue organogenesis (Yoshida et al., 1999). Experiments with PP-
deficient mice showed that the dependency on PPs in the induction
of antigen-specific IgA responses depends on the form of the
antigen. For instance, the PP-deficient mice failed to develop
antigen-specific IgA responses against orally administered anti-
gens in particle form, but retained their ability to respond to
soluble forms of antigens (Yamamoto et al., 2000; Kunisawa et al.,
2002). It was also reported that lamina propria DCs are capable
of initiating systemic IgG responses, whereas antigen transport by
M cells into the PPs is required for the induction of intestinal
IgA production (Martinoli et al., 2007). This is consistent with
another finding that DCs in the PPs are responsible for intestinal
IgA production (Fleeton et al., 2004). Therefore, PPs are consid-
ered to be one of the major sites for the initiation of intestinal
antigen-specific IgA responses.

EFFECT OF MICROBIAL STIMULATION ON THE PRODUCTION
OF INTESTINAL lgA

It is well known that microbial stimulation is required for the
full production of S-IgA in the intestine. Indeed, GF mice have
decreased intestinal IgA responses when compared with mice
housed under SPF or conventional conditions (Cebra et al., 2005).
Studies using mono-associated GF mice with SFB have demon-
strated that only a minor proportion of the total intestinal IgA
is reactive to mono-associated bacteria (Talham et al,, 1999). In
addition, bacterial products produced by commonly expressed
on commensal bacteria (e.g., peptidoglycan, CpG oligonucleotide,
and LPS) stimulated the intestinal IgA production (Michalek et al.,
1983; Butler etal., 2005). In contrast, a recent study using reversible
colonization of GF mice with genetically engineered E. coli showed
that intestinal IgA induced in those mice bound to parent strain
but not other bacteria (Hapfelmeier et al., 2010). Therefore, it
remains unclear whether intestinal IgA responses induced by com-

‘mensal bacteria is mediated by polyclonal stimulation and/or by

B cell receptors specific for microbial antigens.

As one mechanism of impaired IgA production of GF mice,
it was reported that GF mice have structurally immature GALT
(e.g., PPs and ILFs) when compared with SPF mice (Weinstein and
Cebra, 1991; Hamada et al., 2002). In the PPs, several key pathways
for the IgA production require microbial stimulation. For example,
Tip-DCs enhance the IgA production by producing nitric oxide,
TGF-B, APRIL, and BAFF, which requires microbial stimulation
through innate receptors (Tezuka et al., 2007). Indeed, the num-
ber of Tip-DCs was much reduced in the intestine of GF and
MyD88-deficient mice (Tezuka et al., 2007). Another cell involved
the microbe-dependent IgA production is non-hematopoietic fol-
licular DCs (FDCs). It was reported that microbial stimulation of
FDCs resulted in expressing chemokine CXCL13, BAFF, and TGF-
B for the germinal center formation and B cell class-switching from
IgM to IgA (Suzuki et al., 2010).

ALCALIGENES IS A UNIQUE INDIGENOUS BACTERIA INSIDE
PPs

Recent advances in genomic technology make it possible to detect
commensal bacteria in the intestine, allowing identification of key
bacteria involved in the regulation of specific immune responses.
For example, SFB was identified as commensal bacteria inducing
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Th17 cells (Ivanov et al., 2009), whereas colonic regulatory T cells
were induced by Clostridium clusters IV and XIV (Atarashi et al.,
2011). These commensal bacteria localize at the surface of intesti-
nal epithelium, but we supposed that the immunological crosstalk
between host and commensal bacteria might establish in the reg-
ulation of intestinal IgA responses in the GALT. In this issue, we
analyzed the composition of the microbial community inside PPs
and identified Alcaligenes as a major commensal bacteria uniquely
locating inside PPs (Obata et al., 2010).

By using the 16S rRNA clone library method, SFB are the
predominant commensal bacteria co-habitat on FAE of PPs as
like small intestinal epithelium. Although the FAE consisted with
antigen-sampling M cells, SFB was not found inside of PPs.
Instead, Alcaligenes are predominant bacteria inside PPs. The result
obtained by the 16S rRNA analysis was further confirmed by
fluorescence in situ hybridization (FISH) method and thus Alcali-
genes are present exclusively inside PPs, not on the FAE of PPs,
and intestinal villous epithelium and intestinal lamina propria
(Figure 2). Of note, the preferential presence of Alcaligenes was
observed not only in mouse but also in monkey and human (Obata
et al., 2010). One of interesting but unresolved questions is the
species specificity of Alcaligenes. We are now investigating whether
Alcaligenes isolated from human or monkey colonize in the PPs
to promote IgA production when they are orally fed to GF mice.
Inside PPs, a proportion of the Alcaligenes seemed to be alive in
mice. The presence and growth of Alcaligenes were detected in
the PPs of GF mice after adoptive transfer of PP homogenates
containing Alcaligenes from SPF mice. These findings suggest that
Alcaligenes are indigenous bacteria ubiquitously living inside the
PPs of various mammalian species.

ANTIBODY-MEDIATED RECIPROCAL INTERACTION
BETWEEN ALCALIGENES AND THE HOST IMMUNE SYSTEM
As mentioned above, M cells located on the FAE of PPs trans-
port luminal bacteria into DCs locating at the subepithelial region
of FAE (Neutra et al,, 2001). 16S rRNA clone library methods

FIGURE 2 | Microarchitecture of murine Peyer’s patches. Whole-mount
fluorescence in situ hybridization was performed to visually analyze the
presence of Alcaligenes inside PPs. Both BPA and ALBO34a were used as
specific probes for Alcaligenes. Wheat germ agglutinin (WGA), an
N-acetylglucosamine-specific lectin, was used to detect epithelial cells.
Scale bar indicates 100 um.

consistently revealed that DCs in the PPs predominantly contain
Alcaligenes, whereas these bacteria are rarely detected in DCs iso-
lated from other lymphoid tissues (e.g., spleen and mesenteric
lymph nodes; Obata et al., 2010). We examined the immunolog-
ical effects of Alcaligenes on DCs and found that the production
of IgA-enhancing cytokines such as IL-6, TGF-B, and BAFF was
increased when DCs isolated from the PPs of GF mice were
stimulated with Alcaligenes (Obata et al., 2010). Several lines of
evidence have revealed that immunological functions of DCs are
different between intestinal and other lymphoid tissues (reviewed
in Rescigno, 2010), we are now investigating whether immune
stimulatory functions of Alcaligenes is specific for the PP DCs
or not.

In agreement with the uptake of Alcaligenes and subsequent
production of IgA-enhancing cytokines by DCs, Alcaligenes-
specific IgA-forming cells were frequently observed in PPs, and
consequent IgA production was noted in the intestinal lumen of
SPF mice, but not GF mice (Obata et al., 2010). Although bio-
logical role of Alcaligenes-specific IgA antibody remains to be
elucidated, the antibody might be involved in the creation of intra-
tissue co-habitation of Alcaligenes in PPs. To this end, the number
of Alcaligenes inside PPs is decreased in B cell-deficient CBA/N
xid and IgA-deficient mice compared with wild-type mice (Obata
et al,, 2010). Therefore, it is interesting to suggest that Alcali-
genes-specific IgA antibody mediates the uptake and presence
of Alcaligenes in the PPs. Since M cells express IgA receptors

Alcaligenes

3,» Mi’?’

Y

>

Peyer’s patch - k

FIGURE 3 | Alcaligenes mediates symbiotic communication inside
Peyer’s patches. On the follicle-associated epithelium of PPs, segmented
filamentous bacteria (SFB) is predominantly observed. In contrast,
Alcaligenes specifically localizes inside Peyer’'s patches, where some are
taken up by dendritic cells {DCs). Stimulation by Alcaligenes prompts the
DCs to produce lgA-enhancing cytokines [e.g., interleukin-6 (IL-6),
transforming growth factor-g (TGF-B)], and B cell activating factor (BAFF),
which enhance the intestinal IgA response. The intestinal IgA includes
Alcaligenes-specific IgA, which might mediate the preferential uptake and
presence of Alcaligenes in the PPs. The uptake is presumably mediated by
M cells.
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(Mantis et al., 2002), one possibility is that Alcaligenes coated with
the Alcaligenes-specific antibody are taken up into PPs through
M cells. Further, the antigen-specific IgA coating on Alcaligenes
might be beneficial for the bacteria to create the co-habitation
niche since IgA antibody has been shown to non-inflammatory
antibody (Mestecky et al., 2005).

CONCLUSION

In this review, we discussed a new concept of symbiotic communi-
cation in PPs that is mediated by commensal bacteria-specific IgA
antibody. Alcaligenes-specific antibodies may mediate the uptake
and the presence of Alcaligenes in the PPs, and the co-habitation
of Alcaligenes within the PPs is one of the key factors to pro-
mote the intestinal IgA production by enhancing the production
of IgA-enhancing cytokines from DCs (Figure 3). We still have
various questions regarding this co-habitation of Alcaligenes in
the PPs. For example, it remains unclear whether the presence of
Alcaligenes inside of PPs is physiologically beneficial or harmful
for the host immune system. In this issue, we are now address-
ing the microbial community in the PPs of mice and human
patients suffering from intestinal immune diseases (e.g., intesti-
nal inflammation and allergy). The biological roles of intra-tissue
habitation of Alcaligenes in the PPs in the appropriate regulation
of mucosal immune responses need to be elucidated. The current
goal is to elucidate the mechanisms behind the co-habitation of
Alcaligenes within PPs, and the exact contribution of Alcaligenes
to educate and guide mucosal immunocompetent cells especially
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Development of Mature and Functional Human Myeloid
Subsets in Hematopoietic Stem Cell-Engrafted
NOD/SCID/IL2ryKO Mice

Satoshi Tanaka,*”n"t’§ Yoriko Saito,* Jun Kunisawa,*" Yosuke Kurashima,’
Taichi Wake,” Nahoko Suzuki,* Leonard D. Shultz,” Hiroshi Kiyono,* " and
Fumihiko Ishikawa®

Although physiological development of human lymphoid subsets has become well documented in humanized mice, in vivo devel-
opment of human myeloid subsets in a xenotransplantation setting has remained unevaluated. Therefore, we investigated in vivo
differentiation and function of human myeloid subsets in NOD/SCID/IL2ry™" (NSG) mouse recipients transplanted with purified
lineage " CD34"CD38™ cord blood hematopoietic stem cells. At 4-6 mo posttransplantation, we identified the development of
human neutrophils, basophils, mast cells, monocytes, and conventional and plasmacytoid dendritic cells in the recipient hema-
topoietic organs. The tissue distribution and morphology of these human myeloid cells were similar to those identified in humans.
After cytokine stimulation in vitro, phosphorylation of STAT molecules was observed in neutrophils and monocytes. In vivo
administration of human G-CSF resulted in the recruitment of human myeloid cells into the recipient circulation. Flow cytometry
and confocal imaging demonstrated that human bone marrow monocytes and alveolar macrophages in the recipients displayed
intact phagocytic function. Human bone marrow-derived monocytes/macrophages were further confirmed to exhibit phagocytosis
and Kkilling of Salmonella typhimurium upon IFN-y stimulation. These findings demonstrate the development of mature and
functionally intact human myeloid subsets in vivo in the NSG recipients. In vivo human myelopoiesis established in the NSG
humanized mouse system may facilitate the investigation of human myeloid cell biology including in vivo analyses of infectious
diseases and therapeutic interventions. The Journal of Immunology, 2012, 188: 000-000.

advances in biomedical research by providing insights into human samples (e.g., cells and tissues), although supporting suc-
the role of individual genes both in normal physiology and cessful translation from bench research to clinical medicine, is
in disease pathogenesis. However, translation of these findings into limited by both logistic and ethical concerns.
effective therapies for human diseases has been limited by the gap Therefore, mice repopulated with human hematopoietic cells
through xenogeneic transplantation were developed directly to in-
vestigate the human immuno-hematopoietic system in vivo. Based
*Department of Medical Genome Sciences, Graduate School of Frontier Sciences, The on pioneering work using the Hu-PBL-SCID (1) and SCID-hu (2)
Um\(ersxty c?f Tokyo, Chlb_a, JaPan, Division of Mucosal hr;munology, Tl?e Institute of systems, investigators have aimed to improve xenotransplantatlon
Medical Science, The University of Tokyo, Tokyo, Japan; *Research Unit for Human .. . . . L.
Disease Models, RIKEN Research Center for Allergy and Immunology, Yokohama, models using immunodeficient strains of mice as recipients of hu-
Japan; *Nippon Bectmﬁ Dickinson Company, Tokyo, Japan; The Jackson Laboratory, man hematopoietic stem cells (HSCs) to achieve long-term en-
Ba.r Harbor, ME; and "Core Research for Evolutional Science and Technology, Japan graftment of multiple human hematop oietic and immune subsets
Science and Technology Agency, Tokyo, Japan K X ) K
) . o . (3). NOD/SCID mice, established by back-crossing the scid muta-
Received for publication December 30, 2011. Accepted for publication April 19, . . N .
2012. tion onto the NOD strain background, are characterized by partially
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T he use of genetically modified mice has led to significant that exists between murine and human biology. The availability of

The online version of this article contains supplemental material.
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of human CD34" or CD34*CD38~ HSCs in these severely im-
munocompromised recipients accelerated human stem cell and
immunology research by allowing higher levels of human HSC
engraftment, differentiation of human T cells in the murine thy-
mus and secondary lymphoid organs, enhanced maturation of
human B cells, and human immune function in vivo (7-12).
Despite these advances, one of the remaining issues to be clarified
in humanized mouse research has been the development of human
myeloid lineage cells in the host mouse tissues. To date, we and others
reported the development of human CD33" myeloid cells and my-
eloid subsets in NOG mice, BALB/c-Rag2KO/y.™! mice, and NSG
mice (7, 9, 11, 13). In this study, by using NSG newborns as recip-
ients, we present in vivo differentiation of human myeloid subsets in
the bone marrow (BM), spleen, and respiratory tract of NSG mice
engrafted with purified lineage” CD34*CD38~ human cord blood
(CB) HSCs. Human granulocytes (neutrophils, basophils, and mast
cells) and APCs (monocytes/macrophages, conventional dendritic
cells [cDCs] and plasmacytoid dendritic cells [pDCs]) developing in
NSG mice exhibited characteristics of human myeloid cells includ-
ing morphological features and expression of surface molecules
known to be associated with the myeloid cell subsets. Moreover,
human myeloid cells developing in the NSG recipients displayed
functionality such as responsiveness to cytokine or TLR adjuvant
and phagocytic function. The in vivo system supporting the devel-
opment of mature human myeloid cells with intact function will
facilitate the evaluation of human myeloid development from he-
matopoietic stem/progenitor cells, advance in vivo investigation of
human myeloid cell-mediated immune responses against pathogens
and malignancies, and will support studies of therapeutic agents.

Materials and Methods
Mice

NOD.Cg-Prkdc**“IL2rg"™"/Sz (NSG) mice were developed at The Jackson
Laboratory by back-crossing a complete null mutation at the //2rg locus onto
the NOD.Cg-Prkdc™™® (NOD/SCID) strain (9, 10). Mice were bred and
maintained under defined flora with irradiated food at the animal facility of
RIKEN and at The Jackson Laboratory according to guidelines established
by the institutional animal committees at each respective institution.

Purification of human HSCs and xenogeneic transplantation

All experiments were performed with authorization from the Institutional
Review Board for Human Research at RIKEN Research Center for Allergy
and Immunology. CB samples were first separated for mononuclear cells
(MNCs) by LSM lymphocyte separation medium (MP Biomedicals). CB
MNCs were then enriched for human CD34" cells by using anti-human
CD34 microbeads (Miltenyi Biotec) and sorted for 7TAAD " lineage(hCD3/
hCD4/hCD8/hCD19/hCD56) CD34*CD38™ HSCs using FACSAria (BD
Biosciences). To achieve high purity of donor HSCs, doublets were ex-
cluded by analysis of forward scatter-height/forward scatter-width and side
scatter-height/side scatter-width. The purity of HSCs was higher than 98%
after sorting. Newborn (within 2 d of birth) recipients received 150 cGy
total body irradiation using a '*’Cs-source irradiator, followed by i.v. in-
jection of 1 X 10*-3 X 10 sorted HSCs via the facial vein (14). The
recipient peripheral blood (PB) harvested from the retro-orbital plexus was
evaluated for human hematopoietic engraftment every 3 to 4 wk starting at
6 wk posttransplantation. At 4-6 mo posttransplantation, recipient mice
were euthanized for analysis.

Flow cytometry

Erythrocytes in the PB were lysed with Pharm Lyse (BD Biosciences).
Single-cell suspensions were prepared from BM and spleen using standard
procedures. To isolate MNCs from the lung, lung tissues were carefully
excised, teased apart, and dissociated using collagenase (Wako) (15).
The following mAbs were used for identifying engraftment of human
hematopoietic cells in NSG recipients: anti-human CD3 V450 (clone
UCHT1) and PE-Cy5 (HIT3a), anti-hCD4 PE-Cy5 (RPA-T4), anti-hCD8
PE-Cy5 (RPA-T8), anti-hCD11b/Mac-1 Pacific blue (ICRF44), anti-
hCDlIc allophycocyanin (B-ly6), anti-hCD14 Alexa700 (M5E2), allo-
phycocyanin-H7 and V450 (M$P9), anti-hCD15 allophycocyanin (HI98)

30

HUMAN MYELOID DEVELOPMENT IN NSG MICE

and V450 (MMA), anti-hCD19 PerCP-Cy5.5, PE-Cy5 and PE-Cy7
(SJ25C1), anti-hCD33 PE and PE-Cy7 (p67.6), anti-hCD34 PE-Cy7
(8G12), anti-hCD38 FITC and allophycocyanin (HB7), anti-hCD45, V450
and V500 (HI30), anti-hCD45 AmCyan and allophycocyanin-Cy7 (2D1),
anti-hCD56 FITC (NCAMI16.2) and PE-Cy5 (B159), anti-hCD114/G-
CSFR PE (LMM?741), anti-hCD116/GM-CSFR FITC (hGMCSFR-M1),
anti-hCD117/c-Kit PerCP-Cy5.5 (104D2), anti-hCD119/IFN-yR PE (GIR-
208), anti-hCD123/IL-3R PE and PerCP-Cy5.5 (7G3), anti-hCD284/TLR2
Alexa647 (11G7), anti-HLA-DR allophycocyanin—-H7 (L243), anti-mouse
CD45 PerCP-Cy5.5 and allophycocyanin-Cy7 (30-F11), all from BD Bio-
sciences; anti-human CD1¢/BDCA-1 FITC (ADS5-8E7), anti-hCD141/
BDCA-3 FITC, PE and allophycocyanin (AD5-14H12), anti-hCD303/
BDCA-2 PE (AC144) from Miltenyi; anti-human CD115/M-CSFR PE (9-
4D2-1E4), anti-hCD203c¢/E-NPP3 PE (NP4D6), anti-hCD284/TL.R4 PE
(HTA125), anti-hFceRI FITC (AER-37), anti-mouse CD45 Alexa700 (30-
F11) from BioLegend. The labeled cells were analyzed using FACSCantoll
or FACSAria (BD Biosciences).

Morphological analysis

Cytospin specimens of FACS-purified human myeloid cells were prepared
with a Shandon Cytospin 4 cytocentrifuge (Thermo Electric). To identify
nuclear and cytoplasmic characteristics of each myeloid cell, cytospin
specimens were stained with 100% May—Griinwald solution (Merck) for
3 min, followed by 50% May-Griinwald solution in phosphate buffer
(Merck) for an additional 5 min, and then with 5% Giemsa solution
(Merck) in phosphate buffer for 15 min. All staining procedures were
performed at room temperature. Light microscopy was performed with a
Zeiss Axiovert 200 (Carl Zeiss).

In vitro cytokine stimulation and phospho-specific flow
cytometry

After 2-h preculture at 37°C in RPMI 1640 (Sigma) containing 10% FBS,
recipient BM cells were incubated for 15 min in medium supplemented
with 100 ng/ml recombinant human IFN-y (thIFN-y; BD Biosciences),
100 ng/ml recombinant human G-CSF (thG-CSF; PeproTech), 100 ng/ml
recombinant human GM-CSF (thGM-CSF; PeproTech) or 100 ng/ml
recombinant human M-CSF (thM-CSF; R&D Systems), fixed for 10 min at
37°C with Phosflow Lyse/Fix Buffer (BD Biosciences), permeabilized for
15 min at 4°C with 0.5X Phosflow Perm Buffer IV (BD Biosciences), and
labeled using the following set of Abs: anti-human CD3 PerCP-Cy5.5
(SK7), anti-hCD14 PE (M5E2), anti-hCD15 allophycocyanin (HI98), anti-
hCD33 PE-Cy7 (p67.6), anti-nCD45 V450 (HI30), anti-mouse CD45 al-
lophycocyanin-Cy7 (30-F11), and the combination of anti-human p-STAT1
Alexa488 (4a), p-STAT3 Alexad88 (4/P-STAT3), p-STAT4 Alexa488 (38/
p-Stat4), p-STATS Alexa488, and p-STAT6 Alexa488 (18/P-Stat6), all
from BD Biosciences. Phosphorylation of STAT molecules was analyzed
using FACSCantoll (BD Biosciences). Digital data were converted into a
heat map using an online analysis system (Cytobank; http://www.cytobank.
org/) (16).

In vivo rhG-CSF treatment of humanized NSG mice

Human CB HSC-engrafted NSG recipients at 4-6 mo posttransplantation
were given thG-CSF (PeproTech) at 300 ug/kg s.c. once a day for five
consecutive days. The recipients were analyzed for the frequency of
hCD45*CD15*CD33™Y fraction (neutrophils) and hCD45*CD15~ "%
CD33* fraction (monocytes and DCs) before and after thG-CSF treatment.

In vitro phagocytosis by human myeloid subsets

In vitro phagocytosis was examined using Fluoresbrite Yellow Green car-
boxylate microspheres (Polysciences). After single-cell preparation, recipient
lung and BM cells were precultured for 2 h at 37°C in RPMI 1640 (Sigma)
containing 10% FBS then incubated with fluorescent beads (particle/cell
ratio = 10:1) for 1 h at 37°C or 4°C and labeled with anti-mouse CD45
allophycocyanin—Cy7, anti-human CD45 allophycocyanin and anti-hCD33
PE-Cy7 (all from BD Biosciences) for identification of fluorescent beads”
hCD45"'hCD33* cells. The frequencies of observed fluorescent beads™
hCD45"hCD33* cells out of total hCD45"hCD33™ cells were determined.
Fluorescent beads* hCD45"hCD33* human lung myeloid cells were purified
using FACSAria (BD Biosciences) and imaged using a laser-scanning con-
focal microscope (Zeiss LSM 710; Carl Zeiss). The intracellular localization
of fluorescent beads was confirmed by scanning z-series sections.

TLR analysis and in vivo LPS stimulation of humanized NSG
mice

Surface expression levels of TLR2 and TLR4 were analyzed by FACS-
Cantoll. To test the LPS-induced inflammatory response, human CB
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HSC-engrafted NSG recipients at 4-6 mo posttransplantation were injected
iv. with LPS at 15 pg/mouse. After LPS injection, plasma was collected
from 0 to 4 h. Human cytokines IL-18, IL-6, IL-8, IL-10, IL-12p70, and
TNF were measured by cytometric bead array (BD Biosciences).

IFN-vy—induced Salmonella killing activity by humanized
mouse-derived monocytes/macrophages

Salmonella typhimurium PhoPc strain transformed with the pKKGFP
plasmid was kindly provided by J.P. Kraehenbuhl (17). S. typhimurium was
grown shaking at 180 rpm overnight in Luria—Bertani broth supplemented
with 100 pg/ml ampicillin at 37°C. BM monocytes/macrophages were
purified by FACSAria (BD) based on the phenotypic characterization
of lineage (CD3, CD7, CD16, CD19, CD56, CD123, CD235a)-negative,
mouse CD45 and Ter119-negative, human CD45*CD11b*. Aliquots of
(10*) human monocytes/macrophages derived from humanized mouse BM
were cultured on collagen type I-coated 96-well plates (BD) for 24 h in
either the presence or the absence of 1000 U/ml recombinant human IFN-y
(BD). Then, cells were infected with S. typhimurium at multiplicity of
infection (MOI) of 20 at 37°C for 2 h, and the infection was confirmed by
fluorescence microscopy (Biorevo BZ-9000; Keyence). For intracellular
CFU determination, cells were washed twice with PBS and lysed in 0.2%
Triton X-100 in PBS for 2 min, and lysates were diluted and plated onto
Luria-Bertani broth agar plates containing 100 p.g/ml ampicillin for col-
ony enumeration.

Statistical analysis

The numerical data are presented as means = SEM unless otherwise noted.
Where noted, two-tailed ¢ tests were performed, and the differences with
the p value <<0.05 were deemed statistically significant (GraphPad Prism;
GraphPad).

BM Human CD45*

Results

Human myeloid lineage cells develop in NSG mice
transplanted with human CB HSCs

Recent advances in our knowledge of innate immunity reempha-
size the importance of myeloid cells for sensing, capturing, and
processing Ags for the initiation of innate and acquired phases
of immune responses. The development of human myeloid cells
in HSC-engrafted NSG mice has not previously been studied in
detail. To evaluate in vivo differentiation and function of human
myeloid lineage cell populations, we transplanted 1 X 10*-3 x 10*
purified human lineage”CD34"CD38~ CB HSCs intravenously
into sublethally irradiated newborn NSG mice. At 4-6 mo post-
transplantation, we confirmed high levels of human hematopoietic
chimerism and multilineage differentiation of human immune
subsets as evidenced by flow cytometry (Fig. 1A, 1B). In addition
to the reconstitution of human adaptive immunity (CD3* T cells
and CD19* B cells), we identified the development of human
innate immune cell subsets such as CD56" NK cells and CD33*
myeloid cells in the recipient mice. The frequency of human
myeloid lineage cells was higher in the recipient BM (30.7 *+
3.9%, n = 11) compared with that in the spleen (6.2 * 1.2%, n =
11, p < 0.0001 by paired two-tailed 7 test) and PB (7.1 = 1.3%,
n =11, p < 0.0003) (Fig. 1B).

We then identified the subsets of human myeloid cells present
in the humanized NSG recipient mice through flow cytometry.
Human myeloid subsets are classified into HLA class II-negative
granulocytes and class II-positive APCs. In the BM and spleen
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Development of human acquired and innate immunity in NSG recipients after transplantation of human CB HSCs. (A) Representative sets of

flow cytometry contour plots demonstrating the development of human CD45* hematopoietic cells, hCD3* T cells, hCD19* B cells, hCD56" NK cells, and
hCD33* myeloid cells in the BM, spleen, and PB of an NSG recipient. (B) Human CD45* hematopoietic chimerism and the frequencies of hCD3™ T,
hCD19* B, hCD33" myeloid cells (n = 11 each, frequency of myeloid cells in BM compared with spleen, *p < 0.0001, and with PB, **p < 0.0003) and
hCD56" NK (n = 9 each) cells in the BM, spleen, and PB of NSG recipients at 4-6 mo posttransplantation are summarized.
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of NSG recipients at 4-6 mo posttransplantation, we observed CD1177CD123"CD203c* basophils, and CD117*CD203¢*HLA-
differentiation of both human granulocytes and APCs. Among the DR™ mast cells were observed in the recipient BM and spleen.
granulocyte lineage, human CD15*CD33"°¥HLA-DR ™ neutrophils, ~ Analyses of APC populations found that CD14*CD33*HLA-DR*
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FIGURE 2. Development of human myeloid lineages in NSG recipients. (A) Representative flow cytometry contour plots demonstrating differentiation
of human HLA-DR™ granulocytes and HLA-DR* APCs in the BM and spleen of an NSG recipient. (B) The frequencies of human neutrophils, monocytes,
cDCs, mast cells, basophils, and pDCs in the BM and spleen of NSG recipients are summarized (n = 10). (C) In the humanized mouse BM and spleen, two
distinct subsets of DCs, BDCA-1* DCs and BDCA-3* DCs, were identified in HLA-DR*CD33*CD11c* conventional DCs. Frequencies of the two DC
subsets within BM and spleen hCD45"CD33* cells are shown (BM, n = 9, *p = 0.007, significant differences between cDCs; spleen, 1 = 6, **p = 0.046).
(D) Human myeloid cells isolated by cell sorting of recipient BM demonstrate characteristic morphological features on May—Griinwald-Giemsa stain.
Baso, Basophils; Mast, mast cells; Mo, monocytes; Neu, neutrophils. Scale bars, 10 pm.
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BDCA-1"BDCA-3" monocytes, CD14~ CD33*HLA-DR*BDCA-
1* or BDCA-3* ¢DCs, and CD123*BDCA-2*HLA-DR* pDCs
developed in the recipients BM and spleen (Fig. 2A, 2B). The
frequency of CD15"CD33"°YHLA-DR ™ neutrophils within human
CD45*CD33™ myeloid cells were present at the highest level in
the BM (35.0 * 5.4%, n = 10), whereas CD117*CD203cFceRI'™Y
HLA-DR™ mast cells developed at a higher efficiency in the re-
cipient spleen (43.3 + 4.0% within CD45*CD33%, n = 10) (Fig.
2B). Among human APCs developing in the NSG recipients,
monocytes accounted for the highest frequency in total myeloid
cells both in the BM (32.6 = 3.1%, n = 10) and spleen (252 *
4.0%, n = 10). cDCs are divided into two subsets according to
the expression of BDCA-1 and BDCA-3. Within human CD45*
CD33* myeloid cells, the frequencies of BDCA-1* DCs accounted
for 6.4 £ 1.2% in BM (n = 9) and 6.7 = 1.7% in spleen (n = 6)
and were significantly higher than those of BDCA-3" DCs (2.4 *
0.3% and 2.8 = 0.4%, respectively) (Fig. 2C). We then performed
flow cytometric analysis using the same mAbs to determine the
frequencies of each myeloid subset in primary BM MNCs. Al-
though we could not directly compare human neutrophil devel-
opment, the proportion of human monocytes, BDCA1™ cDCs,
BDCA3* ¢cDCs, and pDCs was similar between primary human
BM and humanized mouse BM (Supplemental Fig.1). In addition
to the expression analysis of cell surface molecules, we performed

A CB CD45*

May—Griinwald—Giemsa staining to identify the morphology of
the myeloid lineage cells developing in the NSG recipients. Hu-
man myeloid cells purified from NSG recipient BM exhibited
characteristic morphological features (Fig. 2D).

Human myeloid lineage cells developing in NSG recipients
demonstrate intact functional responses to human cytokines
in vitro and in vivo

We confirmed the development of various human myeloid subsets
in the BM and spleen of NSG recipients and next examined the
expression of human cytokine receptors including IFN-yR, G-
CSFR, GM-CSFR, and M-CSFR compared with that in human
CB (Fig. 3A-C). By using human CD45*CD33* CB myeloid cells
as control, we confirmed that human CD457CD33™ cells in the
recipient BM expressed comparable levels of IFN-yR, G-CSFR,
GM-CSFR and M-CSFR (n = 5, no significant difference between
humanized mouse BM and CB, p = 0.6444, p = 0.0985, p =
0.3879, and p = 0.5816, respectively) (Fig. 3D).

To demonstrate functional responses to human cytokine stimu-
lation at a cellular level, we examined the phosphorylation of STAT
molecules using flow cytometry. Recent studies have revealed that
hematopoietic cytokine receptor signaling is largely mediated by
JAK kinases and STAT molecules known as the downstream tran-
scription factors (18). BM cells from NSG recipients (n = 3) were
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stimulated with rhIFN-y, thG-CSF, thGM-CSF, or thM-CSF in vitro
for 15 min at 37°C. In neutrophils and monocytes, hGM-CSF spe-
cifically induced STATS phosphorylation, but not irrelevant STAT's
(e.g., STAT4 and STAT®6) (Fig. 4A, 4C). Additionally, rhIFN-vy
and rhG-CSF induced optimal STAT phosphorylation (Fig. 4B,
4D, 4E). Indeed, rhIFN-y stimulation resulted in intracellular
STAT1, STAT3, and STAT5 phosphorylation, and thG-CSF stim-
ulation induced STAT3 and STATS phosphorylation, respectively
(Fig. 4E). These results indicate that intact molecular events occur
in human neutrophils and monocytes in response to recombinant
human cytokines in vitro.

We next investigated in vivo cytokine response by human my-
eloid cells in the NSG humanized mice. Stimulation with thG-CSF
in vivo is known to induce proliferation of myeloid precursors and
mobilization of myeloid subsets from BM (19). After in vivo
treatment of humanized mice by rhG-CSF for 5 d, the frequen-
cies of hCD45"CD15*CD33"° fraction (human neutrophils) and
hCD45*CD15~"°¥CD33* fraction (human monocytes and DCs)
increased in the PB (three out of three recipients) (Fig. 4F). These

HUMAN MYELOID DEVELOPMENT IN NSG MICE

findings indicate that human myeloid cells developing in the hu-
manized NSG recipients demonstrate functional cytokine response
both in vivo and in vitro.

Human inflammatory response via TLR signaling

Along with the role of cytokine receptor signaling in development
and function of myeloid cells, signaling via TLRs serves funda-
mental roles in evoking systemic inflammatory response by my-
eloid cells (20). We therefore analyzed the expression of TLRs in
human myeloid cells developed in the engrafted NSG recipients
by flow cytometry. We examined the surface expression of TLR2
and TLR4 in the human myeloid cells developed in the humanized
mouse BM. TLR2 is specifically expressed in human monocytes
and BDCA1* DCs, and TLR4 is expressed in the four distinct
myeloid subsets, neutrophils, monocytes, BDCA1" ¢DCs, and
BDCA3" cDCs (Fig. 5A, 5B). The expression of TLR4 was also
confirmed in humanized mouse BM-derived monocytes and other
myeloid subsets, which has led us to investigate the in vivo re-
sponse of human innate immunity against LPS, a potent TLR4
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FIGURE 5. Expression of TLRs and response to TLR adjuvant by humanized mouse-derived myeloid subsets. TLR expression is analyzed in the
granulocytes, monocytes, and cDCs derived from the humanized NSG recipient BM. (A and B) Expression of TLR2 and TLR4 in neutrophils, monocytes,
BDCA-1* DCs, and BDCA-3" DCs was analyzed by flow cytometry. (C) At different time points after the injection of 15 g LPS into humanized NSG
recipients, human-specific cytokine levels in plasma were evaluated by cytometric bead array (n = 3).

ligand and endotoxin. To this end, we have administered 15 pg
LPS to NSG humanized mice followed by detection of human
inflammatory cytokines by flow cytometry. Bead-attached Abs for
human cytokines did not detect 5000 pg/ml of mouse cytokines
demonstrating that these Abs and analyses are human-specific
(Supplemental Fig. 2). Of the cytokines examined, we have seen
the significant elevation of plasma levels of human IL-6, human
IL-8, and human TNF (Fig. 5C). Time-dependent kinetics showed
that the prompt response of human innate cells to the LPS was
achieved between 30 min and 1 h after injection. Consequently,
humanized mice could be used to examine human innate immune
response against infectious organisms and to predict inflammatory
response provoked by the TLR ligands.

Human myeloid cells present in NSG recipient lung exhibit
functional phagocytosis

In the human immune system, myeloid cells serve an important role
in immune surveillance not only in the systemic immune com-
partments but also in the mucosal tissues, especially the respiratory
compartment of lung protected by both mucosal and systemic
immune systems (21, 22). To examine whether functional recon-
struction of human myeloid cells occurs in the lung, we evaluated
the differentiation and function of human myeloid lineage cells
isolated from the lungs of NSG recipients. Among human CD45*
cells present in the NSG recipient lung, myeloid lineage cells
constituted 20.3 *= 3.8% (n = 8; a representative set of flow
cytometry plots shown in Fig. 6A). The majority of human my-
eloid lineage cells residing in the recipient lungs were CD33*
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CD14"HLA-DR* monocytes/macrophages (60.9 * 5.1% within
huCD45*CD33%, n = 8) (Fig. 6B).

The respiratory tract represents a major port of entry for inhaled
pathogenic organisms, and resident alveolar monocytes/macrophages
play a major role in surveillance and immune defense. To confirm
the phagocytic function of human monocytes/macrophages present
in the lungs of NSG recipients, we performed in vitro phagocytosis
assay using yellow-green fluorescent beads by flow cytometry and
confocal microscopy imaging. After in vitro incubation of NSG
recipient-derived human CD45" cells with 1 and 2 um fluorescent
beads at 37°C, uptake of beads was noted in 9.0 and 7.9% of
hCD45"CD33" human myeloid cells, respectively (Fig. 6C). It
should be noted that uptake of fluorescent beads was observed
only in hCD457CD33* myeloid cells, but not in hCD457CD33~
lymphoid cells (Fig. 6C). This demonstrates that the fluorescent
bead uptake specifically represents phagocytotic function by hu-
man lung myeloid cells, not nonspecific uptake of the beads or
binding or coating of the cells by the beads. The efficiency of
uptake was 24.4 = 3.0% in the lung-derived hCD45*CD33™ cells
(n = 6, p = 0.001 compared with 4°C incubation by two-tailed
t test), equivalent to that in BM-derived hCD457CD33™ cells
(16.6 * 2.7%, n = 4, p = 0.01 compared with 4°C incubation by
two-tailed ¢ test) (Fig. 6C, 6D).

Next, phagocytosis of fluorescent beads by human myeloid
cells was confirmed by direct visualization by confocal microscopy.
Three-dimensional confocal imaging demonstrated intracellular
localization of the fluorescent bead signal in sorted fluorescent bead
(YG signal)*hCD45"CD33" human myeloid cells, confirming the
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