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Development of Mature and Functional Human Myeloid
Subsets in Hematopoietic Stem Cell-Engrafted
NOD/SCID/IL2ryKO Mice

Satoshi Tanaka,*"*% Yoriko Saito," Jun Kunisawa,*" Yosuke Kurashima,"
Taichi Wake,” Nahoko Suzuki,” Leonard D. Shultz,” Hiroshi Kiyono,“‘”’IE 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 killing 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: 6145-6155.

he use of genetically modified mice has led to significant that exists between murine and human biology. The availability of
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)
University of Tokyo, Chiba, Japan; 'Division of Mucosal Immunology, The Institute of systems. investieators have aimed to improve xenotransplantation
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Disease Models, RIKEN Research Center for Allergy and Immunology, Yokohama, models using immunodeficient strains of mice as recipients of hu-
Japan; ‘Nippon Bl:cmrlll 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 E‘voluuonaj Science and Technology, Japan graftmcnt of multip]e human hematopoietic and immune subsets
Science and Technology Agency, Tokyo, Japan 3). NOD/SCID mi blished by back z h d
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resulting in the expression of SIRPa with enhanced binding of

human CD47 (5). The interaction between SIRPa and CD47 has
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The online version of this article contains supplemental material. The introduction of IL2r common v-chain mutations onto the
Abbreviations used in this article: BM, bone marrow; CB, cord blood; ¢DC, conven- NOD/SCID and BALBc/Rag2KO backgrounds led to the gener-
tional dendritic cell; DC, dendritic cell; HSC, hematopoietic stem cell; MNC, mono- . null SRR ol
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mice (11), resulting in more profound defects in innate immunity.
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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 /I2rg locus onto
the NOD.Cg-PI"de:“d (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 TAAD ~ lineage(hCD3/
hCD4/hCD8/hCD1%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 c¢Gy
total body irradiation using a 1¥7Cs-source irradiator, followed by i.v. in-
jection of 1 % 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-TS8), anti-hCD11b/Mac-1 Pacific blue (ICRF44), anti-
hCDI11c allophycocyanin (B-ly6), anti-hCD14 Alexa700 (MSE2), allo-
phycocyanin-H7 and V450 (M&P9), anti-hCDI15 allophycocyanin (HI98)
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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-hCDI14/G-
CSFR PE (LMM741), 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 (ADS5S-8E7), anti-hCD141/
BDCA-3 FITC, PE and allophycocyanin (AD5-14H12), anti-hCD303/
BDCA-2 PE (ACI144) from Miltenyi; anti-human CD115/M-CSFR PE (9-
4D2-1E4), anti-hCD203¢/E-NPP3 PE (NP4D6), anti-hCD284/TLR4 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 (rhIFN-vy; BD Biosciences),
100 ng/ml recombinant human G-CSF (rhG-CSF; PeproTech), 100 ng/ml
recombinant human GM-CSF (rhGM-CSF; PeproTech) or 100 ng/ml
recombinant human M-CSF (rhM-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 0.5 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-hCD45 V450 (HI30), anti-mouse CD45 al-
lophycocyanin-Cy7 (30-FI1), 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 rthG-CSF (PeproTech) at 300 pg/kg s.c. once a day for five
consecutive days. The recipients were analyzed for the frequency of
hCD457CD15"CD33"" fraction (neutrophils) and hCD45*CD15 ~/1°%
CD33" fraction (monocytes and DCs) before and after rhG-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
i.v. with LPS at 15 pg/mouse. After LPS injection, plasma was collected
from O to 4 h. Human cytokines IL-1B, IL-6, IL-8, IL-10, IL-12p70, and
TNF were measured by cytometric bead array (BD Biosciences).

IFN-y—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. Kraechenbuhl (17). §. 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 Terl19-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 [FN-y
(BD). Then, cells were infected with S. typhimuritm 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 pg/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).

Mouse CD45

CcD3

Human CD45*

Human CD45*
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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 % 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 CDI19" 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 ¢ 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 [I-negative
granulocytes and class Il-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
hCD356™ 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 ~ CD117 CDI123*CD203c" basophils, and CD117*CD203c"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,
¢DCs, 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 ¢DCs; spleen, n = 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'"VHLA-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*CD203¢*FeeRI'™™
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 (25.2 =
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* ¢DCs,
BDCA3" ¢DCs, 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

6149

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 CD45°CD33" 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-v, rthG-CSF, rhGM-CSF, or rthM-CSF in vitro
for 15 min at 37°C. In neutrophils and monocytes, thGM-CSF spe-
cifically induced STATS phosphorylation, but not irrelevant STATs
(e.g., STAT4 and STAT6) (Fig. 4A, 4C). Additionally, rhIFN-y
and rhG-CSF induced optimal STAT phosphorylation (Fig. 4B,
4D, 4E). Indeed, rhIFN-v stimulation resulted in intracellular
STAT1, STAT3, and STATS phosphorylation, and rhG-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 rhG-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'Y fraction (human neutrophils) and
hCD45*CD15 °¥CD33* fraction (human monocytes and DCs)
increased in the PB (three out of three recipients) (Fig. 4F). These
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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 BDCAI1* DCs, and TLR4 is expressed in the four distinct
myeloid subsets, neutrophils, monocytes, BDCA1* ¢DCs, and
BDCA3" ¢DCs (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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(C and D) Results from three independent experiments using three different

recipients are summarized. (E) Heat map representation of STAT phosphorylation in human neutrophils and monocytes in an NSG recipient BM after
in vitro cytokine treatment relative to PBS exposure is shown. (F) Representative flow cytometry contour plots demonstrating expansion of myeloid lineage
cells in the PB of an NSG recipient in response to in vivo rhG-CSF administration. Frequencies of hCD45*CD15*CD33'°" and hCD457CD15 "°*CD33*
myeloid cells were increased after in vivo rhG-CSF treatment in PB of NSG recipients for 5 d.
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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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CDI14"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 pm 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 hCD45"CD33" myeloid cells, but not in hCD45*CD33~
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 hCD45*CD33" 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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FIGURE 6. Human monocytes/macrophages developing in NSG recipient lung demonstrate phagocytosis of microparticles. (A) Representative contour
plots demonstrating the reconstitution of human myeloid cells in the lungs of an NSG recipient. Human CD45" cells within lung cell populations were
analyzed by CD33, HLA-DR, CD14, CD11¢, BDCA-1/3, and CD135 to identify monocytes/macrophages, cDCs, and neutrophils. (B) The frequencies of
human neutrophils, monocytes/macrophages, ¢DCs, mast cells, and basophils within hCD45*CD33" NSG recipient lung are summarized (n = 8). (C) A set
of representative flow cytometry plots demonstrating the presence of hCD45"°CD33 fluorescent beads™ cells. (D) Summary of the frequency of hCD45*
CD33"fluorescent bead™ cells in NSG recipient lung cell populations incubated at 37°C and at 4°C (control), respectively, with fluorescent beads (lung, n =
6; BM, n=4; *p = 0.001, *¥p = 0.01). (E) Confocal imaging of FACS-purified hCD45"CD33"fluorescent beads” cells derived from NSG recipient lung cell
populations show internalization of fluorescent beads (green) within hCD45 (purple)-expressing human myeloid cells. Baso, Basophils; Mast, mast cells;

Mo/Md, monocytes/macrophages; Neu, neutrophils.

internalization of microparticles by human monocytes/macrophages
(Fig. 6E). Taken together, these findings demonstrate the presence
of human innate immunity with intact phagocytic function in the
NSG recipient lung.

Humanized mouse BM-derived monocytes/macrophages
exhibit [FN-y—induced phagocytosis and killing against
Salmonella typhimurium

Myeloid subsets serve essential roles in host defense against
various infectious microorganisms as a part of innate immunity.
Of the various myeloid subsets discussed in the current study,
monocytes and macrophages display excellent phagocytic potential
by phagolysosome formation, by the effects of oxidative and
nitrosative stress, and by antimicrobial cationic peptides and
enzymes (23). To evaluate future application of the humanized
mouse system in infectious disease research, we examined the
phagocytic function of human monocytes/macrophages derived
from humanized NSG BM against S. typhimurium. We purified
mCD45 TER119 hCD45" Lin CDI11b" cells as monocytes/
macrophages from the recipient BM (Fig. 7A) and cultured
10,000 purified human monocytes/macrophages with S. fyphimu-
rium at an MOI of 20 with or without prestimulation of human
recombinant [FN-vy at 1000 U/ml. In the five in vitro experiments,
stimulation of human monocytes/macrophages with rhIFN-vy re-
sulted in the significantly potentiated phagocytosis and killing of
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Salmonella by the humanized mouse-derived monocytes/macro-
phages as evidenced by the decreased numbers of colony forma-
tion by S. typhimurium (at 3 h postinfection p = 0.023, at 12 h
postinfection p = 0.091 [n.s.] compared with control versus [FN-vy
stimulation by two-tailed ¢ test) (Fig. 7B). Taken together, human
monocytes that develop in the humanized NSG mice possess
phagocytic activity against microbeads and bacteria and kill phago-
cytized bacteria presumably via signaling through cytokine recep-
tors and TLRs.

Discussion

In vivo reconstitution of mature and functional human myeloid
cells not only facilitates in vivo examination of human innate
immunity but also offers a promising platform for translational
research in the areas of infectious immunity and drug development.
In the current study, we have aimed to clarify how functional
human myeloid cells develop in NSG humanized mice.

In the NSG recipients, we found distinct levels of reconstitution
of myeloid subsets in the BM and spleen. The differential myeloid
reconstitution in the humanized hematopoietic organs is compa-
rable to that seen in the human tissues, reflecting the distinct
physiological roles of each hematopoietic organ in mammals. BM
acts an essential reservoir of short-lived neutrophils and monocytes
that readily migrate into sites of infection and inflammation. In
addition, BM neutrophils function as paracrine regulators for mobi-
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FIGURE 7. Cytotoxicity against S. typhimurium by IFN-y-activated

human monocytes/macrophages developing in NSG recipient. (A) Within
mononuclear cell gate, propidium iodide™ viable, hCD45"Lin CDI1b*
cells were purified from the BM of humanized NSG recipients. Purified
BM monocytes/macrophages were stimulated with or without supple-
mentation of 1000 U/ml human IFN-y for 24 h and then infected with §.
typhimurium at MOI 20. (B) Intracellular CFU was counted at 3 and 12 h
postinfection (n = 5, *p = 0.023 compared with nonstimulated).

lization of HSCs via proteases, such as matrix metalloproteinase-
9 (MMP?9 or gelatinase B), cathepsin G, and neutrophil elastase
contained within intracellular granules. The spleen, a major sec-
ondary lymphoid organ, is not only the site of B cell maturation and
APC interactions with T and B cells but also is an organ supporting
the development of mast cells from their progenitors (24, 25).
Cross-reactivity of murine stem cell factor with human c-Kit"
cells may explain the high frequency of human mast cells observed
in the recipient spleen (26).

The development of human myeloid lineages is regulated by
various cytokine signals (18, 27). In the current study, we directly
compared the frequencies of human myeloid subsets using hu-
manized mouse BM and primary human BM MNCs. As to the
development of human APCs, humanized mouse BM recapitulates
physiological development of human monocytes and two different
subtypes of ¢cDCs. However, we could not directly compare the
frequencies of human neutrophils between humanized mouse BM
and primary human BM, as we have used frozen BM MNCs.
According to the previous reports, the frequency of human neu-
trophils in the humanized mouse BM is lower than that in the
primary human BM (28, 29).

Human myelopoiesis within the mouse microenvironment may
occur through multiple cooperative mechanisms. First, mouse
cytokines such as stem cell factor, FLT3 ligand, G-CSF, and
thrombopoietin may directly stimulate human myelopoiesis by
cross-reacting with their respective receptors on human hemato-
poietic stem and/or myeloid progenitor cells. These human myeloid
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cells in turn produce cytokines such as GM-CSF and IL-3, result-
ing in the differentiation, maturation, and maintenance of human
granulocytes, monocytes, and DCs. At the same time, the cytokine
milieu within the NSG recipient repopulated with human hema-
topoietic cells may not be completely sufficient, to support human
hematopoiesis as evidenced by the relative paucity of human
neutrophils in the recipient BM, spleen, and circulation that might
suggest the requirement of human cytokine or adhesion molecules
in the hematopoietic tissues of the recipients. Recent studies
suggested that the induced expression of human cytokines in the
mouse environment may lead to enhanced differentiation and
maturation of human myeloid subsets including neutrophils (30—
33). In the current study, however, human monocytes develop in
NSG recipients despite the fact that M-CSF is exclusively pro-
duced in non-hematopoietic cells and that murine M-CSF does not
cross-react with human M-CSFR. This may be attributable to the
redundancy among cytokines such as M-CSF, GM-CSF, and IL-3
as demonstrated in previous studies using M-CSF—deficient mice
(34).

As a measure of human myeloid cell function, we investigated
cytokine responses in human neutrophils and monocytes devel-
oping in the NSG recipients. Consistent with the expression of
cytokine receptors identified on the human myeloid cells, neu-
trophils and monocytes showed intact responses to human cyto-
kines both in vivo and in vitro. Phosphorylation of STAT mole-
cules represents a molecular event downstream of cytokine receptor
activation. STAT1 is a key mediator of IFN-y activation of cells
and an indispensable component of IFN-y—dependent innate de-
fense mechanisms against infections (35). The STAT3 signaling
pathway is essential for G-CSF-mediated granulopoiesis (36).
Specific phosphorylation of STATS may be an essential molecular
event enabling generation of granulocytes from myeloid progen-
itors and proliferation and survival of mature neutrophils (37).
STAT4 and STAT6 are essential for mediating IL-12 and IL-4
signaling in Th cells (38, 39). Human myeloid cells developing
in humanized NSG recipients responded to human cytokines in
a specific manner, as determined by the selective activation of
JAK-STAT signaling pathways to corresponding cytokines.

Similar to the analysis of the expression of cytokine receptors
and signaling, we showed that human myeloid subsets developing
in the NSG humanized mice expressed various TLRs at the protein
level. In the analysis of TLR expression in humanized mouse BM-
derived cells, specific expression of TLR2 was observed in human
monocytes and BDCA 1" ¢DCs rather than neutrophils or BDCA3*
¢DCs. Consistent with the expression of TLR4 in human myeloid
subsets, in vivo administration of LPS provoked a potent human
inflammatory response as demonstrated by the prompt elevation of
plasma hIL-6, hIL-8, and hTNF levels. In addition to the exami-
nation of cytokine and TLR signaling in human myeloid cells, we
investigated the function of human myeloid cells against bacteria
to elucidate whether the humanized mouse system can be applied
to the research for infectious immunity. As an example of bacterial
infection, we chose §. typhimurium, a Gram-negative bacillus caus-
ing gastrointestinal infections and invasive diseases, especially in
children and immunosuppressed patients (40). IFN-y mediates
signaling to activate monocytes and macrophages in phagocytosis
(41, 42). In the analysis of colony formation by S. typhimurium,
[FN-vy potentiated the phagocytosis and antimicrobial activities
of humanized mouse BM-derived monocytes/macrophages against
this microorganism.

‘We observed not only systemic reconstitution of human myeloid
subsets but also development of respiratory mucosal immunity in
NSG humanized mice. Recent mouse studies revealed the crucial
and specific roles of mucosal immunity in immune surveillance and
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immunological homeostasis in the respiratory tracts (21, 22). In the
recipient lung, unlike the BM or spleen, CD33*CD14"HLA-DR*
macrophages were the predominant myeloid population. Fre-
quencies of human B cells, T cells, and myeloid cells in the
recipient lung were distinct from those in the recipient PB, ex-
cluding the possibility that the human myeloid cells isolated from
the recipient lung are contaminating PB myeloid cells. Impor-
tantly, macrophages, the predominant human myeloid subset in
the recipient lung, demonstrated intact phagocytic function. Mac-
rophages in the NSG recipients will be compared with the recently
reported hGM-CSF and hIL-3 knock-in Rag2KO/IL2ryKO hu-
manized mice showing abundant human macrophages in bron-
choalveolar lavage (32). Establishment of an in vivo model of
human pulmonary mucosal immunity may enable investigation of
in vivo immune surveillance in the respiratory tract and in allergic
pulmonary disorders and may allow evaluation of vaccines at
preclinical stages (43, 44).

In this study, the reconstitution of both systemic and mucosal
human innate immunity was observed in the NSG humanized mice.
We performed phenotypic characterization and functional evalu-
ation of human myeloid cells developing in the recipients, in-
cluding granulocytes and APCs. Humanized mice reconstituted
with both lymphoid and myeloid human lineages would facilitate
in vivo investigation of interactions between the lymphoid and the
myeloid compartments, allowing the dissection of the coordinated
human immune response at the level of the whole organism.
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ABSTRACT

Influenza HA split vaccine is widely administered to children and adults worldwide. However, its limited efficacy and weak potential to control the next
influenza pandemic has recently been emphasized and has raised serious concerns. These circumstances led the Japanese Society for Vaccinology to
organize this symposium to discuss the next generation of influenza vaccine which should be more efficacious and much safer. The symposium covered
data assessment of the newly developed H5N1 vaccine, adjuvant development for influenza vaccine, the future threat of HSN1 influenza, measures for its

control, and the recent development of a mucosal vaccine.

This symposium was convened at the 15th Annual Meeting of
the Japanese Society for Vaccinology in Tokyo, Japan, on December
10, 2011. A brief synopsis of how the symposium was planned
precedes the introduction of each presentation.

In mid-October 2009, under the heavy burden of a serious
pandemic caused by influenza virus A(H1N1)pdm2009, late Dr.
Hitoshi Kamiya, Honorary President of the National Mie Hospital
and founding member of the Japanese Society for Vaccinology, con-
voked a group of Japanese researchers with various expertise in
infectious diseases, immunology, virology, pediatrics, pathology,
and public health in order to assess the data obtained through the
research carried out in Japan to develop H5N1 pandemic vaccine.
In discussion at the second meeting, Prof. Hiroshi Kiyono, the Uni-
versity of Tokyo, strongly recommended that the new generation
of active and leading scientists in the field of Vaccinology develop a
research group and apply to the Ministry of Labor, Health and Wel-
fare of Japan for a government-funded research grant for addressing
the issue on the development of novel, effective, and safe H5N1
vaccine. After organizing serial brainstorming meetings led by Dr.
Kamiya, we successfully established a task force team under the
leadership of Prof. Ken J. Ishii, Osaka University, with the goal of
developing a more efficacious and safer influenza vaccine. Unfortu-
nately, during these efforts, Dr. Kamiya passed away due to sudden
onset of septic shock. As a result our research team was appointed
to continue the work initiated by Dr. Kamiya. This symposium was
thus dedicated to an honor of Dr. Kamiya, his tremendous contri-
bution to the control of infectious diseases by vaccine in Japan and
each speaker presented the outcome of their projects which carry
visions and missions of late Dr. Kamiya. Thus, the audiences of the
15th Annual Meeting of the Japanese Society for Vaccinology could
enjoy the group meetings with scientific progress recreated before
them.

Prof. Tetsuo Nakayama, Kitasato University, presented the
first lecture. He discussed why fever appeared in more than
50% of children who received alum-adjuvanted H5N1 whole
virion influenza vaccine. Determination of IgG subclass antibod-
ies in three serial specimens obtained from vaccine recipients
revealed that IgG1 and IgG4 were developed in patterns similar

0264-410X/$ - see front matter
http://dx.doi.org/10.1016/j.vaccine.2012.07.091

to those of natural infection with A(HI1N1)pdmZ2009. He also
talked about cytokine production pattern observed in lympho-
cyte culture under stimulation of various influenza vaccine
preparations, suggesting that inflammatory cytokines were pro-
duced particularly in lymphocytes from younger volunteers
stimulated with alum-adjuvanted whole inactivated vaccine
formulation.

Prof. Ken J. Ishii began his talk by reviewing our understand-
ing of signal transmission pathways in the innate immune system
combined with the mechanism of action of alum adjuvant. Then,
he proceeded to explain the potential of nucleic acid adjuvant in
relation to the effectiveness of vaccines and ended his lecture by
showing the hopeful prospects for clinical application of adjuvants
in new concept vaccines in future development.

Dr. Yoshihiro Sakoda, Hokkaido University, talked about the cur-
rent status and behavior of the highly pathogenic avian influenza
viruses (HPAIV), which has spread worldwide. He emphasized that
prompt eradication of HPAIVs in poultry is urgently needed in
Asian countries where HPAI has not been controlled to prevent the
perpetuation of viruses in the lakes, where aquatic birds nest in
summer in Siberia.

The last speaker, Dr. Hideki Hasegawa, National Institute of
Infectious Diseases, presented data regarding clinical research on
intranasal administration of inactivated whole virion seasonal
influenza vaccine (H3N2) in humans and showed successful pro-
duction of neutralizing antibodies mainly composed of IgA in nasal
secretions as well as serum neutralizing antibodies. His data sur-
prised a large number of audiences implying that heterosubtypic
immunity was elicited in humans even with inactivated whole
virion without any adjuvants.

Prof. Tetsuo Nakayama is President of Kitasato Institute for Life
Sciences, Tokyo, Japan, Chairman of this Annual Meeting, and also
one of our team members. He arranged this symposium. He worked
as a general pediatrician in Saiseikai-Central Hospital, Tokyo, for
15 years and moved to the Department of Virology, Kitasato Insti-
tute to do basic research in virology and vaccinology. His research
interests include pediatric vaccines, measles, mumps, rubella, DTP
vaccines, and vaccine safety issues.
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Prof. Ken J. Ishii is Director of Laboratory of Adjuvant Inno-
vation, National Institute of Biomedical Innovation; Laboratory of
Vaccine Science, WPI Immunology Frontier Research Center, Osaka
University, Osaka, Japan. His research interests include basic to
translational researches on influenza vaccines and their adjuvants.
He is especially interested in nucleic acids as an endogenous adju-
vant for live and killed viral vaccines and additive adjuvant to many
other vaccine applications.

Dr. Yoshihiro Sakoda, Associate Professor of Laboratory of
Microbiology, Department of Disease Control, Graduate School
of Veterinary Medicine, Hokkaido University, Sapporo, Japan. His
research interests include prevention and control of important
viral diseases of animals and humans, especially pathogenicity of
influenza viruses in animals.

Dr. Hideki Hasegawa, Director of the Department of Pathology,
National Institute of Infectious Diseases, Tokyo, Japan. His research
interests include human retrovirus HTLV-1, human influenza
viruses, and mucosal immunity. He is extending his research to
the development of intranasal vaccine against influenza to induce
mucosal immunity against the viruses.

This symposium was planned and chaired by Drs. Takuji Kuma-
gai and Hiroshi Kiyono. On behalf of the speakers and the rest of ]SV
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members, we would like to express our appreciation and respect to
late Dr. Hitoshi Kamiya for his leadership in the field of Vaccinology
in Japan.
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The Airway Antigen Sampling System: Respiratory M Cells
as an Alternative Gateway for Inhaled Antigens

Dong-Young Kim,*"! Ayuko Sato,*' Satoshi Fukuyama,*' Hiroshi Sagara,

e

Takahiro Nagatake,”"§ II Gyu Kong,”"*’§ Kaoru Goda,* Tomonori Nochi,*
Jun Kunisawa,”"qI Shintaro Sato,* Yoshifumi Yokota,' Chul Hee Lee,

and Hi I‘OShi Kiyono*’§ 9‘19#9$*

In this study, we demonstrated a new airway Ag sampling site by analyzing tissue sections of the murine nasal passages. We revealed
the presence of respiratory M cells, which had the ability to take up OVA and recombinant Salmonella typhimurium expressing GFP,
in the turbinates covered with single-layer epithelium. These M cells were also capable of taking up respiratory pathogen group A
Streptococcus after nasal challenge. Inhibitor of DNA binding/differentiation 2 (Id2)-deficient mice, which are deficient in lym-
phoid tissues, including nasopharynx-associated lymphoid tissue, had a similar frequency of M cell clusters in their nasal epithelia
to that of their littermates, Id2*'~ mice. The titers of Ag-specific Abs were as high in Id2™'~ mice as in Id2*/~ mice after nasal
immunization with recombinant Salmonella-ToxC or group A Streptococcus, indicating that respiratory M cells were capable of
sampling inhaled bacterial Ag to initiate an Ag-specific immune response. Taken together, these findings suggest that respiratory
M cells act as a nasopharynx-associated lymphoid tissue-independent alternative gateway for Ag sampling and subsequent

induction of Ag-specific immune responses in the upper respiratory tract.

he initiation of Ag-specific immune responses occurs at
special gateways, M cells, which are located in the epi-
thelium overlying MALT follicles such as nasopharynx-
associated lymphoid tissue (NALT) and Peyer's patches (1).
Peyer’s patches contain all of the immunocompetent cells that are
required for the generation of an immune response and are the key
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inductive tissues for the mucosal immune system. Peyer’s patches
are interconnected with effector tissues (e.g., the lamina propria of
the intestine) for the induction of IgA immune responses specific
to ingested Ags (2). NALT also contains all of the necessary
lymphoid cells, including T cells, B cells, and APCs, for the in-
duction and regulation of inhaled Ag-specific mucosal immune
responses (1, 3). This tissue is rich in ThO-type CD4™ T cells,
which can become either Th1- or Th2-type cells (4). NALT is also
equipped with the molecular and cellular environments for class-
switch recombination of p to o genes for the generation of IgA-
committed B cells and the induction of memory B cells (5, 6). It is
thus widely accepted that NALT M cells are key players in the
uptake of nasally delivered Ags for the subsequent induction of
Ag-specific IgA immune responses (1). As a result, NALT is
considered a potent target for mucosal vaccines (1).

A recent study identified NALT-like structures of lymphocyte
aggregates with follicle formation in the human nasal mucosa,
especially in the middle turbinate of children <2y old (7). Another
recent study showed that, postinfection of mice with influenza via
the upper respiratory tract, the levels of Ag-specific Ig observed in
the serum and in nasal mucosal secretions after surgical removal
of NALT were comparable to those in tissue-intact mice (8). Other
studies have demonstrated that Ag-specific immune responses are
induced in lymphotoxin-a '~ and CXCL13 /" mice, in which the
NALT exhibits structural and functional defects (9, 10). Thus,
despite the central role of NALT in the generation of Ag-specific
Th cells and IgA-committed B cells against inhaled Ags, these
tissues do not appear essential for the induction of Ag-specific
immune responses, suggesting that additional inductive sites and/
or M cells are present in the upper respiratory tract.

The major goal of our study was to search for an NALT-
independent M cell-operated gateway by examining and charac-
terizing the entire nasal mucosa. We were able to identify M
cells developed in the murine nasal passage epithelium as an al-
ternative and NALT-independent gateway for the sampling of re-
spiratory Ags and the subsequent induction of Ag-specific immune
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responses. Characterization of respiratory M cells should accelerate
our understanding of the Ag sampling system at work in the upper
respiratory tract.

Materials and Methods
Mice

BALB/c mice were purchased from SLC (Shizuoka, Japan). Inhibitor of
DNA binding/differentiation 2 (1d2)~"~ mice (129/Sv), generated as pre-
viously described (11), were maintained together with their littermate
Id2*""" mice in a specific pathogen-free environment at the experimental
animal facility of the Institute of Medical Science, University of Tokyo.
All experiments were carried out according to the guidelines provided by
the Animal Care and Use Committees of the University of Tokyo.

M cell staining

For the preparation of nasal cavity samples for confocal microscopy, we
decapitated euthanized mice and then, with their heads immobilized, re-
moved the lower jaw together with the tongue. Using the hard palate as
a guide, we then used a large scalpel to remove the snout with a transverse
cut behind the back molars. After removing the skin and any excess soft
tissue, we flushed the external nares with PBS to wash out any blood within
the nasal cavity before freezing the nasal passage tissue in Tissue-Tek OCT
embedding medium (Miles, Elkhart, IN) in a Tissue-Tek Cryomold. For
immunofluorescence staining, we prepared 5-pm-thick frozen sections by
using a CryoJane Tape-Transfer System (Instrumedics, St. Louis, MO),
allowed the sections to air dry, and then fixed them in acetone at 4°C. We
then rehydrated the sections in PBS and incubated them for a further 30
min in Fe blocking solution. For M cell staining, sections were incubated
overnight with rhodamine-labeled Ulex europaeus agglutinin-1 (UEA-1;
Vector Laboratories, Burlingame, CA) at a concentration of 20 pg/ml and
FITC-labeled M cell-specific mAb NKM 16-2-4 (12} at 5 pg/ml or FITC-
labeled wheat germ agglutinin (WGA; Vector Laboratories, Burlingame,
CA) at 10 pg/ml and counterstained with DAPI (Molecular Probes,
Eugene, OR) at 0.2 pg/ml in PBS (13).

Electron microscopic analysis of respiratory M cells

For electron microscopic analysis, the nasal cavity sample was prepared and
vigorously washed as described above, and then fixed on ice for 1 h in
a solution containing 0.5% glutaraldehyde, 4% paraformaldehyde, and 0.1
M sodium phosphate buffer (pH 7.6). After being washed with 4% sucrose
in 0.1 M phosphate buffer, the tissues were incubated in an HRP-conjugated
UEA-] solution (20 pg/ml) for 1 h at room temperature. The peroxidase
reaction was developed by incubating the tissues for 10 min at room
temperature with 0.02% 3,3'-diaminobenzidine tetrahydrochloride in 0.05
M Tris-HCI (pH 8) containing 0.01% H,0,. After being washed with the
same buffer, the tissues were fixed again with 2.5% glutaraldehyde in 0.1
M phosphate buffer overnight. The nasal passage tissue was decalcified
with 2.5% EDTA solution for 5 d. After being washed three times with the
same buffer, samples were fixed with 2% osmium tetraoxide on ice for 1 h
before being dehydrated with a series of ethanol gradients. For scanning
electron microscopy (SEM), dehydrated tissues were freeze-embedded in
t-butyl alcohol and freeze-dried, then coated with osmium and observed
with a Hitachi S-4200 scanning electron microscope (Hitachi, Tokyo, Ja-
pan). For transmission electron microscopy (TEM) analysis, the samples
were embedded in Epon 812 Resin mixture (TAAB Laboratories Equip-
ment, Berks, U.K.), and ultrathin (70-nm) sections were cut with a
Reichert Ultracut N Ultramicrotome (Leica Microsystems, Heidelberg,
Germany). Ultrathin sections were stained with 2% uranyl acetate in 70%
ethanol for 5 min at room temperature and then in Reynolds lead citrate for
5 min at room temperature. Sections were examined with a Hitachi H-7500
transmission electron microscope (Hitachi, Tokyo, Japan).

Elucidation of M cell numbers

To examine the numbers of respiratory and NALT M cells, mononuclear
cells (including M cells, epithelial cells, and lymphocytes) were isolated
from the nasal passages and NALT as previously described, with some
modifications (4). In brief, the palatine plate containing NALT was re-
moved, and then NALT was dissected out. Nasal passage tissues without
NALT were also extracted from the nasal cavity, and mononuclear cells
from individual tissues were isolated by gentle teasing using needles
through 40-pm nylon mesh. The total numbers of cells isolated from the
two preparations were counted. These single-cell preparations were then
labeled with PE-UEA-1 (Biogenesis, Poole, England), and the percentages
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of UEA-1-positive epithelial cells in the nasal passages and NALT were
determined with a flow cytometer (FACSCalibur; BD Biosciences,
Franklin Lakes, NJ). The numbers of M cells and goblet cells in the nasal
passages and NALT were counted by confocal microscopic analysis
according to the patterns of staining with UEA-1 and WGA. That is, the
frequencies of M cells (UEA-1"WGA ) and goblet cells (UEA-1"WGA™)
were determined by the enumeration of each type in 100 UEA-1* cells.
The formula used to estimate the number of M cells was: [(total number of
mononuclear cells X percentage of UEA-1" epithelial cells) X M cells/
UEA-1"* epithelial cells]. The number of respiratory M cells in Id27/~
mice was calculated in the same manner.

Ag uptake in situ

DQ OVA was purchased from Molecular Probes. Salmonella typhimurium
PhoPc strain transformed with the pKKGFP plasmid was kindly provided
by F. Niedergang (14, 15). Group A Streptococcus (GAS; Streptococcus
pyogenes ATCC BAA-1064) was obtained from the American Type Cul-
ture Collection (Manassas, VA), and immunofluorescence staining with
FITC-conjugated goat anti-Streptococcus A Ab (Cortex Biochem, San
Leandro, CA) was used to detect GAS uptake. Dg OVA (0.5 mg), GFP-
exgressing Salmonella (GFP-Salmonella) (5 X 10° CFU), or GAS (5 X
10° CFU) was intranasally administered and incubated in situ. Thirty
minutes after the intranasal administration, the nasal passages were re-
moved as described above and extensively washed with cold PBS with
antibiotic solution to remove weakly adherent and/or extracellular DQ
OVA or bacteria, as described (13).

The airway fluorescence-labeled Ag-treated nasal passages were pro-
cessed for confocal microscopy as described above or for FACSCalibur flow
cytometric analysis as follows. Mononuclear cells (including M cells,
epithelial cells, and lymphocytes) were physically isolated from the nasal
passages and NALT as described above, fixed in 4% paraformaldehyde, and
labeled with PE-UEA-1 (Biogenesis, Poole, England). The percentage of
green fluorescence (BODYPI FL or GFP)/UEA-1 double-positive nasal
passage epithelial cells was determined by using an FACSCalibur (BD
Biosciences).

To clarify the uptake of the bacteria by M cells, UEA-1"GFP* cells,
which were sorted from the nasal passages of mice intranasally infected
with GFP-Salmonella by using an FACSAria cell sorter (BD Biosciences)
were analyzed under three-dimensional confocal microscopy (Leica Mic-
rosystems).

To demonstrate the presence of dendritic cells (DCs) in the submucosa of
the nasal passages, especially underneath respiratory M cells, after in-
tranasal instillation of GAS, we used FITC- or allophycocyanin-conjugated
anti-mouse CD11c (BD Pharmingen, San Jose, CA) Abs for subsequent
confocal microscopic analysis.

Immunization

The recombinant S. typhimurium BRD 847 strain used in this study was
a double aroA aroD mutant that expressed the nontoxic, immunogenic 50-
kDa ToxC fragment of tetanus toxin from the plasmid pTETnirl5 under
the control of the anaerobically inducible »irB promoter (recombinant
Salmonella-ToxC) (16). As a control, recombinant Salmonella that did not
express ToxC was used. The recombinant Salmonella organisms were
resuspended in PBS to a concentration of 2.5 % 10'® CFU/ml. Bacterial
suspensions were intranasally administered by pipette (10 wl/mouse) three
times at weekly intervals. To eliminate any possible GALT-associated in-
duction of Ag-specific immune responses from the swallowing of bacterial
solutions after intranasal immunization, mice were given drinking water
containing gentamicin from 1 wk before the immunization to the end of the
experiment and were also subjected to intragastric lavage with 500 pl
gentamicin solution before and after intranasal immunization. This pro-
tocol successfully eliminated the possibility of the intranasally delivered
bacteria becoming deposition in the intestine (Supplemental Fig. 1). The
titers of tetanus toxoid (TT)-specific serum IgG and mucosal IgA Abs were
determined by end-point ELISA, as described previously (17).

To measure GAS-specific immune responses, GAS was suspended in
PBS to a concentration of 2 X 10'® CFU/ml. Ten microliters bacterial
suspension was intranasally administered once using a pipette. Six weeks
after the administration, serum and nasal washes were prepared, and the
titers of GAS-specific Ab were measured by ELISA using a previously
described protocol (18).

Statistical analysis

Data are expressed as means = SD, and the difference between groups was
assessed by the Mann-Whitney U test. The p values <0.05 were consid-
ered to be statistically significant.
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Results
Respiratory M cells in single-layer epithelium of the nasal
passage

The nasal respiratory epithelium of the mouse is composed mainly
of pseudostratified ciliated columnar epithelium (19). However,
when H&E-stained sections of the whole nasal cavity were ex-
amined, a single-layer epithelium was found to cover some
regions of the nasal cavity, especially the lateral surfaces of the
nasal turbinates (Fig. 1A-C). Frozen sections of nasal passages
from naive BALB/c mice were prepared and stained with FITC-
WGA (green) and rhodamine-UEA-1 (red), and then counter-
stained with DAPI (blue). Clusters of UEA-1"WGA ™~ cells that
shared M cell characteristics were found exclusively in the single-
layer epithelium of the nasal passage covered by ciliated colum-
nar epithelial cells (Fig. 1D, 1E). Some respiratory M cells were
also occasionally found on the transitional area between the

FIGURE 1. Clusters of UEA-1"WGA™
respiratory M cells are found selectively in
the single-layer epithelium of the nasal pas-
sage. A-C, H&E staining reveals the anatomy
and general histology of the murine nasal
passage (A, original magnification X40). The
nasal respiratory epithelium of the mouse is
covered with a pseudostratified ciliated co-
lumnar epithelium. However, a single-layer
epithelium was found on the lateral surfaces
of the nasal turbinates (B, C). Original mag-
nification »*100. Rectangles indicate areas
covered with the single-layer epithelium. The
results are representative of three independent
experiments. D-G, Confocal views of UEA-
1" cells in the nasal epithelium of turbinates.
Frozen sections were prepared and stained
with FITC-WGA (green) and rhodamine—
UEA-1 (red), and then counterstained with
DAPI (blue) (D, E). Scale bars, 20 pm. The
merged image is shown in D. An enlarge-
ment of the area in the rectangle in D is
shown in E. UEA-1"WGA ™ cells are clus-
tered on the single-layer nasal epithelium of
the turbinate. F and G, UEA-17 cells also
reacted with our previously developed M
cell-specific mAb NKM 16-2-4, demon-
strating colocalization of signals of rhoda-
mine-UEA-1 (red) and FITC-NKM 16-2-4
(green). The merged image is shown in F.
An enlargement of an area from the rectan-
gle in F is shown in G. The results are rep-
resentative of five independent experiments.
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single-layer and stratified epithelium. Notably, respiratory M
cells also reacted with our previously developed M cell-specific
mAb NKM 16-2-4 (12), demonstrating colocalization of the sig-
nals of UEA-1 and NKM 16-2-4 (Fig. 1F, 1G).

Electron microscopic analysis of respiratory M cells

SEM of the respiratory M cells revealed the characteristic features
of M cells: a depressed surface with short and irregular microvilli
(Fig. 2A, 2B). TEM analysis revealed that the respiratory M cell
was covered by shorter and more irregular microvilli (with definite
UEA-1" signals; Fig. 2C, 2D) than were found in neighboring
ciliated columnar respiratory epithelial cells (Fig. 2E). However,
no pocket formation (or pocket lymphocytes) was seen in the basal
membranes of respiratory M cells, unlike in NALT M cells (Fig.
2F, 2G). These findings indicated that the newly identified re-
spiratory M cells had most of the unique morphological charac-
teristics of classical M cells.
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FIGURE 2. Electron microscopic analysis of respiratory M cells. A and B, SEM analysis shows that the M cells (B, arrow) in the nasal passage epi-
thelium are distinguishable from adjacent respiratory epithelial cells by their relatively depressed and dark brush borders. An enlargement of the area in the
rectangle in A is shown in B. As indicated in the Materials and Methods, the tissue specimen was incubated with HRP-conjugated UEA-1 before TEM
analysis. C—E, TEM analysis of respiratory M cells reveals shorter and more irregular microvilli with definite UEA-1" signals (D), unlike the cilia of
neighboring respiratory epithelial cells (E). F and G, TEM analysis of NALT M cells. A readily apparent intraepithelial pocket with mononuclear cells (F,
arrowhead) and short microvilli on the apical surfaces of NALT M cells are seen. The white squares in C and F indicate UEA-17 respiratory and NALT M
cells, respectively, and are magnified in D and G, respectively. The black rectangle in C indicates an adjacent respiratory epithelial cell and is magnified in
E. C-G, Scale bars, 0.5 pm. Results are representative of four independent experiments.

Protein and bacterial Ag uptake by respiratory M cells

Because M cells were frequently found in the single layer of nasal
passage epithelium (Fig. 1D-G), we next examined the ability of
respiratory M cells to take up various forms of Ag from the lumen
of the nasal cavity. DQ OVA or recombinant Salmonella typhi-
murium expressing GFP (Salmonella-GFP) was instilled into the
nasal cavities of BALB/c mice via the nares. Thirty minutes after
the intranasal instillation, immunohistological analyses revealed
that the M cells located on the lateral surfaces of the nasal tur-
binates in the single layer of nasal epithelium had taken up DQ
OVA (Fig. 34, 3B), as had the M cells located in the NALT epi-
thelium (Fig. 3C). Recombinant Salmonella-GFP was also ob-
served in M cells in the single layer of nasal epithelium after
intranasal administration (Fig. 4A, 4B). These findings demon-
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strate that, like NALT M cells (Figs. 3C, 4C), respiratory M cells
were capable of taking up both soluble protein and bacterial Ags.

To further demonstrate the biological significance of respira-
tory M cells, the numbers of these M cells per mouse were exam-
ined and compared with those of NALT M cells (Fig. 3D). The
number of respiratory M cells was significantly higher than that of
NALT M cells. Next, we examined the efficiency of Ag uptake
per respiratory M cell and NALT M cell (Figs. 3E-J, 4D-I). Nasal
passage and NALT epithelial cells isolated from BALB/c mice
30 min after intranasal instillation of DQ OVA or recombinant
Salmonella-GFP were counterstained with PE-UEA-1 for flow
cytometric analysis. The UEA-1" fraction showed a significantly
greater efficiency of uptake of DQ OVA Ag and recombinant
Salmonella-GFP than did UEA-1" cells isolated from the re-
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FIGURE 3. Respiratory M cells can take up DQ
OVA. A and B, Immunofluorescence staining of
nasal passages in BALB/c mice 30 min after DQ
OVA (0.5 mg, green) instillation. Frozen sections
of nasal passage were stained with rhodamine— D
UEA-1 (red) and DAPI (blue). Scale bars, 10 wm.

The merged image is shown in A. An enlargement

of the area in the rectangle in A is shown in B.

These pictures demonstrate DQ OVA uptake by

UEA-1" respiratory M cells. C, UEA-1" (red)

NALT M cells in BALB/c mice also show an

ability to take up DQ OVA (green). Scale bar, 20

pm. The results are representative of seven in-

dependent experiments. ), The numbers of UEA- E

I"WGA ™ cells in nasal passages and NALT were

Number of M cells
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NALT

Nasal
passage
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quantified. The results are representative of four
independent experiments. Flow cytometric analy-
sis of DQ OVA uptake by UEA-1" respiratory (E-
G) and NALT (H-J) M cells 30 min after in-
tranasal instillation of PBS (E, H; control) or DQ
OVA (F, D). G and J, UEA-1" cells showed sig-
nificantly higher uptake of DQ OVA than did
UEA-1" cells in the nasal passages and NALT.
The results are representative of four independent
experiments. *p < 0.05.
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spiratory epithelium of the nasal passage (Figs. 3E-G, 4D-F) and
NALT (Figs. 3H-J, 4G-I).

Three-dimensional confocal microscopic analysis demonstrated
that UEA-1*" GFP" cells, which were sorted from the nasal pas-
sages of the mice intranasally infected with GFP-Salmonella, had
captured and taken up the bacteria (Fig. 4/, Supplemental Video 1).

Cluster formation by respiratory M cells and DCs in response
to inhaled respiratory pathogens

Because respiratory M cells are capable of capturing bacterial Ag,
we considered it important to assess these cells as potential new
entry sites for respiratory pathogens such as GAS. Confocal mi-
croscopic analysis demonstrated that, after its intranasal instil-
lation, GAS stained with FITC-anti-Streptococcus A Ab was taken
up by UEA-1" respiratory M cells (Fig. 5B—E). SEM analysis
also revealed the presence of GAS-like microorganisms on the
membranes of respiratory M cells after nasal challenge with GAS
(Supplemental Fig. 2A). As one might expect, GAS were found in
UEA-1" NALT M cells (Supplemental Fig. 2B) as well, con-
firming a previously reported result (20). Our findings suggest that
respiratory M cells act as alternative entry sites for respiratory
pathogens.

When we examined the site of invasion by GAS, we noted the
presence of CD11¢™ DCs underneath the respiratory M cells (Fig.
5). Confocal microscopic analysis of the nasal passage epithelium
after intranasal instillation of GAS revealed evidence of the re-
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cruitment of DCs, some having contact with the GAS, to the area
underneath the respiratory M cells (Fig. 5B-E). A few DCs were
also observed in the nasal passages of naive mice (Fig. 54); these
nasal DCs might preferentially migrate to the area underneath the
respiratory M cells to receive Ags from these cells for the initia-
tion of Ag-specific immune responses.

Presence of respiratory M cells in NALT-deficient mice

When we examined the numbers of respiratory M cells in the
lymphoid structure-deficient Id2 '~ mice (including NALT, NALT-
null), the frequency of occurrence of respiratory M cells was
comparable to that found in their littermate [d2*"" mice (Fig.
6A). This finding suggested that development of respiratory M
cells occurred normally under NALT-null or Id2-deficient con-
ditions. Frozen tissue samples were next prepared from NALT-null
mice that had received fluorescence-labeled bacteria by intranasal
instillation. Immunohistological analysis of these samples reveal-
ed the presence of recombinant Salmonella-GFP in UEA-17 cells
from the nasal epithelium of 1d2~/~ mice. GFP-positive bacteria
were also located in the subepithelial region of the nasal pas-
sages, suggesting that, in the NALT-null mice, some of the nasally
deposited bacteria were taken up by respiratory M cells (Fig. 6B,
6C). Flow cytometric analysis confirmed the uptake of recombi-
nant Salmonella-GFP by UEA-1" M cells, with UEA-1" cells in
the nasal passages of Id2 /" mice showing a significantly higher
uptake than UEA-1" cells (Fig. 6D-F).
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