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Kit~CD203c"HLA-DR™ cells from BM of hSCF Tg and non-Tg
NSG recipients. In 9 of 13 hSCF Tg recipient BM cells examined,
the majority of myeloid cells showed the morphology of immature
granulocytes with large nuclear-to-cytoplasmic ratio and nuclei
with few lobulations, largely consisting of myelocytes and metamy-
elocytes (S4-1 and S12-2 shown as representative in Figure 2E). In
4 of 13 hSCF Tg recipients examined and in 4 of 5 non-Tg NSG
recipients, mature segmented neutrophils were present in the sorted
CD33*¢-Kit~CD203c™HLA-DR™ granulocyte population (N12-1
and S2-1 shown as representative in Figure 2E). These findings
indicate that both by quantitative and morphologic examinations,
human granulocytic cells with various degrees of maturity predomi-
nate among the CD33* myeloid cells developing within the hSCF
Tg NSG recipients. To examine the myeloid differentiation capac-
ity of hematopoietic stem and progenitor populations in a func-
tional manner, we performed a colony-forming cell assay using
CD34*CD38~ and CD34*CD38" cells derived from BM of hSCF
Tg NSG recipients and non-Tg NSG recipients. In both cell
populations, myeloid and erythroid colony formation were similar
between hSCF Tg NSG and non-Tg NSG recipient BM (supplemen-
tal Figure 3).

We then analyzed global transcriptional profiles of CD33+ HLA-
DR™c-Kit™CD203c™ granulocytes from hSCF Tg NSG recipient
BM (n = 4), non-Tg NSG recipient BM (n = 3), and primary
human BM (n = 2). Additional control samples included BM
monocytes from hSCF Tg recipients (n = 3), non-Tg NSG recipi-
ent BM monocytes (n = 3), and primary human BM monocytes
(n = 2). Unsupervised clustering demonstrated a clear segregation
of transcriptional profiles between granulocytes and monocytes
regardless of the source. This suggests that human granulocytes
and monocytes in humanized mouse undergo a distinct differentia-
tion process similar to their counterparts in human BM (Figure 2F).
We next examined whether there were any differences in gene
expression within 3 distinct granulocyte sources (hSCF Tg recipi-
ent BM, non-Tg NSG recipient BM, and primary human BM
neutrophils; Figure 2G). As seen in the heatmap representation, we
found clusters of genes differentially transcribed in the distinct
sources of granulocytes (Figure 2G). Multiple genes associated
with transcriptional regulation were included in the genes up-
regulated in human immature granulocytes derived from the BM of
hSCF Tg NSG mice, suggesting that these cells are more actively
cycling and proliferating compared with mature granulocytes from
the BM of hSCF Tg NSG and non-Tg NSG mice and primary
human BM neutrophils (Figure 2G; supplemental Tables 1 and 2).

Development of human mast cells in hSCF Tg NSG recipients

We next investigated the development of human mast cells in the
membrane-bound hSCF-expressing NSG mice. Overall, the frequen-
cies of cKit*CD203c* cells within total BM CD33* myeloid cells
were similar between hSCF Tg NSG and non-Tg NSG recipients
when excluding 2 non-Tg NSG recipients observed for more than
8 months (P = .1439 by 2-tailed 7 test; Figure 2D; Table 1). In 7 of
20 hSCF Tg NSG recipients, compared with one of 10 non-Tg NSG
recipients, the frequency of cKit*CD203c* cells in BM CD33%
cells was greater than 15% (Figure 2D; Table 1). When these
cKit*CD203c* cells were FACS-purified and examined by MGG
staining, their morphology was consistent with mast cells with
various degrees of cytoplasmic granulation (Figure 3A-B). Histo-
logic examination of H&E-stained bone sections showed increased
cellularity in hSCF Tg NSG recipients compared with non-Tg NSG
recipients (Figure 3C). We then performed IHC staining for mast
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cell tryptase to identify human mast cells in the BM. Consistent
with the quantitative analysis by flow cytometry, tryptase™ cells
were abundantly observed in the hSCF Tg NSG recipients com-
pared with non-Tg NSG recipients (Figure 3C). This does not
reflect an increase in mouse mast cells because nearly all nucleated
hematopoietic cells in the hSCF Tg NSG recipients are of human
origin (Figure 1D). The same sections were further subjected to the
immunofluorescence staining followed by confocal imaging dem-
onstrating that these are mast cells and not CD14* monocytes
(supplemental Figure 4).

Mast cell progenitors and mature mast cells reside in high
frequencies in the spleen of normal immunocompetent mice.?! We
next examined the spleen of human HSC-engrafted hSCF Tg NSG
recipients. Human CD33"ebc-Kit*CD203¢* mast cells accounted
for the highest frequency among total hCD45*hCD33* myeloid
cells in the spleen of both hSCF Tg NSG and non-Tg NSG
HSC-engrafted recipients (Figure 4A-B). However, the frequencies
of human mast cells in the myeloid cell population were signifi-
cantly higher in hSCF Tg NSG recipients than in non-Tg NSG
controls (hSCF Tg: 77.4% * 4.5%; n =20 and non-Tg NSG
controls: 62.5% = 3.9%; n = 12; P = .0304 by 2-tailed ¢ test;
Figure 4B). These human cells with surface expression phenotype
of mast cells also showed morphologic features of mature mast
cells (Figure 4C). Mast cell tryptase IHC staining confirmed the
presence of human mast cells within the recipient spleen (Figure
4D). These findings indicate that the expression of membrane-
bound human SCF in the recipient mouse microenvironment
enhances development of human mast cells from transplanted
human HSCs within hematopoietic organs, such as the BM and
spleen, consistent with the activation of c-Kit signaling.

Next, we investigated whether the transgenic expression of
hSCF results in the efficient development of mucosal tissue-type
human mast cells in respiratory and gastrointestinal mucosal layers,
as well as in hematopoietic organs. For this purpose, we performed
THC staining of human tryptase-expressing mast cells in the lung,
stomach, small intestine, and large intestine in hSCF Tg NSG and
non-Tg NSG recipients. In the hSCF Tg NSG recipient lungs,
human tryptase-positive mast cells were identified within cellular
infiltrates (supplemental Figure 5). In tissue sections from the
stomach, small intestine, and large intestine, human tryptase-
positive mast cells were present in both hSCF Tg NSG and non-Tg
NSG recipients (Figure SA-B). The mast cell tryptase™ cells in
gastrointestinal tissues of hSCF Tg mice were further examined by
immunofluorescence microscopy using anti-human CD45 and
anti-human-c-Kit antibodies. We found the presence of hCD45%c-
Kit* cells in the gastric tissues of the hSCF Tg recipients consistent
with THC staining for mast cell tryptase (Figure 5C). Because
gastric tissue is one of the major sites of mast cell populations in
humans and mice, we quantified human mast cells in the gastric
tissue of hSCF Tg and non-Tg NSG recipients transplanted with
human HSCs. IHC staining for human mast cell tryptase followed
by quantification of tryptase* cells demonstrated the presence of
human mast cells in gastric tissues of hSCF Tg NSG recipients
(7.01% = 0.63%, 3 sites per recipient analyzed in 3 mice) com-
pared with non-Tg NSG recipients (2.53% * 0.53%, 3 sites per
recipient analyzed in 3 mice; P < .0001 by 2-tailed ¢ test; Figure
5D). Collectively, transgenic expression of human membrane-
bound SCF influences human myeloid development and mast cell
development in hematopoietic organs and mucosal tissues along
with the achievement of high chimerism of human hematopoietic
cells in hematopoietic organs.
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Discussion

A supportive microenvironment is essential for hematopoietic
and immune system homeostasis. Critical roles played by
various niches in the maintenance of cell cycle quiescence and
self-renewal capacity of HSCs have been demonstrated, and the
thymic microenvironment is critical for T-cell education.?223
However, despite significant progress over the last decade, the
stromal microenvironment within the humanized mouse is
predominately of mouse origin. Although several key mol-
ecules, such as SDFI, are cross-reactive between human and
mouse, a humanized microenvironment is required both to further
improve human hematopoietic development in the recipients and to
investigate in vivo the interactions between hematopoietic cells and
their microenvironment.

In the present study, we humanized membrane-bound stem cell
factor [SCF = KIT ligand (KL)] using the construct and mouse
strain created by Majumdar et al.'> Toksoz et al reported that
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Figure 3. Human mast cell development in hSCF Tg
NSG recipient BM. (A) Representative flow cytometric
scatter plot and histogram demonstrating the identifica-
tion of human CD45*CD33*CD117* mast cells.
(B) FACS-sorted hCD45+CD33*CD117+CD208c* hu-
man mast cells from a representative non-Tg NSG
recipient BM (N1-1, 0.9% human mast cells within
hCD45*CD33"* population) and hSCF Tg NSG recipient
BM (S1-3, 14.6%; S12-3, 8.8%; and S3-2, 7.3% human
mast cells within the hCD45*CD33* population) were
examined by MGG staining (N1-1, killed at 21 weeks;
S1-3, killed at 21 weeks; $12-3, killed at 13 weeks; and
83-2, killed at 15 weeks). (C) H&E- and anti-mast cell
tryptase antibody-stained bone sections demonstrate
hypercellular BM with high frequency of tryptase* human
mast cells in hSCF Tg NSG recipients. Non-Tg NSG
recipient: N11-1, 70.7% hCD45%. hSCF Tg NSG recipi-
ents: 88-2, 99.6%; and S12-3, 79.5% hCD45* (N11-1,
killed at 20 weeks; 88-2, killed at 11 weeks; and §12-3,
killed at 13 weeks).

Mast celi tryptase (high)
5 ST

human membrane-bound SCF expressed by mouse stromal cells
efficiently supports long-term human hematopoiesis in vitro.2* The
importance of SCF interaction with cKit* HSCs and mast cell
progenitors in murine hematopoiesis is highlighted by the hemato-
poietic abnormalities in mice with Ki#l and Kit mutations.>>?” In
human hematopoiesis, SCF-cKit signaling is critical for the
maintenance of stem and progenitor cell activities.”® Human
SCF/KL has been shown to drive cell-cycle entry by primitive
hematopoietic cells in vitro.?® Both long-term colony-initiation and
colony-forming capacities are expanded ex vivo by cytokine
supplementation that includes SCF/KL.30-32 Therefore, to elucidate
the role of membrane-bound human SCF in differentiation, prolif-
eration, and maturation of human hematopoiesis in vivo, we
created a novel NSG mouse strain that can support the engraftment
of human HSCs and express hSCF in microenvironment. In hSCF
Tg NSG recipients transplanted with human HSCs, the engraftment
levels of human CD45* cells were significantly higher compared
with non-Tg NSG controls. Majumdar et al reported that human
SCF binds mouse c-Kit receptor but that the binding affinity is
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Figure 4. Human mast cell development in hSCF Tg
NSG recipient spleen. (A) Human mast cell develop-
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ment is enhanced in hSCF Tg NSG recipient spleens
(S4-1, killed at 13 weeks; and §2-1, killed at 16 weeks).
(B) Frequencies of human c-Kit*CD203c* mast cells,
CD33*HLA-DR~ granulocyte population, and
CD33*HLA-DR* APCs within total hCD45+*hCD33*
myeloid cells in the spleens of hSCF Tg and non-Tg NSG
recipients. Human mast cell development in the spleen was
significantly greater in the hSCF Tg NSG recipients (hSCF
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Tg: n =20, non-Tg NSG: n = 12, P=.0304). (C) FACS-
sorted hCD45*CD33*CD117*CD203c* human mast
cells from a representative non-Tg NSG recipient spleen
(N1-1, 58.3% human mast cells within hCD45*CD33*
population) and hSCF Tg NSG recipient spleen (S1-2,
85.7%; S1-3, 77.7%; and S12-3, 56.1% human mast
cells within hCD45+CD33* population) were examined
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weaker compared with the binding affinity of human SCF to human
¢-Kit.!3 Therefore, the significant improvement of human hemato-
poietic chimerism could be attributed to preferential binding of
human SCF to human HSCs instead of murine c-Kit* HSCs
resulting in accelerated signaling through c-Kit in human HSCs
and by impaired or attenuated support of mouse HSCs.1:33.34
Presumably because of the competition between human and mouse
hematopoietic stem or myeloid/erythroid progenitor cells, we
observed diminished mouse erythrocyte hemoglobin concentration
with normal range of mean corpuscular volume, mean corpuscular
hemoglobin, and mean corpuscular hemoglobin concentration in
all the 21 hSCF Tg NSG recipients but not in any of the non-Tg
NSG recipients or nontransplanted hSCF Tg NSG adults. In
addition to the greatly increased levels of human hematopoietic
repopulation, we identified significant differences in human hema-
topoietic differentiation in hSCF Tg NSG recipients compared with
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non-Tg NSG recipients. Namely, there were substantially increased
levels of human myeloid differentiation from HSCs in the hSCF Tg
NSG mice, whereas human B cells accounted for the greatest
population in the BM of non-Tg NSG mice. Because normal
human BM contains myeloid cells at a relatively high frequency
(36.2%-62.2%),%> human SCF may be important in recapitulating
human BM myelopoiesis in immunodeficient mice. In addition,
membrane-bound human SCF may exert distinct effects on human
myeloid development in the BM and in the spleen. In the BM of
hSCF Tg recipients, the majority of human myeloid cells were
¢-Kit~CD203c"HLA-DR™ granulocytes. Among these granulo-
cytes, myeloid cells at various levels of maturity were identified,
with myelocytes and metamyelocytes predominating in the
majority of hSCF Tg NSG recipients. Because immature cells
were more prominent in hSCF Tg NSG recipients compared with
non-Tg NSG recipients, we performed microarray analysis to
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Figure 5. Human mast cell development in hSCF Tg NSG recipient stomach, small intestine, and large intestine. H&E- and anti-mast cell tryptase antibody—stained
sections of (A) non-Tg NSG recipient stomach (NSG control, N1-3), small intestine (N5-1), and large intestine (N9-1) and (B) hSCF Tg NSG recipient stomach (S1-3), small
intestine (S12-3), and large intestine (S12-3) demonstrating the presence of human mast cells (N1-3, killed at 24 weeks; N5-1, killed at 35 weeks; N9-1, killed at 20 weeks;
S1-3, killed at 21 weeks; and S12-3, killed at 13 weeks). (C) Confocal immunofluorescence images of hSCF Tg stomach (S1-9) demonstrate human CD45* (green) and human
CD117* (red) mast cells. (D) Frequencies of tryptase™* cells were quantified by sampling 3 areas each from hSCF Tg (n = 3) and non-Tg (n = 3) NSG recipients: hSCF Tg NSG
recipients, 7.0% = 0.6%; and non-Tg NSG recipients, 2.5% =+ 0.5% (P < .0001 by 2-tailed ttest).

identify transcriptional signature specific to the immature human
granulocytes that developed in the hSCF Tg NSG mice. Approxi-
mately 300 genes were differentially transcribed in the immature
granulocytes in hSCF Tg NSG recipients compared with the mature
granulocytes in non-Tg NSG recipients. Some of the up-regulated
genes were associated with cell cycle or metabolism.

In several hSCF Tg NSG recipients, human mast cells com-
posed the greatest subfraction among engrafted human myeloid
cells. In the spleens of hSCF Tg NSG-engrafted mice, human mast
cells were present at the highest frequency among the myeloid
lineage developed in the recipients. MGG staining revealed both
mature and immature mast cells in hSCF Tg NSG recipient BM.
Human mast cells were identified not only in hematopoietic organs
but also in lung, gastric tissue, and intestinal tissues of hSCF Tg
NSG recipients. Aberrant expression of CD30 and CD25 on mast
cells is associated with systemic mastocytosis and other mast cell
disorders.?%37 We did not find significantly up-regulated expression
of these antigens in the mast cells derived from BM or spleen of
hSCF Tg NSG recipients.

To date, several mouse strains have been developed for
supporting normal and malignant human hematopoietic cell engraft-
ment and normal myeloid cell differentiation using 112rg" immune-
compromised mice (supplemental Table 3).3:689.2038-41 Among
these, human thrombopoietin knock-in Rag2# I12rg" mice were
reported to support both human hematopoietic engraftment and
myeloid differentiation in the BM. Both SCF and thrombopoietin
exhibit species specificity between humans and mouse in support-
ing HSCs and myeloid cells in both species. These approaches
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focusing on the 2 distinct molecules based on the 2 immune-
compromised mouse backgrounds will allow us to investigate
human hematopoiesis and immunity from stem cells to myeloid
progenitors to mature myeloid effecter cells in vivo. Altogether, the
newly created hSCF Tg NSG mouse model engrafted with purified
human HSCs will facilitate the in vivo understanding of human
hematopoietic hierarchy and mast cell biology.
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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,*’f’" 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 neutfophils 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
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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-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 7AAD ™ 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-CyS (RPA-T4), anti-hCD8
PE-Cy5 (RPA-T8), anti-hCD11b/Mac-1 Pacific blue (ICRF44), anti-
hCD11c¢ allophycocyanin (B-ly6), anti-hCD14 Alexa700 (MSE2), allo-
phycocyanin—-H7 and V450 (M¢P9), anti-hCD15 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 (NCAM16.2) 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-CyS5.5 and allophycocyanin—Cy7 (30-F11), all from BD Bio-
sciences; anti-human CD1c¢/BDCA-1 FITC (ADS-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/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 (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-hCD45 V450 (HI30), anti-mouse CD45 al-
lophycocyanin-Cy7 (30-F11), and the combination of anti-human p-STAT1
Alexad88 (4a), p-STAT3 Alexa488 (4/P-STAT3), p-STAT4 Alexad88 (38/
p-Stat4), p-STATS Alexa488, and p-STAT6 Alexa488 (18/P-Stat6), all
from BD Biosciences. Phosphorylation of STAT molecules was analyzed
using FACSCantoIl (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 pg/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~"1°%
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
i.v. with LPS at 15 pg/mouse. After LPS injection, plasma was collected
from O to 4 h. Human cytokines IL-1p, 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. Krachenbuhl (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 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).

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 ¢ 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 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
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 ~ CD117-CD123"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,
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, 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*CD203c*FceRI'®Y
HLLA-DR™ mast cells developed at a higher efficiency in the re-
cipient spleen (43.3 %= 4.0% within CD45CD33", 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

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-y, thG-CSF, thGM-CSE, or thM-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 STAT®6) (Fig. 4A, 4C). Additionally, thIFN-vy
and rhG-CSF induced optimal STAT phosphorylation (Fig. 4B,
4D, 4E). Indeed, rhIFN-vy 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 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* ¢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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ligand and endotoxin. To this end, we have administered 15 ng
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
huCD457CD33%, 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
¢ test), equivalent to that in BM-derived hCD45CD33" 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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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, CDl11c, BDCA-1/3, and CD15 to identify monocytes/macrophages, cDCs, and neutrophils. (B) The frequencies of
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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 IFN-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"TER1197hCD45* Lin  CD11b* cells as monocytes/
macrophages from the recipient BM (Fig. 7A) and cultured
10,000 purified human monocytes/macrophages with S. typhimu-
rium at an MOI of 20 with or without prestimulation of human
recombinant IFN-y at 1000 U/ml. In the five in vitro experiments,
stimulation of human monocytes/macrophages with rhIFN-y 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 IFN-y
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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mentation of 1000 U/ml human IFN-y for 24 h and then infected with S.
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 STATS5 may be an essential molecular
event enabling generation of granulocytes from myeloid progen-
itors and proliferation and survival of mature neutrophils (37).
STAT4 and STATG6 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 BDCA1* ¢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 S. 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,
IFN-v 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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The intestinal enterocytes and other epithelial cells create physical barriers, including tight junctions
and mucus layers. These cells also actively transport antibodies across the epithelium and
simultaneously produce antimicrobial peptides and enzymes. These functions maintain intestinal
homeostasis by allowing the selective absorption of nutrients and simultaneously preventing
pathogenic infections. Recent evidence has revealed that both host-derived factors (e.g., cytokines) and
gut environmental factors (e.g., commensal bacteria, dietary materials, and their metabolites) regulate
the physical and immunological functions of the epithelium. Understanding the interactions between
host cells and these environmental factors should help us to develop new strategies to prevent and treat

immune diseases of the intestine.

The surface of the gastrointestinal tract is covered by a single layer
of epithelium that separates the outside world from interstitial
tissues. The intestinal epithelium is mainly composed of absorp-
tive enterocytes (ECs) but also includes enteroendocrine, goblet,
and Paneth cells [1]. Cross-communication among these cells
enables the selective absorption of nutrients while simulta-
neously preventing the penetration of antigens and pathogens.
The defense against pathogenic materials is at least partly
achieved by the physical barriers of the epithelium, which include
tight junctions and mucus layers. A large number of pathogens
disrupt these barriers to access deeper tissues for dissemination
[2,3]. The barriers also contribute to the establishment and main-
tenance of mucosal homeostasis. Indeed, aleaky intestinal barrier
is one of the characteristics of chronic intestinal inflammatory
diseases, such as inflammatory bowel disease and celiac disease
[4,5].

Intestinal tissues also show intense immunological activity,
and ECs contribute to the intestinal immune system by trans-
porting and processing antibodies and associated antigens,
by producing immunologically functional molecules, and by

Corresponding author:. Kunisawa, J. (kunisawa@ims.u-tokyo.acjp)

interacting with immunocompetent cells in the intestine [6].
Accumulating evidence has revealed that both host-derived
factors (e.g. cytokines) and gut environmental factors (e.g.
commensal bacteria, dietary materials, and their metabolites)
engage in molecular crosstalk with the intestinal epithelium and
affect intestinal barrier function and immune responses [7,8]. In
this review, we focus on the immunological functions of ECs in
the intestine and their regulation by commensal bacteria and
dietary materials.

Physical barriers at the intestinal epithelium
Tight junctions
ECs provide a physical barrier to prevent the paracellular transport
of luminal antigens and pathogens. Tight junctions are multi-
functional complexes that are crucial for the maintenance of
barrier integrity because they form a seal between adjacent ECs
[9]. The tight junction regulates the absorption of nutrients, ions,
and water while preventing the entry of pathogens into the host.
Tight junctions are composed of numerous interacting cellular
proteins, including claudin, occludin, and zonula occludens (ZO)
proteins (Fig. 1). Claudin and occludin are transmembrane pro-
teins that seal the paracellular space between adjacent ECs. Among

1359-6446/06/$ - see front matter © 2012 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.drudis.2012.08.001
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Physical and immunological barriers mediated by ECs. ECs (including Paneth cells) produce several molecules that create physical barriers in the intestine. They
also produce antimicrobial peptides and enzymes, such as defensins, cathelicidins, Regllly, lysozyme, and phospholipase A2 to kill the bacteria and establish a
mucus layer to prevent bacterial attachment to the ECs. Tight junctions among ECs prevent bacterial penetration between the cells. ECs also have immunological
functions. They express polymeric immunoglobulin receptor (pigR), which binds and transports polymeric IgA produced from plasma cells into the intestinal
lumen. ECs exposed to stresses (e.g. infection or cancer) express non-classical MHC molecules (e.g. MICA/B). MICA/B acts as a ligand for v3 T cell receptors, which
are uniquely expressed on intraepithelial lymphocytes (y3IELs). Abbreviations: EC, enterocytes; MHC, major histocompatibility complex; ZO, zonula occludens.

the various types of claudins, claudin-1, -2, -3, -4, -5, -7, -8, -12, -15,
-18, -20, and -23 are expressed in the intestinal epithelium [10,11].
ZO proteins are adaptors that connect transmembrane proteins; in
particular, ZO-1 interacts with the claudin proteins and with F-
actin in the intestinal ECs [12,13].

The physical barriers created by ECs are at least partly regulated
by the immunological stimulation provided by commensal bac-
teria and dietary materials. Indeed, commensal and probiotic
bacteria, their metabolites, food extracts, and dietary materials
(e.g. fatty acids, polysaccharides, and flavonoids) have been shown
to promote intestinal barrier integrity by increasing the expression
of tight junction proteins [10].

Mucus

The mucus layer has been recognized as an important compo-
nent in the intestine (Fig. 1). Mucin 2 (MUC2), a large glycopro-
tein characterized by variable O-linked glycans, is abundantly
expressed by goblet cells located in the intestinal epithelium
[14]. Generally, mucus can be divided into two layers. Although
both layers have similar protein composition, the outer mucus
layer is loose, whereas the inner mucus layer adheres firmly to the
surface of the ECs. The firm mucus in the inner layer is an
efficient barrier against pathogens [15]. In addition to the phy-
sical and biological barrier function of mucus, mucus also
ensures the concentration of antimicrobial peptides and IgA
antibodies at the surface of ECs. As similar to tight junctions,
mucus expression is regulated by commensal bacteria, and the
mucus layer of germ-free mice is thicker than that of specific
pathogen-free mice [15].

Production of antimicrobial molecules at the
epithelium

Antimicrobial peptides

The epithelium also secretes a variety of antimicrobial peptides
[e.g. defensins, cathelicidins, and Regllly (Fig. 1)]. The production
of these peptides is mainly mediated by ECs and Paneth cells [16].
Paneth cells reside at the base of the crypt regions of the intestine,
where they constitutively produce o-defensins. This does not
require bacterial stimulation, because Paneth cells produce normal
amounts of a-defensin in germ-free mice [17]. By contrast, ECs
require microbial stimulation for the production of B-defensins
[16]. ECs also produce cathelicidin, the expression of which is
regulated by short-chain fatty acids produced when polysacchar-
ides are metabolized by fermenting bacteria [18]. Both defensins
and cathelicidin are cationic small peptides that exhibit antimi-
crobial activity by damaging and permeabilizing the bacterial cell
membrane by pore formation [19].

Reglllyis a C-type lectin produced by ECs and Paneth cells in the
ileum, where it kills Gram-positive bacteria by binding to surface-
exposed carbohydrate moieties of peptidoglycans [20]. Commen-
sal bacteria, especially Gram-negative bacteria, induce Regllly
expression on ECs, and a recent study demonstrated that
MyD88 intrinsically expressed on ECs controls the production
of Regllly, which establishes the physical separation between
the microbiota and the intestinal epithelial surface {21].

Unlike Regllly, which specifically targets Gram-positive bac-
teria, bactericidal and/or permeability-increasing protein (BPI)
shows antimicrobial activity against Gram-negative bacteria.
The high affinity of BPI for lipopolysaccharide (LPS) leads to the
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destabilization of the outer membrane of Gram-negative bacteria
and also neutralizes LPS-induced inflammation [22].

Antimicrobial enzymes

Antimicrobial activity is also mediated by bacteriolysis enzymes
(e.g. secretory phospholipase A2 and lysozyme). Phospholipase
A2 is a small enzyme produced by Paneth cells that degrades
bacterial phospholipids and subsequently disrupts the integrity
of Gram-positive and -negative bacteria [23]. Phospholipase A2
enzyme activity is normal in the intestine of germ-free rats [24],
but caloric restriction increases the gene expression of lysozyme
and phospholipase A2 [25]. Therefore, it is likely that nutritional
conditions rather than commensal bacteria regulate the activity
of these antimicrobial enzymes in the intestine. Lysozyme is
produced by Paneth cells and ECs. Its bactericidal activity derives
from its cleavage of the glycosidic linkage between N-acetylglu-
cosamine and N-acetyl muramic acid of peptidoglycan. Because
Gram-positive bacteria express more peptidoglycan than Gram-
negative bacteria, lysozyme acts preferentially on Gram-positive
bacteria.

Transport of antibodies through ECs

IgA transport mediated by polymeric immunoglobulin
receptors

One function of the epithelial immune barrier is to transport anti-
bodies across the barrier. ECs express polymeric immunoglobulin
receptors (pIgR) for the transport of polymeric forms of IgA (pIgA)
and IgM (pIgM) in the basal-to-apical direction in association with
an extracellular proteolytic fragment of the pIgR (known as the
secretory component) [26]; together, the IgA and the secretory
component form secretory immunoglobulin A (S-IgA). After S-IgA
is secreted into the intestinal lumen, it inhibits adherence of patho-
gens to host ECs in the intestine and neutralizes pathogenic toxins
by binding to theirbiologically active sites (Fig. 1) [27]. Additionally,
IgA is able to exclude antigens and pathogens from the intestinal
secretions while it is transported through ECs, and it also prevents
viral replication inside ECs [28,29].

In addition to the function of S-IgA in the immunosurveillance,
several lines of evidence demonstrate that S-IgA has a key role in
preventing the penetration and/or growth of commensal bacteria
{30]. These functions of S-IgA achieve the immune responses
against commensal bacteria restricted in the intestinal but not
systemic immune compartments in normal mice, while IgA-defi-
cient mice exhibited systemic IgG responses against commensal
bacteria [31-33]. A recent study also demonstrated that, in the
absence of IgA, commensal bacteria-derived stimulation induced
the increased expression of interferon-regulated genes in the ECs
for the compensatory immunosurveillance with simultaneous
reduction of lipid metabolism-related Gata4-regulated genes,
which resulted in the lipid malabsorption and decreased lipid
deposition [34]. Thus, S-IgA mediates the regulation between
ECs and commensal bacteria, which is important not only for
the maintenance of immunological homeostasis but also for
metabolism [34].

Neonatal Fc receptor for IgG transport

Another receptor for immunoglobulin is the neonatal Fc receptor
for IgG (FcRn). Although early studies in rodents indicated
that FcRn was responsible for the passive acquisition of IgG

neonatally, subsequent studies indicated that FcRn is also
expressed by adult human epithelium and antigen-presenting
cells in the intestine and thus is not strictly limited to neonatal
life [35]. Unlike pIgR mentioned above, human FcRn binds IgG
and the transport pathway is bidirectional, both apical to basal
and basal to apical [36]. The bidirectional transport of IgG enables
retrieval of intestinal antigens in a complex with IgG into the
intestinal lamina propria, where the antigen and/or IgG com-
plexes are subsequently taken up by antigen-presenting cells to
prime T cell responses [37].

Intraepithelial T lymphocytes

The epithelium also includes lymphocytes that are commonly
termed intraepithelial lymphocytes (IELs) [38]. IELs reside
between the basolateral surfaces of ECs, and one IEL occurs for
every 4-10 ECs in the small intestine and for every 30-50 ECs in
the large intestine.

Most IELs are T cells. As similar to T cells observed at other sites
(e.g. spleen and intestinal lamina propria), some portions of IELs
express a3 T cell receptors and act as cytotoxic T lymphocytes by
recognizing antigenic peptides presented by classical major histo-
compatibility complex (MHC) molecules on pathogenic ECs (e.g.
microbe-infected cells) and killing them by producing cytotoxic
molecules (e.g. perforin and granzymes) [38]. Other IELs express
they3 T cell receptor (and are therefore known as y38IELs) and show
minimal pathogen-specific activity [38,39]. The innate immune
function of v3IELs enables the rapid removal of infected ECs. To
recognize the infected ECs, non-classical MHC molecules, such as
MHC class I chain-related protein A/B (MICA/B) in human, act as
ligands for y3IELs. MICA/B is generally not expressed on ECs, but is
induced by stresses such as heat shock and microbial infections.

. The activated y3IELs then synthesize an array of cytokines, includ-

ing interleukin (IL)-2, IL-3, IL-6, interferon (IFN)-y, tumor necrosis
factor (TNF)-«, and transforming growth factor (TGF)-, and cyto-
toxic molecules, such as perforin, granzyme, and Fas ligand to kill
the microbe-infected ECs [38].

Epithelium senses signals from commensal bacterial in
the regulation of T cell differentiation in the intestine
The immune system requires interactions with commensal bac-
teria for its development. Toll-like receptors (TLRs) act as sensors of
commensal bacteria although they were initially discovered as
pathogen recognition receptors. ECs express several kinds of TLRs
and the ligands from commensal bacteria promote immunological
functions of Ecs, such as IgA transport, tight junctions, and
expression of antimicrobial peptides [40]. Of note, ECs have
unique expression profiles and spatially restricted distribution
(apical vs. basolateral) of TLRs together with unique underlying
signaling pathways, which enables the prevention of deleterious
inflammatory responses in the intestine [40].

Because commensal bacteria express shared molecules which act
as a ligand of TLRs, it was previously thought that unspecified
commensal bacteria indiscriminately induced the development
of the immune system; however, accumulating evidence has
demonstrated that individual species of commensal bacteria have
specific roles in the determination of immunological balance by
regulating T cell differentiation in the intestine [8]. ECs have an
important role in this pathway.
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Segmented filamentous bacteria induce the differentiation of Dietary metabolites regulate intestinal immunity
Th17 cells through the epithelium
Several groups have shown that segmented filamentous bacteria Nutritional materials also influence intestinal immunity, and com-
(SFB) induce components of the active immune system, including  mensal bacteria are involved in metabolizing indigestible dietary
IgA-producing cells, y3IELs, and IL-17-producing T (Th17) cells materials into biologically active metabolites. Dietary materials (e.g.
[41-43}. SFB colonization on ECs results in the production of  polysaccharides, vitamins, and lipids) and their metabolites con-
serum amyloid A, which acts on intestinal dendritic cells (DCs) tribute to the regulation of intestinal immunity (Fig. 2).
to enhance the production of IL-6 and IL-23 [43]. Because these
two cytokines are Th17 cell-inducing cytokines, the immunolo-  Polysaccharides
gical environment mediated by SFB, ECs, and DCs results in the = Dietary polysaccharides and endogenous mucus in the intestine
preferential induction of Th17 cells in the intestine. are digested and metabolized into short-chain fatty acids, such as
acetate, butyrate, and propanoate, by bacterial fermentation.
Preferential induction of Treg cells in the colon by Clostridium These short-chain fatty acids are an energy source for ECs and
clusters IV and XIVa affect immune cell functions. For example, acetate and butyrate
Another form of crosstalk between ECs and commensal bacteria in maintain epithelial barrier function by stimulating the release of
the regulation of T cell differentiation is mediated by Clostridium mucin and by facilitating the maintenance of epithelial integrity
clusters IV and XIVa (also known as the Clostridium leptum and [45,46]. Acetate and butyrate also regulate the proliferation of ECs
coccoides groups) [44]. By contrast to the effects of SFB, colonization and their production of cytokines [47,48]. In addition, acetate
by Clostridium clusters IV and XIVa induces regulatory T (Treg) cells modulates the immunological function of neutrophils that
in the colon to achieve quiescent immunity. Clostridium clusters IV express G-protein-coupled receptor 43 [GPR43, also known as free
and XIVa form a thin colonizing layer on the epithelium, where fatty acid receptor 2 (FFAR2)], a receptor for the short-chain fatty
they enhance the release of the active form of TGF- by increasing acids. Neutrophils lacking GPR43 show decreased levels of pha-
the expression of matrix metalloproteinases that convert latent gocytic activity and lower production of reactive oxygen species,
TGF-B into the active form. Because TGF-B is an essential cytokine ~ but also are more responsive to chemoattractants such as C5a
for the differentiation of Treg cells from naive T cells, colonization and inflammatory chemokines [49]. Consistent with these find-
with these Clostridium species converts non-Treg cells into Treg cells ings, intestinal inflammation is exacerbated in GPR43-deficient
locally in the colon with little effect on thymus-derived Treg cells. mice.

Polysaccharides

Fermentation by

Lipids (e.g. linoleic commensal bacteria
acid, a-linolenic acid,
sphingolipids) Short-chain
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Vitamin A Vitamin B9

T
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EC

Retinoic
Lipid mediators
(e.g. prostaglandin,
leukotriene, sphingosine
1-phosphate

Y

Differentiation

Inflammatory cells
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Dietary materials in the regulation of EC functions. Dietary lipids are metabolized into lipid mediators, and short-chain fatty acids are generated by fermentation of
polysaccharides by commensal bacteria. These products positively or negatively regulate the functions of inflammatory cells. ECs also absorb vitamin A, and both
ECs and dendritic cells (DCs) metabolize vitamin A into retinoic acid, which preferentially induces regulatory T (Treg) cells from naive T cells. The differentiated Treg
cells require vitamin B9 for their survival. Abbreviation: EC, enterocytes.
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