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Results
Murine mast cell distribution in NOG mice

Compured with age-matched control B6 mice, the dermis of
12-week-old NOG mice {(n = 6) has a normal concentration of
mast cells (Figure 1A-B), but, surprisingly, in the skin of 20-week-
old NOG mice (n = 6), we observed a substantial number of
toluidine blue* cells in the upper dermis (Figure 1C-D). The
pathologic findings also showed epidermal hyperplasia.

Murine mast cells collected from the peritoneal cavity were
safranin* CTMCs, as from the dermis. The number of peritoneal
mast cells from 12-week-old NOG mice (0.51 % 0.07 X 10 cells/
mouse, mean * SD values from 6 mice) was not different from that
from control B6 mice (0.49 = 0.05 X 106 cells/mouse). Although
peritoneal mast cells in B6 mice had a tendency to increase in
number as the mice became older, 20-week-old NOG mice had
significantly fewer peritoneal mast cells (0.28 = 0.05 X 10° cells/
mouse) than did 20-week-old B6 mice {1.02 = 0.57 X 10¢ cells/
mouse, n = 6) (P < .01). Figure 1E shows toluidine blue staining
of the mesentery from 20-week-old NOG mice, and Figure IF
shows safranin-O staining of peritoneal cells, also from 20-week-
old NOG mice.

In addition, we checked mast cells in lung and gastric tract,
where MMCs were predominantly distributed. The lungs showed
no mast cell at the alveoli (Figure 1G) but a few mast cells, which
were safranin* CTMCs, around major airways (Figure 1H). In the
gastric stomach, mast cells were distributed in both submucosa and
mucosa (Figure 11-K). Mast cells in the submucosa were safranin*
CTMCs (arrowheads in Figure 11-J), whereas unexpectedly safranin-
negative, Alcian bluet MMCs were identified in gastric mucosa
(arrows in Figure 1LK), even though NOG mice lack T cells
because of y™"* mutation. The number of mast cells in the lung and
gastric tract of the control B6 mice and the older NOG mice had
not changed.
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In NOG mice, lymph nodes could hardly be identified without
human HSC transplantation: only 2 lymph nodes at the axillaries
and one at the mesenteric region of 6 mice. Pathologic examination
of these identified lymph nodes showed a small number of mast
cells Jocated in the connective tissue al the capsule and an even
smaller number of mast cells at the trabecula of the Iymph node,
and none in the cortex or medulla (Figure 1L). They were all
safranin® CTMCs (data not shown). In spleen of NOG mice, mast
cells were present in the connective tissue of the trubecula, as
shown with arrows in Figure IM. Again, they were all safranin*
CTMCy (data not shown). Except for the ease of finding lymph
nodes from control B6 mice, the number and histologic distribution
of mast cells in lymph nodes and spleen of 12-week-0ld NOG mice
were not different from those of the control B6 mice and the older
NOG mice.

Human mast cell development in mouse skin

Four weeks after transplantation of cord blood CD34* cells, human
CD45" cells were detected in NOG mouse peripheral blood, in
which CD33* myeloid cells were predominant, and CD19* B cells
and CD36* NK cells were also present (Figure 2). Human CD45%
cells gradually increased, and 12 weeks after transplantation, we
also observed abundant human CD3* T cells in NOG mice, in
agreement with previous study.'®

To identify mast cell development after human CD34* cell
transplantation into NOG mice, we first tried to detect tryptase and
chymase messenger RNA (mRNA) expression in the skin. Four
weeks or 8 weeks after xenotransplantation (n = 3}, this expression
was hardly detectable. Twelve weeks after the transplantation
(n = 3), however, human mast cell-specific protease expression
was identified in NOG mouse skin (Figure 3A). At this time,
chymase mRNA was more prominent than tryptase mRNA,

In addition, we stained skin sections with antihuman CD45
mAb, which did not react to NOG mice not receiving transplants
(data not shown). Four weeks or 8 weeks after xenotransplantation
(n = 3), unexpectedly we observed human CD45™ cells mainly in

Figure 1. Murine mast cell distribution in NOG mice.
{A-D) Toluidine blue staining of the skin of NOG mice.
Thin frozen seclions from 12-week-old {A-B) and 20-week-
old (C-D) NOG mice were stained with acidic toluidine
blue. Arrows in the picture from 12-week-old NGG mice
{A) indicate metachromaiically stained cells, The upper
dermis of 20-week-old NOG mice shows bandlike prolil-
eration of toluidine blue* cells and hyperplasia of epider-
mis. Magnification, x 200 (A,C} and % 400 (B.D).
{E) Toluidine blue staining of mesentery of 20-week-cld
NOG mice, and arrows indicate mas! cells. Magnification
X 200. {F) Satranin-Q staining of peritcneal cells cb-
" tained from 20-week-old NOG mice. Magnification, x 400.

- {G-K) Alcian blue and safranin-O staining in Carnoy fixed
preparations from 20-week-old NOG mica. In lung, a few
safranin* CTMCs were recognized around major airways
{H), whereas safranin-negative, Alcian blua * MMCs were
not observed in alveoli (G). In the gastric stomach, NOG
mice showed safranin* CTMCs in the submucosa (arrow-
heads in | and image with hypermagnification in J}, and
" safranin-negative, Alcian biue* MMCs in mucosa (arrows
: in 1 and image with hypermagnification in K). Magnifica-

Y- tion, X 100 (G0, % 200 [H), and x 400 (J-K),
{L-M) Toluidine blue staining of Carnoy fixed preparations
from lymph pode {L) and spleen (M) from 20-week-old
NOG mice. Mast cells located only at the capsule of the
lymph nodes. In the spleen, a few mast cells were
present as shown with arrows in M. Magnitication, x 200
{L-M}
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Figure 2. Representative flow cytometric analysis of peripheral blood from
NOG mice after HSC transplantation. Four weeks after the transplantation, less
than 2% of the cells were human CD45, in which CD33' myelcid celis were
predominant, and COHMQ' B cells and CD56' NK cells were also present. Twelve
weeks after the transplantation, more than 40% ce'ls were replaced by human CD45*
cells, among which abungant human CD3' T cells ware identified.

the upper dermis and some in the basal layer of the epidermis.
However. none of these human CD45% cells were positive for
FITC-avidin. indicating they were not mast cells. Twelve weeks
after the transplantation (n = 8), finally we could detect a small
number of avidin-FITC and human CD45 double-positive mast
cells in the dermis (Figure 3B). Then. the number of double-
positive human mast cells gradually but focally increased to
produce clusters in the dermis of NOG mice (Figure 3C).

Next, we checked the presence of human mast cell-specific
tryptase and chymase by immunochemical staining. Staining the
skin of NOG mice not receiving transplants with antihuman
chymase mAb showed no positive cells, confirming that there was
no cross-reaction to mouse mast cells (data not shown). More than
12 weeks after xenotransplantation into NOG mice, we recognized
human chymase* cells focally in the dermis, and after 24 weeks
(n = 6). some mast cell clusters consisted of more than 100 human
chymase* cells (Figure 3D-E). The number and size of the clusters

A Skin
Transplantation — +
Figure 3. Human mast cell development in the mouse
skin. (A) AT-PCR analysis for tryptase and chymase
mMANA expression. The skin of NOG mice 12 weeks after
the transpiantation of human CD34° cells expressed
human mast cell-specific tryptase and chymase mRNA.
CB-hCMC indicates cord blood-derived human cultured
mast cells. (B-C) Acetone-lixed frozen sections of NOG
mouse skin 12 weeks (B) and 20 weeks {C) after the
transplaniaticn of human cord blood CD34* cells wese ! -
stained for human CD45 {red fluorescent with Cy3), mast .
cells {yellowish green with FITC-avidin), and nuclei (blue
with Hoechst 33342). Arows indicate human CD45* -
mast cells, which are stained orange. Magnification, - :
% 200. {D-F) Human MG specific chymase® cells in the = °
mouse skin. Acetone-fixed frozen sections of NOG mouse
skin 24 weeks after the transpiantation were stained with
antihuman chymase mAb, Muman chymase* cells prolif-
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consisting of chymase® cells in NOG mouse skin differed even
ameng the specimens obtained {rom the same mouse. As shown in
Figure 3E, in some areas of NOG mouse skin. proliferated mast
cells consisted of only chymase ' human mast cells but not murine
mast cells. We counted the mast cells in the arca under 500 wm of
skin surface and above the sebaceous gland of the dermis and found
that the number of human mast cells in the area consisting of only
chymase? cells (38.0 = 8.4 cells/500 wm, mean £ SD values from
5 different preparations) and that of mouse mast cells in the area
consisting of only nonstained granufated cells (39.8 = 3.9) was
almost the same 24 weeks after the transplantation (Figure 3G).

Al the same time, we recognized cells showing strong positive
reaction for human teyplase in the upper dermis of NOG mice on
the formalin-fixed preparations. These cells were recognized only
more than 12 weeks after xenotransplantation (data not shown}.

Ditferentiation into mast cells from HSCs

To confirm de novo generation of human mast cells trom HSCs. we
transplanted lineage-depleted cells into NOG mice and analyzed
the skin, lung, and stomach 4, 8, 12, und 20 weeks afler the
transplantation (n = 3 for each time point). But the time course of
mast cell development in those tissues after transplantution with
lin~/CD34* cells was the same as that with whole CD347 cells,

Human mast cell development supported by mouse SCF

To identify what kind of environment that supports human mast
cell development in NOG mouse skin, we examined SCF produc-
tion. Restriction enzymes could identify the species origin of
amplified PCR-products: Xmal cut human products to 137 and 425
base pairs (bp), whereas Nsil cut murine products to 257 and 305
bp (Figure 4A). Although mast cells themselves can produce SCE*
and we actually detected SCF derived from in vitro—cultured
human mast cells, digestion of PCR products suggested that murine
SCF was dominant in the skin of NOG mice even when human
mast cells had been reconstituted after the successful transplanta-
tion of human CD34* cells (Figure 4B). We got the same results

Negative
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erated focally in the upper dermis (), represented by the G 50

bar bellows, whereas in other lesions on the same I

samples nonstained granulated cells were located in the E Al L
upper dermis (f}. Magnification, % 12.5 {0) and x 200 ; 30 |
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Figure 4. SCF expression in the mouse skin. (A} Control study for PCR and
restriction enzymes. Templales from human DJM-1 and meuse Pam212 keratino-
cytes were ampliied atter FCR and then digesied with Xmal and Nsi. Human SCF
products were cut to 137 and 425 bp and mouse SCF products to 257 and 305 bp. KC
indicaies keratinocytes. {B) Human mast cell development in NOG mouse skin was
predominantly supported by mouse SCF. Expected 562-bp bands were observed
after PCR reaction. The digestion patterns with Xmal and Nsil suggested the main
source ol SCF in the skin was mouse-derived SCF even affer the xenctransplanta-
tion. 1 indicates NOG mouse not receiving fransplant; 2, NOG mouse 12 weeks alter
xenotransplantation; 3, in vitro—derived cuhured human mast cells from cord blood;
and 4, negative contrcl. The findings were similar when cDNA template from NOG
mouse skin was used B weeks and 20 weeks atler the transplaniation. (C) Mouse
SCF protein distribution in the NOG mouse skin. SCF localized in a physiclogically
cytoplasmic pattern in the epidermis. Magnificalion X 400.

using any of the cDNA samples prepared from the NOG mice 8
weeks, 12 weeks, and 20 weeks after the xenotransplantation,

SCF has 2 phenotypes depending on its distribution pattern. It
has been reported that in patients with cutaneous mastocylosis,
SCF protein shifis from a cytoplasmic pattern to an intercellular
pattern and represents a secretion phenotype ™ In NOG mice, SCF
was mainly produced at the epidermis where SCF localized in
cytoplasm represents a physiologic phenotype (Figure 4C). This
finding was similar to the findings observed before or afier the
transplantation of human CD34* cells into the mice,

Qur result suggests that murine SCF under normal conditions
supported human mast cell development in NOG mouse. We also
checked whether imurine SCF could support human mast cell
development from cord blood by using an in vitro culure system,
Six weeks after the cultivation, more mast cells hud developed with
murine SCF than human SCF (Figure 5), indicating that murine
SCF can support human mast cell development from HSCs even
more efficiently than human SCF.,

Lung and gastric stomach

To determine humuan mast cell development in organs other than
skin, we examined lung and gastric stomach, where MCy was
dominant in humans. Twelve weeks after transplantation of human
cord blood CD34* cells, we could detect both tryptase and
chymase mRNA in lung and gasiric stomach of NOG mice (Figure
6A). In contrast o the skin, the inensity of trypiase mRNA was
stronger than that of chymase mRNA in lung.

Although murine MMCs were sensitive to Formalin and invis-
ible on formalin-fixed preparations before the transplantation (data
not shown), in the formalin-fixed specimens from lung 20 weeks
after xenotransplantation, a small number of toluidine blue* cells,
310 12 cells, was observed in the fromal section of the unilateral
lung (n = 4}. In sequential sections, we conlirmed most of the
toluidine blue* cells were strongly positive for human ryplase.
Human chymase* cells were seen only in the connective tissue
around major airways (Figure 6B) and in the submucosal tissue
under the esophagus (data not shown). In gastrie stomach, we could
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detect formalin-resistant toluidine blue® cells in both gastric
mucosa and submucosa, which were identically stained by human
tryplase in sequential sections (Figure 6C). However, chymuse
cells were located only in submucosa where they showed focal
proliferation in clusters.,

Bone marrow and peripheral blood

Although neither tryplase ' cells nor toluiding blue ! cells could be
detected on smesr prepardtions periodically abtained from bone
marrow and peripheral blood (duta not shown), unatysis of more
than 20 00 cells by Now cytometry identified & small number of
CD203c¢’ cellsin human CD45* cells from the bone marrow (3.4%
in human CD45* cells) and peripheral Blood (1.2% in human
CD45 " cells) 20 weeks after the xenotransplantation (Figure 7A).
In bone marrow, most of these CD203¢” cells also strongly
expressed Kit (CD117), suggesting they were human mast cells. A
small portion of Kit-negutive and [L-3 receptor e-chain (CD123})
weakly positive cells were also observed in CD203c¢? cells,
suggesting the presence of human basophils, However, all CD203¢~
cells in the peripheral blood were negative for Kit bur expressed
1L-3 receptor, indicating that human basophils were reconstitmed
from the trunsplanted human CD347* cells and circulated in NOG
mice (n = 4).
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Figure 5. Mouse SCF effectively supports human mast cell development in
vitro. Human cord blood CD34° cells were cultured with suboptimal (10 ng/mL) and
optimal (100 ng/mL} doses of recombinant SCF. The number of mast cells (C) afler 6
weeks of culture was assessed in lerms of the total number of the viable cells (A) and
the Kit* percentage (B) determined by flow cylometric analysis. Bar graphs display
mean = 5D vatues lrom 3 independent experiments,
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Figure 6. Human mast cell development in the mouse A
lung and gastric stomach. (A) RT-PCR analysis for
trypiase and chymase mANA expression. The lung and
gasiric stomach of NOG mice alter the transplantation of
human CD34- cells expressed human mast cell-specific
tryptase and chymase mRNA. CB-hCMC indicates cord
blood-derived human cultured mast cells. (B-C) Histo-
logic tindings for lung (B} and gastric slomach (C). Very
small numbers of formalin-resistant toluidine blue' cells
appeared in the lung 20 weeks aftes the transplantation
and, in sequential sections, were almosi identical to
tryplase' cells (arrows). In gastric stomach, fermalin-
resistant toluidine blue' cells were identified in both the
mucosa and submucosa. In the acelone-fixed frozen thin
sections stained with antichymase mAb, chymase ' cells
{white arrowheads) were located only in submucosal
lesions. Magnification, X 200 {1oluidine blue and tryplase)
and % 100 (chymase).

Lung Siomach
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Peritoneal cavity and mesentery

The 2.1 = 0.5 X 10° cells collected from the NOG mouse perito-
neal cavity 20 weeks after the transplantation contained
3.9% * 1.2% safranin® CTMCs (n = 4}. On the cytospin prepara-
tion from the collected peritoneal cells, we failed to detect
chymase* human mast cells (data not shown). Flow cytometry
showed that less than 0.9% of the collected peritoneal cells
expressed human CD45 (Figure 7C). Among these human CD45%
cells, 2.1% expressed CD203c (0.02% of all peritoneal cells),
which were human Kit* mast cells.

In the mesentery of NOG mice 20 weeks afier the transplanta-
tion, we recognized a small number of human mast cell clusters
consisting of 2 10 6 chymase™ cells (Figure 8A).
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Figure 7, Representative flow cytometric analysis of bone marrow, peripheral
blood, peritaneal cells, and spleen from NOG mice after HSC transplantation.
Human mast cell and basophil development from the transplanted human CD34
cells were identified as CD203c/Kit {CD117) double-positive cells and CD203IL.-3
receptor a-chain {CD123) doubie-positive cells, respectively, in human CD45* cells.
The percentage of humman CD45" cells ditfered depending on the transplanted cord
blood-derived cells, but the proportion of CD203c/Kit double-positive cells and
CD203c/CD123 double-positive cells in reconstituled human CD45- cells was similar
in 4 independent experiments.
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Lymph nodes and spleen

Twenty weeks after the transplantation, when human lymphocyles
had already been reconstituted, only a small number of human mast
cells (0 to 4 cells in the frontal section, n = 4) was identified in the
iymph nodes. They were located at the trabecula and comprised
human chymase™ connective tissue type mast cells (Figure 8B).

Abundant human chymase™ cells could be identified exten-
sively in the red pulp but not in the white pulp of the spleen of NOG
mice (n = 4) by immunochemistry (Figure 8C). These cells did not
form clusters in the spleen. As shown in Figure 7D, flow cytometry
confirmed the abundant presence of human mast cells as CD203c
and Kit double-positive cells (9.8% in human CD45™ cells and
3.3% in all spleen cells).

Discussion

Most of our studies concerning mast cells have used rodent cells.
However, rodent and human mast cells show lots of heterogene-
ities.™ Their dependence on growth factors is different, and the
contents of secretory granules are also different. In particular, both
types of human mast cells located in the mucosa and submucosa
contain heparin, whereas murine MMCs lack heparin, resulting in
their sensitivity to formalin. Thus, rodent mast cells are not always
a suitable model for studying mast cells under the physiologic and
pathologic condition in humans. The established SCF-dependent
human mast cell cultures from HSCs in cord blood, ™% fetal
liver,*-* peripheral blood, and bone marrow® provide new oppor-
tunities for mast cell research. By using in vitro—cultured human
mast cells, we have been able to identify several new aspects of
human mast cells, for example, the effect of IL-4 on human mast
cells. " We also hypothesized that human mast cells participate in
tissue remodeling by releasing fibrosis-induced mediators and
cytokines*' as well as produce enzymes which degenerate the
extracellular matrix, known as metalloproteases.® However, to
study the functional roles and developmental mechanism of mast
cells in humans, the establishment of an appropriate in vivo model
was needed.

In the study presented here we show for the first time human
mast cell development in mice after xenotransplantation. Twenty
weeks after xenotransplantation, we noticed the cluster formation
of human mast cells, in which sometimes more than 100 human
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chymase ' muast cells were reconstitated in the deemis of NOG
mice. The question arises why human mast cells developed in NOG
mice, although those derived from transplanted human HSCx have
never been found in other mice. In our opinion, NOG mice have,
first ol adl, o strong capacity Tor human cell engruliment, as various
kinds of blood cells, including T cells, were reconstituted after
xenotransplantaion.?! Second, NOG mice may provide a suitahle
environment for mast cells, as dramutic mast cell proliferation was
observed in the dermis of 20-week-old mice. Mast cell hyperplusia
was recently reported in & T-cell-deficient mice with NOD
background ¥ which means that mast cells in NOG mice may
proliferate by being liberated {rom 3 T-cell regulation. The
importance of the environment, which tightly regulates the number
of proliferated mast cells, may also be supported by the observation
that the number of mast cells in the sume size area in NOG mouse
skin was almost identical regardless of the origin of the proliterated
mast cells.

RT-PCR uanalysis revealed that murine SCF made a mujor
contribution to human mast cell development in NOG mice.
Because we did not administer any human cytokines, the develop-
ment of human mast cells in NOG mice indicates that SCF alone
may be sufficient for human MCrc development. It is also possible
that some factors produced from human cells developed in mice
from wansplanted HSCs are synergistically involved with SCF.
because human blood cells, including T cells. were reconstituted in
NOG mice. Yet another possibility is that recipient mice supply
some factors favorable to human mast cell development, which
seems to be supported by the previous finding of an increase of
human chymase™ dermal mast cells after healthy human skin
plantation onto SCID mice.#

In the spleen of NOG mice, we unexpectedly identified
abundant buman chymase* mast cell development, indicating that
mouse spleen may provide a suitable condition for the development
of human connective-tissue-type mast cells from the HSCs or
committed precursors. A detailed analysis of the molecular-based
mechanisms of the environment provided in the spleen should be
very helpful for a better understanding of the requirement for
human connective-tissue-type mast cell development.

The development of MMCs in NOG mice ix of potential
interest, because T-cell-derived cytokines are reportedly important
for murine MMC development. Although NOG mice lack murine T
cells, we found safranin-negative, Alcian blue* murine MMCs at
almaost normal concentrations in gastric mucosa, suggesting that
factors supporting murine MMC development are produced not
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Figure 8. Immunochemical staining for human mast
cell-specific chymase in mesentery, lymph nodes, and
spleen. (A) In the mesenlery, human mast cells formed
clusters consisting ot 2 to 6 chyrmase ' cells. (B) In the lymph
nodes. chymase* cells iocalized around vessels in the
trabecula. (C-D) Abundant chymase ' cells were exlensively
distributed in the red pulp bul not in the white pulp of the
spleen, Magnification, = 400 (A-B,.0yand - 100(C).

only by T cells.¥ Similurly, the factors required Tor human MCy
development remain unclear. Although some factors produced by
reconstitited human T eells or other human progenies may support
MC development in NOG mice, another possibility is that SCF is
sufficient for mucosal-type mast cell development in humans, In
mice, parasite nfection induces reactive MMC proliferation depend-
ing on the action of 1L-3,#47 so that parasite infection of NOG
mice which have undergone xenotranspluntation may provide more
information about human MCy development,

The absence of phenotypically identified mast cells on the
smear preparations and CD203¢/Kit double-positive cells analyzed
by flow cytometry in peripheral blood indicates that human mast
cells develop from immature cells without a characteristic pheno-
type and that their complete differentiation intv mature mast cells
takes place only after they have migrated to peripheral tissues. This
hypothesis seems to be supported by cluster formation of human
mast cells in NOG mice. Human mast cell development from
contaminated precursors is unlikely, because the time course of
human mast cell appearance in NOG mice that received transplants
of 1lin=/CD34* cells was not different from mice that received
transplants of whole CD34* cells. Whether immature cells circulat-
ing in the peripheral blood are either already committed to
becoming mast cells or maintain their capability to differentiate
into other lineages than mast cells is an interesting subject for
further studies.

In this study, we established for the first time an in vivo model
for human mast cell development. Not only human connective
tissue-type MCye but also human mucosal-type MCy can develop
in NOG mice. Our model, thus, provides useful information about
human mast cell development from HSCs in vive. In addition, this
model may also pave the way o a potential tool for the in vivo
investigation of human mast cell functions.
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