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Demonstration That Human Mast Cells Arise From a Progenitor Cell Population
That Is CD34*, c-kit*, and Expresses Aminopeptidase N (CD13)

By Arnold S. Kirshenbaum, Julie P. Goff, Tekli Semere, Barbara Foster, Linda M. Scott, and Dean D. Metcalfe

Human mast cells are known to arise from a CD34*/c-kit*
progenitor cell population that also gives rise to neutrophils,
eosinophils, basophils, and monocytes. To further character-
ize cells within the CD34*/c-kit* population that yield mast
cells, this progenitor was additionally sorted for CD13, a
myeloid marker known to appear early on rodent mast cells
and cultured human mast cells, but not expressed or ex-
pressed at low levels on human tissue mast cells; and
cultured in recombinant human (rh) stem cell factor (rhSCF),
rh interleukin-3 (rhiL-3; first week only), and rhIL-6. Initial
sorts revealed that although the majority of cells in culture
arose from the CD34*/c-kitt*/CD13~ cell population, mast
cells arose from a CD34*/c-kit*/CD13* progenitor cell that
also gave rise to a population of monocytes. Sequential
sorting confirmed that CD34+*/c-kit*/CD13" cells in CD34+/c-
kitt/CD13~ sorts gave rise to the few mast cells observed in

CD13 sorted cells. CD34*/c-kit*/CD13* cells plated as single
cells in the presence of various cytokine combinations gave
rise to pure mast cell, monocyte, or mixed mast cell/
monocyte progeny. Addition of either rh granulocyte-
macrophage colony-stimulating factor (rhGM-CSF) or rhiL-5
to the CD34*/c-kit*/CD13* progenitor cell population cul-
tured in rhSCF, rhiL-3, and rhiL-6 did increase the number of
total cells cultured and in the case of rhiL-5, did increase total
mast cell numbers. Neither rhGM-CSF or rhIL-5 led to addi-
tional cell populations, ie, even with the addition of rhGM-
CSF or rhiL-5, only mast cells and monocytes grew from
CD34%/c-kit*/CD13* cells. Thus, human mast cells and a
population of monocytes arise from precursor cells that
express CD34, c-kit, and CD13; and within which, are mast
cell, monocyte, and mast/monocyte (bipotential) precursors.
© 1999 by The American Society of Hematology.

UMAN MAST cells originate from CD34 progenitor  aspirates was collected for study. Progenitor cells were purified by
cells when these cultures are maintained in stem celpositive immunomagnetic selectitror using commercially available
factor (SCF), thus defining the mast cell precursor as Cxg4 ~ affinity columns?® CD34" cells were 95% to 99% pure and used
kit*.15 However, other cells including monocytes, basophils immediately or were aliquoted and frozen in liquid nitrogen until ready
eosinophils, and neutrophils may also be cultured from this cel or use.

. . Cell selection and fluorescence-activated cell sorting (FACS) analy-
population. To further define the mast cell precursor, we nOtedsis. CD34*/c-kit*/CD13" progenitor cells were further sorted from

that CD34 myeloid progenitor cells have been reported to BM or PB CD34 cells and analyzed for surface antigéhsor cell
variably express CD13, CD33, CD44, CD45, or CD117 (C-sorting, 1 to 10X 10° CD34" cells were first incubated in 1X
kit).&-10 Of particular interest is CD13, detected on rodent mastphosphate-buffered saline (PBS) containing 0.1% bovine serum albu-
cells't and human mast cells cultured from liv@hut which is ~ min (BSA) and 1% milk for 1 hour at 37°C. Cells were then incubated
not expressed or expressed at low levels by mast cells digestedth 1 pg/mL R-phycoerythrin (PE)-conjugated mouse antihumkin c-
from human tissue®-16CD13, a broadly distributed or myeloid (1 mg/mL; Ancell, Bayport, MN), 1 ug/mL PE Cyanine 5 (PECy5)-
marker additionally known as aminopeptidase N and gp150, is &onjugated mouse antihuman CD13 (S0 pg/mL; Immunotech, West-
type Il integral membrane protein composed of 967 aminobrook,ME)_,and 10 uLofquore_sceln |soth|ocyanate_(F‘ITC)—conJugated
acids, and is expressed on the cell surface as a homoéﬂmer.mouse antihuman CD34 (anti-HPCAZ2; Becton Dickinson, San Jose,

. . L . CA) for 1 hour at 37°C. Cells examined for JRI were incubated
This membrane-bound zinc-binding metalloprotease is knowrl)vernight at 37°C with 2 pg/mL FITC-conjugated human dgBsee

to be expressed during hematopoiesis at several different staggg§jow). Cells were then washed and resuspended in cold PBS contain-
of myeloid differentiatiort? ing 0.1% BSA. Control cells were unstained or stained with an
Because of its expression on cultured human mast cells angrelevant mouse g Selection of CD34 subpopulations and cell
on murine mast cells, we hypothesized that CD13 might helpanalysis were performed using a FACStr(Becton Dickinson) and
define an early human mast cell progenitor. To explore thisCellQuest software (Becton Dickinson). Monocytes present in mast cell
question, we sorted cells expressing various combinations ofultures were characterized for surface expression of CD11b, CD14,
CD34, ckit, and CD13; cultured them in selected growth CD15 (Becton Dickinson), &it, and F¢RI. For lysozyme staining,
factors; and examined the resulting cell cultures over 8 weeks.
As will be shown, CD34/ckit"/CD13" cells preferentially
gave rise to mast cells. The remaining cells were monocytesl From Laboratory of AIIergiC Diseases, National Institute of AIIergy
CD34"/ckit*/CD13~ and CD34/c-kit-/CD13" cells in cul- and Infectious Diseases, National Institutes of Health, Bethesda, MD;
ture produced monocytes, eosinophils, basophils, and neutr(%ndd.Df%artmen;.Obeac:]'aan Oncology, University of Pittsburgh
phils, but not mast cells. It thus seems that when CD13 is ZJE;ittzgtgr(’:tO'g; ;;? 1’998'; accepted June 4, 1999,

expres_sed on CD:MC'If'ﬁ cellsf it becomes a marker of a Address reprint requests to Arnold S. Kirshenbaum, MD, NIH/NIAID/
progenitor cell population that includes mast cell, monocyte, ahoratory of Allergic Diseases, Building 10, Room 11C208, 10 Center
and mast cell/monocyte (bipotential) precursors. Dr MSC 1881, Bethesda, MD 20892-1881; e-mail: Akirshenba@atlas.
niaid.nih.gov.
The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be hereby mdikeder-
CD34" immunoselection. Human bone marrow (BM) from masto- tisement”in accordance with 18 U.S.C. section 1734 solely to indicate
cytosis patients and peripheral blood (PB) mononuclear cells fromthis fact.
normal volunteers (collected by leukapheresis) were obtained and © 1999 by The American Society of Hematology.
processed, after informed consent was gitffwenty milliliters of BM 0006-4971/99/9407-0018%$3.00/0
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paraformaldehyde-fixed slides were blocked for endogenous peroxiwashed and resuspended in 1 mL of PBS with 0.1% BSA and 100
dase, incubated for 30 minutes in Tris-buffered saline containing 3%ng/mL rhSCF, to which was added 25 pL (1beads) of washed
goat serum, rinsed, and then incubated for 2 hours with rabbitsuperparamagnetic, polystyrene beads coated with recombinant strepta-
antihuman lysozyme (DAKO, Carpinteria, CA). Secondary staining andvidin (CELLection Kit; Dynal, Lake Success, NY). Cells were gently
color development were performed on an automated immunostainetilted and rotated for 15 minutes at 4°C, recovered with a magnet (Dynal
(Ventana Medical Systems, Tucson, AZ). MPC), and washed 3 times. Cell counts and flow cytometric analysis of
Cellculture. To assess hematopoietic potential, BM and PB CD34 rosetted cells revealed 50% to 60% recovery>&7% FcRI* cells.
c-kit*/CD13", CD34+/c-kit*/CD13~, CD34"/c-kit~/CD13*, and Cells were cultured in serum-free media, as above, containing either 30
CD34*/ckit~/CD13" cells were placed at a concentration ok510* ~ Ng/ML rhiL-3 alone or 100 ng/mL rhSCF and 100 ng/mL rhIL-6.
cells/mL in serum-free media (StemPro-34 SFM; Life Technologies, Histamine release and analysisFour-week-old dit*/CD13"/
Grand Island, NY) supplemented with 2 mmol/L L-glutamine, 100 FcRI* mast cells were ha_\rvested, incubated (5,000 (_:ells/0.5 mL)_With2
IU/mL penicillin, 50 pg/mL streptomycin, 100 ng/mL recombinant H9/ML human Igksovernight at 37°C, washed, and incubated with 10
human stem cell factor (thSCF), 100 ng/mL recombinant humanH9/mL affinity-purified antihuman IgE (1 mg/mL; Kirkegaard and
interleukin-6 (rhiL-6), and 30 ng/mL rhiL-3 (first week only; Peprotech, Perry, Gaithersburg, MD) for 30 minutes f'"t 37°C. Afte.r |ncgbat|on W_'th
Rocky Hill, NJ). Hemidepletions were performed weekly with media 2 pg/mL human Ighks control cells were incubated with either media

containing 100 ng/mL rhSCF and 100 ng/mL rhill%In some alone or 1 pmol/L A23187. In all cases, supernatants and cell pellets

) . inanjere examined for histamine using an enzyme-linked immunosorbent
experiments, cultures were supplemented with 10 ng/mL recombinan ) .
assay (ELISA; ImmunotecHf. Percentage histamine release was

human granulocyte—macrophage cplony—s_tlmulatmg factor (rhGM_expressed as the histamine measured in the supernatant divided by the
CSF) or 10 ng/mL rhIL-5, with hemidepletions performed as above. . Lo
sum of the histamine in the supernatant and cell pellet.

Cell aliquots were taken weekly for determination of total cell and mast Electron microscopy. Mast cells cultured in rhSCF and rhiL-6 were
cell numbers, and for histochemical and immunohistochemical Stai”ingharvested and fixed at various times for electron microscopy and
Acidic toluidine blue (pH 1.0) was used to stain mast cell cytopreparasjmm nohistochemistr/l® Sections were examined using a Hitachi
tions (Cytospin 3; Shandon, Pittsburgh, PA) or sections fixed in a7 electron microscope (Hitachi, Japan).

mixture of 2% paraformaldehyde and 1.5% glutaraldehyde in 0.1 mol/L Intracytoplasmic staining for tryptase and chymas@wo-and
sodium cacodylate buffer, pH 7.3, after sectioning for electron micros-g_ \yeek-old ckit*/CD13*/F¢.RI* mast cells were permeabilized and
copy. Wright-Giemsa staining and qualitative tryptase enzyme determisained for tryptase and chymase as repct@tiefly, 50 to 100x 103
nations on cytocentrifuged cell preparations were performed as dege|ls were fixed with 4% paraformaldehyde, washed, and incubated
scribed!° For clonogenic cultures, cells in each well were gently with a blocking solution of 1X PBS-Saponin (PBS-S) containing 0.1%
pipetted and placed on slides treated with 3-aminopropylethoxysilangsSA and 1% milk for 1 hour at 37°C. For tryptase staining only, cells
(Digene, Beltsville, MD). The slides were incubated in 5% Q@airat  were incubated with 3 ug/mL mouse antihuman tryptase (1.14 mg/mL;
37°C in a humidified incubator for 30 to 40 minutes, centrifuged agl00 Chemicon, Temecula, CA) for 1 hour at 37°C, washed, and incubated

for 15 minutes, and stained with Wright-Giemsa. with 30 pg/mL PE-conjugated goat antimouse 1gG (1 mg/mL; Southern
Clonogenic cultures. Single-cell liquid cultures were prepared as Biotechnology, Birmingham, AL) for 30 minutes at 37°C. For chymase
described®?? Briefly, sequentially sorted and enriched CD3zkit "/ staining, cells first stained for tryptase were washed and incubated with

CD13" cells were individually seeded into 96-well plates using the 3 pg/mL biotinylated mouse antihuman chymase (3 mg/mL; Chemicon)
automated cell deposition unit (ACDU; Becton Dickinson), which for 1 hour at 37°C, washed, and incubated with 2 ug/mL allophycocya-
permits single-cell sorting with an accuracy of greater than 99%. Tonine (APC)-conjugated streptavidin for 30 minutes at 37°C. After
allow for the cloning of most cell phenotypes, 3 liquid culture cytokine staining, all cells were washed and resuspended in cold 1X PBS
mixture systems were prepared using triplicate 96-well plates: rhiL-3containing 0.1% BSA. Control cells were unstained or stained with an
30 ng/mL, rhSCF 100 ng/mL, and rhiL-6 100 ng/mL; rhIL-3 30 ng/mL, irrelevant mouse Ig& Cell analysis was performed using a FACScan
rhSCF 100 ng/mL, rhiL-6 100 ng/mL, rh erythropoietin (thEpo) 2 and CellQuest software.

U/mL, and rh thrombopoietin (rhTPO) 50 ng/mL (Peprotéshand

rhiL-3 30 ng/mL, rhSCF 100 ng/mL, rhiL-6 100 ng/mL, rhEpo 2.5 RESULTS

U/mL, rhGM-CSF 10 ng/mL, rh insulin-like growth factor-1 (thIGF-1) |t has been documented that mast cells arise from an
10 ng/mL, and rh basic fibroblef\st growth .factor (rthQF) 2.5 ng/mL SCF-dependent (kit*) CD34+ population of cells in human
(Peprotech¥2 All cultures were incubated in 5% GOn air at 37°C. BM and PBL51925 Based on the reports that CD13s

Cell growth was checked on days 3,5, 7, and 10. On day 14, cells wer, y eqed early in hematopoiesis as well as on rodent mast
scored for the presence of nonadherent cells, adherentcells,oram|xtuEee”S, we hypothesized that this marker might help define the
of both, and harvested. bset of cells within the CD34population that i itted
FITC conjugation of Igks IgEps was conjugated with FITES su I:e orce SI\INII' In the 4f-p0pua|0n atis committe
Protein concentration (mg/mL) was calculated using the formula: to the mast cell lineage. As a_ irst s,.tep,.we separated CD34
cells and labeled these cells with antibodies to CD3Kit,cand

Optical Density (OD)gy — 0.35X ODjg5 CD13. We then analyzed these cells by forward (FSC) and side

14 (SSC) scatter using flow cytometry (Fig 1A), and examined

gated subpopulations of cells for their expression of CD34,

Moles of FITC per mole of IgE was calculated using the formula: c-kit, and CD13. As can be seen in Fig 1B, a subpopulation of

cells was observed that was CD34-kit", and CD13 in gates

1 and 2, whereas other CD8B4ells expressed various combina-

tions of CD34, ckit, and CD13 in gates 3, 4, and 5. Nonviable

Conjugated Igkswas 2.66 mg/mL with 7.3 mol FITC per mole Igg  OF cell fragments (lowest forward and side scatter parameters)
Immunomagnetic selection of JRI* cells. 2 x 10° cells were ~ Were gated and eliminated before sorting, and therefore, were

removed from CD3#/c-kit*/CD13" 2-week cultures and incubated Not cultured. The remaining viable CDB3gopulation was 95%

overnight at 37°C with 2 pg/mL biotinylated human lgECells were  to 99% pure. A series of cell subpopulations could thus be

2.87X ODjs
OD,g0— 0.35X ODjg5
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Fig 1. FSC, SSC, and surface antigen expression of BM-and

PB-derived CD34+ cells. (A) FSC and SSC display with 5 populations
gated for further study. (B) Expression of CD13 versus c-kit and CD34
in each gate.”5 The population of cells in gate 1 is CD34*/c-kit*/
CD13*; gate 2 is mixed CD34*/c-kit*/c-kit-/CD13+/CD13-; gate 3 is
mixed CD34+/CD34-/c-kit-/CD13~; gate 4 is CD34-/c-kit*/CD13+; and
gate 5 is CD34-/c-kit-/CD13-. Results shown are representative of 6
experiments separately performed, using either BM (n = 3) or PB (n =
3) cells, and in which the FSC by SSC patterns resemble one another.

identified within the CD34 population that variously expressed
c-kit, CD13, or both.

To determine which of these subpopulations included commit-

ted mast cell progenitors, we sorted CD32ells (Fig 2A) by
flow cytometry into 4 distinct populations of cells that were
CD34t/ckit*/CD13" (Fig 2B), CD34 /c-kit*/CD13 (Fig 2C),
CD34"/ckit~/CD13" (Fig 2D), and CD34/c-kit~/CD13 (Fig
2E). In 6 CD34 sorts, the purity of ditt/CD13" cells
averaged 85%*= 5%, ckit*/CD13" cells 89%=* 3%, ckit~/
CD13" cells 68%= 4%, and ckit-/CD13" cells 86%=* 4%.

2335

and CD34/c-kit"/CD13" cells did not appreciably expand in
culture, and through 8 weeks, few, if any, mast cells developed
from these subpopulations (Fig 3A and B). The most marked
cell expansion was seen from the CDBz#kit*/CD13" subpopu-
lation. Cell numbers increased 60-fold by 2 weeks and declined
in number thereafter. At all time points, mast cells constituted
<3% of the cells cultured from the CD13subpopulation.
Basophils were detected at 2 weeks in cultures derived from
CD34"/c-kit"/CD13~ and CD34/c-kit~/CD13", but not
CD34"/c-kit"/CD13"— sorted cells. The CD34c-kit"/CD13"

cell culture expanded 12-fold, peaked at 3 weeks, and declined
thereafter. In contrast with other subpopulations at 2 weeks,
approximately 15% of these cells could be identified as mast
cells by morphologic criteria. By 3 weeks, approximately 60%
had the morphologic appearance of mast cells, and by 4 weeks,
approximately 85% were mast cells. Thus, the CD8&it*/
CD13" subpopulation contained the mast cell progenitors that
gave rise to approximately 90% of the mast cells cultured from
the 4 CD34 subpopulations. Because of the starting purity of
these cell populations, the data supports the hypothesis that
mast cell progenitors are CD3&-kit*/CD13".

87%

-

CD13 (log)

.

c-kit (log)

Fig 2. CD34+ cells sorted into CD13* and CD13- progenitor cells.
(A) Presorted CD34+ cells. CD34+/c-kitt/CD13+ cells averaged 10% to
15%. (B) Postsorted CD34+/c-kit*/CD13~ cells. (C) Postsorted CD34+/
c-kit*/CD13~ cells. (D) Postsorted CD34+/c-kit-/CD13* cells. (E) Post-
sorted CD34+/c-kit-/CD13~ cells. Similar results were obtained in 6
experiments separately performed, using either BM (n = 3) or PB (n =

Sorted cells were then placed in culture, and total and mast CeH) cells in which the percentage of cells in quadrants of interest did

numbers were determined over 8 weeks. CD84it~/CD13"

not significantly differ between BM and PB.
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Fig 3. Total and mast cell numbers after 8 weeks in culture. (A)
Total cell numbers, and (B) mast cell numbers derived from CD34+/c-
kit*/CD13* cells, CD34+/c-kit*/CD13- cells, CD34+/c-kit-/CD13+* cells,
and CD34+/c-kit-/CD13~ cells. Results are shown as the mean + SEM
of 3 separate experiments. PB cells were used and are representative
of data from BM.

The morphologic appearance of the initial CD3tkit*/

CD13" cell population is shown in Fig 4, as well as mast cells at
4 weeks. Sorted CD34c-kit*/CD13" cells at day 0O were
agranular and lymphoid in appearance with a large nucleusf

KIRSHENBAUM ET AL

seen in Fig 5, at 2 weeks approximately 59% of the total
CD34*/c-kit*/CD13" progeny in culture were tryptase-
positive, whereas approximately 2% of cells derived from
CD34*/c-kit"/CD13" cells in culture were tryptase-positive.
This data is consistent with previous observations that tryptase
expression is observed during mast cell differentiatidgight-
week-old mast cells were further characterized by flow cytome-
try as having tryptase without chymase (MQor both enzymes
(MCr+¢). In these cultures, 85% of the mast cells were found to
exhibit both enzymes (M&); 15% were only positive for
tryptase (MG).

We next examined the cells cultured from CD3zkit*/
CD13" (Fig 6A) and the CD34/c-kit*/CD13" (Fig 6B) cell
subpopulations at 2 weeks for the expression @RFEckit, and
CD13. As can be seen, greater than 60% of cell progeny in the
CD34f/c-kit"/CD13" sort, and greater than 40% of the cell
progeny in the CD3#/c-kit*/CD13" sort simultaneously ex-
pressed FRI, ckit, and CD13. Because there are substantially
more cells in Fig 6A, the majority of mast cells were thus
cultured from CD34/c-kit*/CD13" cells and, as expected,
expressed E&I and ckit and remained CDX3 FcRI* prog-
eny derived from CD34/c-kit*/CD13" cells at 2 weeks also
behaved as mast cells rather than basophils when purified and
recultured. When immunomagnetically purifieelq7%) FeRI*
cells at 2 weeks were recultured in either rhiL-3 alone or rhiL-6
and rhSCF for an additional 4 weeks, only thoseRF¢ cells
cultured in rhlL-6 plus rhSCF survived, as would be predicted
for mast cells. No basophils were observed.

Histamine was not detected in CD34-kit*/CD13" cells on
day 0, but was approximately 2 to 3 pg/cell at 4 weeks of cell
culture. Cells cultured from CD34c-kit"/CD13" cells were
functionally competent, as shown by the capacity to release
histamine. Using 4-week-old mast cells (Fig 4B), histamine
release at 30 minutes after addition of 1 pmol/L A23187
averaged 90%. Histamine release at 30 minutes from mast cells
sensitized with Igks and incubated with goat antihuman IgE
averaged 23%.

The CD34/c-kitt/CD13"—sorted cells, which in culture
gave rise to mast cells, initially expressed HLA-DR (80%),
D33 (90%), and CD38 (98%). By 2 to 3 weeks in culture, the

cytoplasm ratio and basophilic-staining cytoplasm, consistenF'kiﬁ/C'313”'_:‘%RI+ mast cells observed within the progeny of
with immature hematopoietic progenitors (Fig 4A). The appear-th® CD347/c-kit*/CD13" cells no longer expressed CD:?A; and
ance of mast cells containing metachromatic granules is showh!LA-DR; none of the mast cell progeny of CD3&-kit"/

for comparison at 4 weeks (Fig 4B).
Ultrastructural examination of cultured CD34-kit*/

CD13" cells expressed CD3, CD11b, CD15, CD16, CD19,
CD36, or erythrocyte markers at 2, 4, and 8 weeks. Monocytes

CD13" progeny revealed cells with characteristics typical of €xpressed CD14 and CD15, but were negative for detectable
cultured human mast cells and monocytes, but not basopHils. CD11b, FeRI and ckit. Monocytes present in cultures also
Four-week-old mast cells had numerous surface projections angfained positive for lysozyme.

contained cytoplasm with electron-dense lipid bodies and CD34*/ckit"/CD13" cultures were consistently noted to
cytoplasmic granules with partial scrolls, particles, dense coresgive rise to small percentages-$%) of mast cells by 2 to 4
and homogeneously dense material consistent with more matun&eeks. Because cell selection by fluorescent cell sorting has
cultured mast cells. Granules stained strongly positive fortechnical limitations and therefore did not allow for 100% pure
tryptase. Monocytes were larger cells with abundant cytoplasnCD34"/c-kit*/CD13" cell sorting, we next determined if mast

and few granules with nonspecific electron-dense material.

cells arising in CD34/c-kit"/CD13" cell cultures might be

Human mast cells variably express chymase, with most if noderived from CD34/c-kit*/CD13" cells that contaminated

all mast cells expressing trypta&eWe first verified that the

these sorts. CD34c-kit"/CD13" cells were therefore first

majority of tryptase-containing cells were present within the sorted into CD34/c-kit*/CD13" and CD34/c-kitt/CD13"
CD34*/ckit"/CD13*—cultured cell subpopulation. As can be cell populations. CD3%/c-kit*/CD13" cells then underwent a
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A

Fig 4. Wright-Giemsa staining
and metachromasia of CD34+/
c-kit*/CD13* cells at 0 weeks (A),
as well as mast cells at 4 weeks (B).
Left panels show light microscopy
of Wright-Giemsa-stained cells.
Right panels show acid toluidine
blue—positive cells (original magni-
fication x 1,000).

second sort for CD13, yielding double-sorted CDRAkit*/

2337

Week 4

the first+/— sort originated from CD3%/c-kit*/CD13" progeni-

CD13"—and CD34/ckit*/CD13 —sorted cells. These double- tor cells.

sorted cells were also then cultured. As shown in Fig 7, the The CD34/c-kit*/CD13* progenitor cell population thus
majority of mast cells observed at 2 weeks (15%) and 4 weekgjives rise to the mast cells that develop in culture. This

(85%) were again noted in cell cultures derived from CD84
kitt/CD13" (+/+) sorts. Mast cells£5%) observed in CD3%

CD34"/c-kit*/CD13" progenitor cell population also gives rise
to monocytes. To determine whether mast cells and monocytes

c-kit*/CD13™ (+/-) cultures were reduced by greater than yere derived from the same or different progenitors, single cell

50% after sequential sorting, confirming that mast cells within
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Fig 5. FACS analysis of intracytoplasmic tryptase expression by
2-week-old c-kit'/CD13+ (A) and c-kit'/CD13- (B) progeny. Right
panels show tryptase expression. Isotype controls are shown in left
panels. Results shown are representative of 4 experiments separately
performed, using either BM (n = 2) or PB (n = 2) cells.

clonal assays were performed and evaluated at 2 weeks. As
shown in Table 1, single CD34c-kit*/CD13" cells seeded in
wells using 3 different cytokine mixtures produced similar
results and gave rise to either pure mast cells (11-18 clones/480
seeded wells), pure monocytes (2-6 clones/480 seeded wells),
or mixtures of mast cells and monocytes (10-16 clones/480

seeded wells). No basophils or other cell phenotypes were seen.

Mast cells tended to be rounded (Fig 8A and B), whereas
monocytes adhered to the well bottom (Fig 8B and C).

Mast cells and monocytes were again the only cell types
present in liquid suspension cultures examined later than 2
weeks. In 4-week liquid suspension cultures containing only
rhSCF and rhiL-6 (single-sorted CD34-kit"/CD13" cells;
Table 2), mast cells constituted 1.50 of 1.82 or 82.4% of the
cells in culture, and monocytes constituted 0.32 of 1.82 or
17.6%. Similarly, the double-sorted CD34-kit*/CD13" cells
gave rise again only to mast cells at 4 weeks (1.00 of 1.21 or
83.3%) and monocytes (0.21 of 1.21 or 17.4%). Thus, the
CD34"/c-kit*/CD13" progenitor cell population that gives rise
to mast cells also gives rise to a population of monocytes.

To further explore the characteristics of the starting CD84
kit*/CD13" and CD34/c-kit*/CD13" cell subpopulations, we
next cultured these cells for 4 weeks in the usual conditions of
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rhSCF, rhIL-3 (first week only), and rhIL-6, but with and A
without rhGM-CSF or rhiL-5. The CD34c-kit*/CD13" cells 25
cultured in rhSCF, rhiIL-3, and rhIL-6 at 4 weeks consisted of
80% mast cells and 20% monocytes (Fig 9A), in agreemen 20 -
with previous data. In contrast, CD34-kit*/CD13" cells —_
cultured under these conditions consisted largely of monocytes 9‘“3
The addition of rhGM-CSF to the culture of CD34-kit*/ " 15
CD13" cells increased the overall cell number, but resulted in @
fewer mast cells being observed, the remainder being monac ol
g ) g o 10 4
cytes (Fig 9A). This inhibition of mast cell growth by GM-CSF @
has been reported in muriffeand humaff systems. CD3%/c- =
kit*/CD13" cells cultured with the addition of rhGM-CSF gave 5
rise to a variety of cell types in addition to monocytes, including
basophils, eosinophils, and neutrophils (Fig 9B). Mast cells 0
consisted 0&5% of cells.
The addition of rhIL-5 to cultures of CD34c-kit"/CD13"
cells increased both the total number of cells and the mast ce
number approximately 2-fold to 4-fold. Approximately 70% of
cells cultured were mast cell and 30% were monocytes unde
both conditions (Fig 10A). The addition of rhiL-5 to CD34- B 100
kitt/CD13" cells, as expected, increased the eosinophil numbe
(Fig 10B). Mast cells consisted 6£5% of cells under both 80
conditions. Thus, the single-sorted CD3ékit*/CD13" cell
subpopulation again gave rise to greater than 95% of mast cellf{g"
cultured, and this result was not altered by the addition of rhIL-5 3 60 -
or rhGM-CSF. In addition, the data clearly show that rhiL-5 3G
increases the mast cell number in rhSCF/rhIL-3/rhiL-6— ©
dependent cell cultures. 2 404
=
DISCUSSION 0
A progenitor cell population, capable of giving rise only to
mast cells and monocytes, has not been described. Suc 5

progenitor cells were identified and sorted using FACS analysit
for CD34, ckit, and CD13 surface antigen expression (Fig 1B),
in addition to size (FSC) and density (SSC) (Fig 1A). Cell-
sorting parameters used to isolat&it-/CD13" progenitors

KIRSHENBAUM ET AL

Fig 6. FACS analysis of 2-week-old c-kit*/CD13+
(A) and c-kit*/CD13~ (B) progeny for CD13, c-kit, and
Fc Rl expression; or c-kit and Fc Rl expression on the
cell population gated by FSC and SSC to identify
mast cells. Results shown are representative of 4
experiments separately performed, using either BM
(n = 2) or PB (n = 2) cells.

2 Weeks
+/+ +/- ++ +-
1st 2nd
4 Weeks
+/+ +/- +/+ +-
1st 2nd

Fig 7. Effect of sequential sorting of CD34+/c-kit*/CD13~ progeni-

from other ckit"— or CD13-committed progenitors were tor cells on the appearance of mast cells at 2 (A) and 4 (B) weeks of
relatively easy to establish once the larger, more dense BM angliture. Equal numbers (1.5 x 105 cells) of c-kit-/CD13* (+/+) and
PB mast cell progenitor cells with the CD34-kit*/CD13" c-kit*/CD13- (+/—) cells from the first sort were placed in culture
surface antigen phenotype were identified (Fig 2B). The most1st). A portion of CD34+/c-kit*/CD13- cells underwent a second sort

marked cell expansion (60-fold) was seen from the CD84

(2nd) into c-kitt/CD13* (+/+) and c-kitt*/CD13- (+/-) cells that were
also placed in culture. Equal numbers (1.5 x 105 cells) were again

kiﬁ/C_Dlg SprODUIation (Fig 3A)1 in_ which mast cells plated. Results are presented as percentage of mast cells and are
constituted<3% of the cells cultured (Fig 3B). In contrast, representative of 2 experiments separately performed, using PB cells.
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Table 1. Effects of Cytokines on Clonal Expansion of Table 2. Growth of Mast Cells From Single- and Double-Sorted
CD34+/c-kit*/CD13* Cells at 2 Weeks CD34+/c-kit*/CD13* (+/+) and CD34+*/c-kit*/CD13~ (+/—) Cells
MC  MC/Monocyte Monocyte Other First Sort First Sort
IL-3, SCF, IL-6 11/480 10/480 2/480  0/480 +/+ +/=
IL-3, SCF, IL-6, TPO, Epo 18/480 16/480 2/480  0/480 Week Tot MC M 0] Tot MC M o
IL-3, SCF, IL-6, Epo, GM-CSF, X106 X106
IGF-1, bFGF 16/480 12/480 6/480  0/480 4 1.82 150 0.32 0 500 025 465 0.10
Cells were individually deposited per well in 96-well plates contain- Second Sort Second Sort
ing serum-free media with designated cytokines. Incubations were n e
performed for 14 days at 37°C in a humidified atmosphere of 5%
Week Tot MC M 0] Tot MC M [0}
C0,/95% air. Each well was scored positive for proliferation when =5 ee ° °
cells were identified. Data represent the number of positive wells/total X108 X108
number of wells seeded. 4 1.21 1.00 0.21 0 380 0.07 361 0.12
Abbreviations: MC, mast cells; Other, includes erythrocytes, my- Flasks were initially seeded with 1.5 X 105 cells (50,000 cells/mL).
eloid cells, lymphocytes, and megakaryocytes. CD34+/c-kit"/CD13~ cells recovered after first sort were resorted into

CD34+/c-kit"/CD13*(+/+) and CD34*/c-kit"/CD13-(+/—) populations

CD34/ckit/CD13* cells expanded 12-fold, but were 85% mast 2nd cultured.
cells by 4 weeks (Figs 3B and 4). The remainder of the cells were “APPreviations: Tot, total cells; MC, mast cells; M, monocytes; O,
. other cells.

monocytes (Table 2). Some mast cells had an indented or segmented
nucleus (Fig 4B). Similar cells have been observed in human
marrow?® and rodent mast cells have exhibited lobed nulei. CD13" cell cultures were a result of CD3/-kit"/CD13" cells

In the present work, cultured human mast cells were shown t@ontaminating the starting cell population (Fig 3B). To prove
express FMRI at 2 weeks, similar to ERI expression on this hypothesis, we performed sequential cell sorting of C»34
cultured human basophils and rodent mast ééfdow cytomet-  ckit*/CD13" cells before cell culture to remove additional
ric analysis of intracytoplasmic tryptase with 2-week-olkitc+ CD34f/c-kit"/CD13" (+/+) cells from the CD34/c-kit*/
CD13/Fc.RI* cell progeny identified a greater number of CD13" (+/—) subpopulation. This reduced by greater than 50%
probable mast cells than could be identified by acidic toluidinethe number of mast cells arising in CD18orts at 4 weeks (Fig
blue staining and tryptase immunohistochemistry (Fig 5). Of7Aand B and Table 2).
interest, cultured mast cells at 8 weeks by flow cytometry were A close lineage relationship between mast cells and mono-
approximately 85% Mé&: and 15% MG, documenting thatthe cytes is suggested by clinical findings in mastocytosis. In this
CD34*/c-kit"/CD13" progenitor cell population gives rise to disease of mast cell neoplasia, monocytosis is frequently
both MG; and MGec. The discrepancy between the larger observed as the disease progres$$asd chronic myelogenous
number of tryptase and chymase—positive (MCmast cells  leukemia is observed to arise in some patiéh#8.Thus, the
observed with flow cytometry rather than with Carnoy’s-fixed observation that the CD34c-kit*/CD13" precursor cell popu-
cytopreparations and immunohistochemistry may be a result ofation gives rise both to mast cells and monocytes (Tables 1 and
the negative effect on chymase-positive mast cells by Carnoy'®; Figs 8, 9A, and 10A) under similar conditions is consistent
fixative®? and the increased sensitivity of flow cytometry. BM with these clinical observations of a close lineage relationship
and PB ckit"/CD13"/Fc.RI™ mast cell progeny at 8 weeks, between mast cells and monocytes. Note that basophil neopla-
derived from sorted progenitors, also had phenotypic FACSsia, for instance, is not observed in mastocytésis.
profiles closely resembling mast cell cultures derived from To verify the potential of CD3%/c-kit*/CD13" cells and
unsorted CD34 progenitors that were allowed to mature in confirm the absence of other cell types at 2 weeks, single cell
culture over 8 weeks (data not shown). clonal assays were performed. In addition, both rhGM-CSF and

We speculated that, because of the limitations of fluorescenthIL-5 were added to some liquid suspension cultures to see if
cell sorting, mast cells noted at 4 weeks in the CD84it*/ other cell lineages might be observed from these starting cells at

Fig 8. Phenotypic appearance of single cell clonal assays at 2 weeks by inverted scope. (A) Mast cell colony. (B) Mixed mast cell/monocyte
colony. (C) Monocyte colony.
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maturation and/or survival factor for mast cells, an observation

8+ especially relevant in inflammatory conditions known to be
associated with increased IL-5 levels, such as in asthma. Taken
71 together, the data confirms that the CD&%kit*/CD13" cell
64 population gives rise to only mast cells and monocytes, even in
(4 the presence of rhiL-3, rhTPO, rhEpo, rhGM-CSF, rhiL-5,
_g 5 rhiIGF-1, and rhbFGF. It should be noted that monocytes are
£ tig also observed to grow from CD3%&-kit*/CD13™ cells, suggest-
2 - 44 ing that an earlier cell population that is CD18&ay be the
= = ultimate monocyte precursor and that it is possible that the
) 34 bipotential cell and monocyte precursor cell herein described
(& SCF/IL3/IL6
24
14
] A
0 T | T
0 4 0 4 7
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o 57 IL5/SCF/IL3/IL6
Q
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Fig 9. Effect of rhGM-CSF on the differentiation of CD34+/c-kit*/ ﬂ
CD13* (A) and CD34+/c-kit*/CD13~ (B) cells cultured in rhSCF/_rhIL-3/ g — 5 SCF/IL3/IL6
rhlL-6 over 4 weeks. Results shown are the average of 3 experiments E (7<)
separately performed, using PB cells. ((J), Monocytes; (H), mast cells; s o 4 -
([10), neutrophils; (E3), basophils; (), eosinophils. z ';
o e
— 3 4
4 weeks. Single CD34c-kit*/CD13" cells cultured for 2 8
weeks with combinations of rhiIL-3, rhIL-6, rhSCF, rhTPO, 2
rhEpo, rhGM-CSF, rhIGF-1, and rhbFGF gave rise only to pure
mast cell, monocyte, or mixed mast cell/monocyte clones 14
(Table 1). No erythroid precursors, myeloid cells, lymphocytes, 0 /

or megakaryocytes were noted. In liquid suspension cultures
both rhGM-CSF and rhIL-5 increased the total number of cells
cultured (Figs 9 and 10). As expected, rhGM-CSF inhibited
mast cell outgrowth (Fig 9A), whereas monocytes increased in

a | o
Weeks in Culture

number. In contrast, rhiL-5 increased mast cell numbers, but Fig 10. Effect of rhiL-5 on the differentiation of CD34*/c-kit'/

again, few, if any, mast cells originated from CD3d-kit"/

CD13+ (A) and CD34+/c-kit*/CD13- (B) cells cultured in rhSCF/rhIL-3/
rhiL-6 over 4 weeks. Results shown are the average of 3 experiments

CD13 cells (Fig 10B). These observations using liquid SUSPEN-geparately performed, using PB cells. (0J), Monocytes; (H), mast cells;
sion cultures would suggest that rhlL-5 may act as a growth and), neutrophils; (i), basophils; (), eosinophils.

¥20z Ae Lg uo 1sanb Aq ypd-e€€2/666.591/€€€2/L/¥6/4Pd-aJoliE/POO|qARU SUOREDIgNdYSE//:d]Y WOl papeojumoq



CD34*/c-kit*/CD13*/HUMAN MAST CELL PROGENITOR 2341

arise from this earlier precursor. Most available data point to theTakahashi G, Tsuji K, Nakahata T: Selective growth of human mast
expression of CD13 on immature rather than mature humargells induced by Steel factor, IL-6, and prostaglandin E2 from cord
mast cells. If CD13 is expressed during mast cell, monocytePlood mononuclear cells. J Immunol 157:343, 1996
and myeloid cell differentiation in the bone marr&wvhen 5. Durand B, Migliaccio G, Yee NS, Eddleman K, Huima-Byron T,
progenitors retain or lose theirkit positivity, it is possible to ~ Midliaccio AR, Adamson JW. Long-term generation of human mast
speculate that the mast cell/monocyte progenitor would retair?ens in serum-free gultures qf CD34ord bl90d cells stimulated with
the ckit*/CD13* phenotype, whereas other myeloid (ie, baso- stem cell factor and interleukin-3. Blood 84:3667, 1994

; . ' ) - 6. Okayama Y, Hunt TC, Kassel O, Ashman LK, Church MK:
phil) a“?' certain monocyte progenitor cells WC_)U|d lO_SE'tC' Assessment of the anti-c-kit monoclonal antibody YB5.B8 in affinity
expression but express CD13 as these cells differentiate fror'ﬂ1agnetic enrichment of human lung mast cells. J Immunol Methods
earlier ckit™/CD13" cells. 169:153, 1994

Recently, it has been published that human mast cell progeni- 7. willheim M, Agis H, Sperr WR, Koller M, Bankl H-C, Kiener H,
tors are both CD34 and CD38, and often lack HLA-DRE® Fritsch G, Fureder W, Spittler A, Graninger W, Scheiner O, Gadner H,
When 1,200 single CD34CD38" cells were cultured in rhSCF, Lechner K, Boltz-Nitulescu G, Valent P: Purification of human baso-
rhiL-6, and rhIL-3 for 7 days, followed by 3 weeks in rhIL-3 or phils and mast cells by multistep separation technique and mAB to
7 weeks in rhSCF and rhlL-6, they obtained 13 mast cellCDw17 and CD117/c-kit. J Immunol Methods 182:115, 1995
Co|0n|es’ 1 Colony W|th mast Ce”s and another typ6, and 42 8. ROdeWald H-R, Dessing M, Dvorak AM, Galli SJ: |dent|f|cat|0n
colonies of other cell types, including basophils, macrophageSOf a committed precursor for the mast cell lineage. Science 271:818,
and eosinophils. They also reported mast cells in CD3B38",
ar!d. HLA-DR" sorts. The a.Uthors concluded t.hat maSt. Ce“Smast cells. J Allergy Clin Immunol 94:1177, 1994
originate from progenlt_ors d_|f'ferent fro_m myeI0|d_ progenlto_rs. 10. Escribano L, Orfao A, Villarrubia J, Martin F, Madruga JI,
Although we agree with this conclusion, ny using a sorting Cuevas M, Velasco JL, Rios A, San Miguel JF: Sequential immunophe-
strategy based on 2 known mast cell progenitor markers (CD34, 4ty pic analysis of mast cells in a case of systemic mast cell disease
ckit) plus CD13, we were able to obtain all mast cell eyolving to a mast cell leukemia. Cytometry 30:98, 1997
precursors, with only one other cell type (monocyte) arising 11. Chem H, Kinzer CA, Paul WE: P161, a murine membrane
from this progenitor. Furthermore, no matter what growth protein expressed on mast cells and some macrophages, is mouse
factors were added, 40% to 50% of all colonies were pure mastD13/aminopeptidase N. J Immunol 157:2593, 1996
colonies, and most of the other colonies were mixed mast 12. Nilsson G, Forsberg K, Bodger MP, Ashman LK, Zsebo KM,
cell/monocyte colonies. It should be noted that our CD84it*/ Ishizaka T, Irani AM, Schwartz LB: Phenotypic characterization of stem
CD13" progenitor cells are HLA-DR and express CD38. cell factor-dependent human foetal liver-derived mast cells. Immunol-

Thus, the combination of CD34, kit, and CD13 more clearly ~09Y 79:325,1993 ,
defines the human mast cell progenitor population. 13. Stain C, Stockinger H, Scharf M, Jager U, Gossinger H, Lechner

Taken together, these results show that the CSKit*/ K, Bettelheim P: Human blood basophils display a unique phenotype

. . including activation linked membrane structures. Blood 70:1872, 1987
CD13" cell population contains the precursors for all human 9

AN - 14. Valent P, Ashman LK, Hinterberger W, Eckersberger F, Majdic
mast cells, and a subset of monocytes. Within the CIxS4it*/ O, Lechner K, Bettelheim P: Mast cell typing: Demonstration of a

CD13" cell popl.JIation.are mast cell, monocyte, _ and mast gistinct hematopoietic cell type and evidence for immunophenotypic
cell/monocyte (bipotential) precursors. The proportion of maste|ationship to mononuclear phagocytes. Blood 73:1778, 1989

9. Valent P: The phenotype of human eosinophils, basophils and

cells to monocytes arising from CD3/&-kit*/CD13" cells 15. Agis H, Fureder W, Bankl HC, Kundi M, Sperr WR, Willheim
depends on the growth factors added, but in no combination oM, Boltz-Nitulescu G, Butterfield JH, Kishi K, Lechner K, Valent P:
cytokines added were any other cell types noted. Comparative immunophenotypic analysis of human mast cells, blood
basophils and monocytes. Immunology 87:535, 1996
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