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Transplantation of Human Umbilical Cord Blood Cells in Macrophage-Depleted
SCID Mice: Evidence for Accessory Cell Involvement in Expansion
of Immature CD34*CD38~ Cells

By Monique M.A. Verstegen, Paula B. van Hennik, Wim Terpstra, Cor van den Bos, Jenne J. Wielenga,
Nico van Rooijen, Rob E. Ploemacher, Gerard Wagemaker, and Albertus W. Wognum

In vivo expansion and multilineage outgrowth of human
immature hematopoietic cell subsets from umbilical cord
blood (UCB) were studied by transplantation into hereditary
immunodeficient (SCID) mice. The mice were precondi-
tioned with CI,MDP-liposomes to deplete macrophages and
3.5 Gy total body irradiation (TBI). As measured by immuno-
phenotyping, this procedure resulted in high levels of human
CD45* cells in SCID mouse bone marrow (BM) 5 weeks after
transplantation, similar to the levels of human cells observed
in NOD/SCID mice preconditioned with TBI. Grafts contain-
ing approximately 107 unfractionated cells, approximately
10° purified CD34+ cells, or 5 x 102 purified CD34*+CD38~ cells
yielded equivalent numbers of human CD45* cells in the
SCID mouse BM, which contained human CD34+ cells, mono-
cytes, granulocytes, erythroid cells, and B lymphocytes at
different stages of maturation. Low numbers of human
GpA* erythroid cells and CD41* platelets were observed in
the peripheral blood of engrafted mice. CD34+CD38* cells
(5 x 10%mouse) failed to engraft, whereas CD34~ cells
(107/mouse) displayed only low levels of chimerism, mainly
due to mature T lymphocytes. Transplantation of graded
numbers of UCB cells resulted in a proportional increase of

mouse BM. In contrast, the number of immature,
CD34*CD38~ cells produced in vivo showed a second-order
relation to CD34+ graft size, and mice engrafted with purified
CD34*CD38~ grafts produced 10-fold fewer CD34* cells
without detectable CD34*tCD38~ cells than mice trans-
planted with equivalent numbers of unfractionated or puri-
fied CD34* cells. These results indicate that SCID repopulat-
ing CD34+CD38~ cells require CD34+CD38* accessory cell
support for survival and expansion of immature cells, but not
for production of mature multilineage progeny in SCID
mouse BM. These accessory cells are present in the purified,
nonrepopulating CD34*CD38* subset as was directly proven
by the ability of this fraction to restore the maintenance and
expansion of immature CD34+CD38~ cells in vivo when
cotransplanted with purified CD34+CD38~ grafts. The possi-
bility to distinguish between maintenance and outgrowth of
immature repopulating cells in SCID mice will facilitate
further studies on the regulatory functions of accessory cells,
growth factors, and other stimuli. Such information will be
essential to design efficient stem cell expansion procedures
for clinical use.
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the percentages of CD45* and CD34* cells produced in SCID

RADITIONAL SOURCES OF hematopoietic stem and makes UCB an appropriate model to identify immature hemato-
progenitor cells for transplantation include autologous poietic cell subsets involved in hematopoiesis in vivo, select
and allogeneic bone marrow (BM) and mobilized peripheralappropriate growth factor (GF) combinations and culture condi-
blood (PB). Recently, human umbilical cord blood (UCB) has tions to maintain and expand stem cells in vitro, and design
been shown to be a realistic alternative source of stem€@lls. optimal gene transfer conditions aimed at efficient and stable
UCB contains cells of all of the hematopoietic lineages, transduction of transplantable stem célls.
including cells that can produce granulocyte-macrophage colony- Hereditary immunodeficient SCID and NOD/SCID mice are
forming unit (GM-CFU) after extended long-term stromal yseful recipients to assess human stem cell capacities in a
cell-supported culture. Most of these long-term culture-transplantation assay and appear particularly suitable to assess
initiating cells (LTC-IC) are found in the small subset of he outgrowth of purified UCB cell subsets and the effects of ex
CD34°CD38" cells® The ability to cryopreserve, select, and iyo manipulation on hematopoietic capacities after transplanta-
expand progenitors without loss of proliferative capatity tion Several approaches for engrafting immunodeficient mice
with normal or leukemic human hematopoietic cells have been
described. The most frequently used systems involve injection
From the Institute of Hematology, Erasmus University Rotterdam,of mobilized human PB, BM,or UCB cells in sublethally
Rotterdam, The Netherlands; and the Department of Biochemistry, Fregrradiated micé;® electively followed by human GF treat-
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the hematopoietic potential of UCB cells in SCID is limited by using a sheep antimouse antibody reacting with mouse 1gG (Boehringer
the large number of cells required to achieve significantMannheim Biochemica, Penzberg, Germany), and animals with plasma
engraftment levels, possibly because of low seeding efficiencie!d levels greater than 40 pg/mL were excludédo deplete macro-

of stem cells or elimination of transplanted cells by natural phages, the SCID-mice were injected IV into a lateral tail vein with 200
killer (NK) cells or the mononuclear phagocytic system, which pL liposome stock ;olution conFaining di—chlor.omethylene di—phospho—
are intact in SCID mice. More reproducible and higher levels ofnate (CBMDP; a gift of Boehringer N.Iannhe'm GmbH.’ Mannhe|m,
engraftment with smaller graft sizes have been achieved wit Germany) 1 day before transplantation of hematopoietic églls.

j ; : revious studie@ with human acute leukemia and UCB cells, this
NOD/SCID mice, which has been attributed to the lack of yphr0ach required 10-fold fewer cells for uniform engraftment than in

functional macrophages, NK cells, and complement activity inscip mice conditioned with TBI alone. All mice received TBI at 3.5
this mouse straif? Specific elimination of phagocytic cells in Gy, delivered by a37Cs source adapted for the irradiation of mice
spleen and liver of SCID mice can be achieved within 24 hoursGammacell; Atomic Energy of Canada, Ottawa, Ontario, Canada) 2 to
after a single intravenous (1V) injection of liposome-encapsu-4 hours before transplantation. The transplants were suspended in 200
lated dichloromethylene diphosphonate,({@DP).20-22As shown  HL HBSS containing 0.1% bovine serum albumin (BSA; Sigma, St
recently for human acute myeloid leukemia (AML) and UCB Louis, MO) and injected IV into a lateral tail vein. Transplanted cell

cells, macrophage-depleted SCID mice supported the produdw_umbers were 10 (unfractionated and CD34cells), 1§ (CD34"
1+ +
tion of similar levels of human cells from 10-fold fewer Cells) 5x 10' (CD34°CD38" cells), and 5x 10° (CD34'CD38

transplanted cells as compared with SCID mice conditioneqcens)’ unless stated otherwise in the results.

. . L In vitro colony assay. Unfractionated and purified CD34and
with total body irradiation (TBI) alone. For AML cells, precon- CD34 grafts as well as chimeric mouse BM samples were assayed for

ditioning of SCID mice W|t_h liposomes Ied_to S|m|_lar levels of o presence of GM-CFU and erythroid burst-forming units (BFU-E) by
engraftment as observed in NOD/SCID mice, which suggestegh vitro colony formation in viscous methylcellulose culture medium as
that macrophages have a prominent role in eliminating injectegreviously described-2°Briefly, unfractionated and CD34cells were
human cells in SCID micé& plated at a concentration of 25,000 per 35-mm Petri dish (Becton
The present study was undertaken to quantitatively analyz®ickinson), CD34 purified grafts at 1,000 per dish, and chimeric
the maintenance and outgrowth of distinct UCB immature cellmouse BM at 50,000 per dish. Culture medium consisted of 1 mL

subsets in macrophage-depleted SCID mice and to assess tRglbecco’s medium (GIBCO, Gaithersburg, MD), containing 0.8%
hematopoietic cell lineages produced (wt/vol) methylcellulose, 5% (vol/vol) FCS, and further supplemented

with 1.5% (wt/vol) BSA, 10 mg/mL insulin, 0.3 mg/mL human
transferrin, 15 mmol/L3-mercaptoethanol, 0.1 mmol/L sodium sele-
nite, 1 mg/mL nucleosides, 15 pmol/L linoleic acid, 15 pmol/L
Human UCB cells. UCB samples were obtained after informed cholesterol, 100 U/mL penicillin, and 50 mg/mL streptomycin. For
consent in conformity with legal regulations in The Netherlands from BFU-E, cultures were supplemented with 0.2 mmol/L bovine hemin
placentas of full-term normal pregnancies. Mononucleated cells wergSigma), 200 ng/mL human SCF, and 4 U/mL (25 pg/mL) human
isolated by Ficoll density gradient centrifugation (1.077 g/mL; Ny- recombinant Epo (Behringwerke AG, Marburg, Germany). For CFU-
comed Pharma AS, Oslo, Norway) and were cryopreserved in 10%GM, cultures were supplemented with 5 ng/mL human recombinant
dimethylsulphoxide, 20% heat-inactivated fetal calf serum (FCS), andGM-CSF (Behringwerke AG), 200 ng/mL SCF, and 30 ng/mL human
70% Hank’s Balanced Salt Solution (HBSS; GIBCO, Breda, The recombinant IL-3. The cultures were maintained in a humidified
Netherlands) at-196°C as describe®. After thawing by stepwise  atmosphere of 10% C{at 37°C for 14 days, after which the colonies
dilution in HBSS containing 2% FCS, the cells were washed with HBSSwere counted. Data of duplicate dishes were expressed as average
containing 1% FCS and used for flow cytometric analysis, transplantanumber of colonies per 2@ells plated.
tion into SCID mice (unfractionated grafts), or subset purification. Tissue collections and analysisMice were examined at a single
Subset purification. Purification of CD34 cells was performed by  time point, 35 days after transplantation, to enable meaningful compari-
positive selection using Variomacs Immunomagnetic Separation Syssons between experiments, because individual hematopoietic subsets
tem as describéd (CLB, Amsterdam, The Netherlands). The percent- show differences in engraftment kinetics in immunodeficient rHice.
age CD34 cells in the unseparated population (unfractionated UCB) Mice were killed by CQ inhalation followed by cervical dislocation in
and in the purified CD3% and CD34 fractions was determined by accordance with institutional animal research regulations. From each
fluorescence-activated cell sorting (FACS) analysis. For isolation ofmouse, both femurs were collected and BM cell suspensions were
CD34tCD38", CD34'CD38"'~, and CD34CD38 subsets, purified  prepared by flushing. After counting, the cells were cultured in colony
CD34t cells were stained with fluorescein isothiocyanate (FITC)- andassays and analyzed by flow cytometry to determine the percentage of
R-phycoerythrin (PE)-conjugated antibodies against human CD34 anthiuman cells in the mouse BM. Cells were suspended in HBSS
CD38 (CD34-FITC, CD38-PE; Becton Dickinson, San Jose, CA) for 30 containing 2% (vol/vol) FCS, 0.05% (wt/vol) sodium azide, 2%
minutes on ice in HFN (HBBS, 2% [wt/vol] FCS, 0.05% [wt/vol] (vol/vol) human serum, and 2% (vol/vol) mouse serum and stained for
sodium-azide) containing 2% (vol/vol) normal human serum (NHS). 30 minutes at 40°C with the pan-leukocyte surface marker CD45-FITC
After incubation, the cells were washed twice, resuspended in HBSSantibody and with CD33-PE antibody. Positive samples were further
and sorted using a FACS Vantage flow cytometer (Becton Dickinson). analyzed by incubation with FITC- and PE-labeled mouse monoclonal
Transplantation of UCB cells in immunodeficient mic&emale, antibodies to human CD34, CD19, CD16, CD15, CD38, CD33, CD56,
specified pathogen-free (SPF) CB-17-scid/scid (SCID) mice, 6 to 9CD4, and CD8 (Becton Dickinson Immunocytometry Systems, San
weeks of age, were obtained from Harlan (CPB, Austerlitz, TheJose, CA) and glycophorin A (GpA), CD3, and CD71 (Dako A/S,
Netherlands). NOD/LtSz-scid/scid mice (NOD/SCID) were obtained Copenhagen, Denmark). Parallel samples were incubated with isotype-
from The Jackson Laboratory (Bar Harbor, ME). The mice were housednatched control antibodies. Cell samples of nontransplanted mice were
under SPF conditions in a laminar air flow unit and supplied with sterile stained as negative controls. Fluorescence was measured using a
food and acidified drinking water containing 100 mg/L ciprofloxacine FACScan flow cytometer and Lysis Il software (Becton Dickinson).
(Bayer AG, Leverkusen, Germany) ad libitum. The plasma Ig levels of Dead cells were excluded by adding 1 pg/mL propidium iodide (PI) and
the mice were determined with an enzyme-linked immunosorbent assagating for Pl cells in the FL3 (PI) channel. For all samples, 10,000

MATERIALS AND METHODS
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events were collected in a gate for'Ptells. To quantitate CD34  cells (Fig 2) in SCID mice conditioned with either TBI or TBI
subsets in selected samples, 1,000 to 10,000 events were also collectgdd macrophage depletion or in TBI-conditioned NOD/SCID
in a gate that included all viable human CD3¢ells. CD34 and = mice Transplantation of unfractionated mononucleated UCB
CD34 CD3§‘ expansion were calculated on the assumption that ONe.qls into macrophage-depleted SCID mice resulted in more
femur contains 8.5% of all BM celf¥. . . . .
In a number of experiments, PB was collected weekly from the tail promlne!’]t engraftment levels Compareq Wlth_ SCID mlcg condi-
vein and analyzed for the presence of human Gpfythrocytes and tioned with TBI alone. After transplantation with Zinfraction-
CD41+ platelets by flow cytometry. Blood samples were collected in ated or 18 purified CD34 cells, the macrophage-depleted
EDTA-coated tubes and stained with CD41-FITC (PharMingen, SanSCID mice showed similar levels of chimerism as NOD/SCID
Diego, CA) and GpA-FITC, respectively (Dako A/S) in HBSS with 2% mice preconditioned with TBI. CD34cells (10 cells trans-

(volivol) FCS, 0.05% (wt/vol) sodium azide, 2% (volivol) human planted) did not result in high levels of chimerism in either
serum, 2% (vol/vol) mouse serum, and 2 g/L EDTA for 30 minutes at ,ouse strain (Fig 2).

40°C. Cell samples of nontransplanted mice and human blood cells

; As shown in Table 1, transplantation of 2Gnfractionated
were stained as controls.

Statistical and regression analysisResults are expressed as indi- Ce!ls frgm 5 d'ﬁer_ent UCB samples resulted in high Ieyels of
vidual data or as the arithmetic mean standard deviation. The Ch'me“_s_m in all mice (= 22) transplar.lted.. Transplantation of
regression analysis of the percentage of human CP@D34*, and 10 purified CD34 cells also resulted in high levels of human
CD34CD38" cells in the chimeric BM as a function of the number of cells in 35 of 38 mice, whereas mice transplanted witfh 10
CD34" cells transplanted was performed by plotting the data on aCD34" cells showed only low levels of engraftment in 5 of 18
double logarithmic scale and calculating the regression using themice transplanted. These results show that relatively low
general formula y= ax°. By this method, an exponentb1 proves first  numbers of purified CD34UCB cells are capable of prolifera-
order (single-hit) kinetics, ie, direct proportionality (linearity) of tion in the macrophage-depleted SCID mouse microenviron-

chimeric cell numbers and cells transplanted, whereas an exporent b ent without the support of accessorv cells or addition of
2 demonstrates second order (two-hit) kinetics. The frequency o PP y

repopulating cells in the SCID mice was approximated using Poissomemampc’i?tic growth factors. The CD34ells were further
statistics. separated into a CD38ubset {-50% of CD34 cells contain-

ing >90% of clonogenic progenitors) and a CD38ubset
RESULTS (~5% of the CD34 population, enriched for immature,

Chimeric BM analysis. Chimerism in SCID mouse BM was multipotent progenitofd) and transplanted into preconditioned
assessed by flow cytometric analysis 35 days after UCBSCID mice; cell numbers were 5 10 and 5 X 103,
transplantation. Typical results of chimeric BM stained with respectively. The CD34CD38" subset showed high levels of
CDA45-FITC versus CD33-PE and CD45-EITC versus CD34-PEengraftment in 4 of 6 mice with chimerism levels similar to
are shown in Fig 1A and B, respectively. The percentage ofthose obtained with 20-fold larger numbers of CD3#lls and
CD45" cells was used as a measure for engraftment levels 0200-fold larger numbers of unfractionated UCB (Table 1).
human cells in the mouse BM. Only mice with percentagesDespite the 10-fold larger cell numbers, only 1 of 4 mice
larger than 1% CD45 cells were considered to be engrafted. engrafted with sorted CD3€D38" cells at the low level of
Positive staining for any of these markers was not found in1.7%. These results show that the ability to repopulate SCID
nontransplanted mice (Fig 1C and data not shown), demonstratnice resides exclusively in the CD3€D38" immature popula-
ing the specificity of the antibodies for human cells. As showntion.
in Fig 1A and B, the CD45 cells were heterogeneous with Multilineage outgrowth of UCB cells. BM cells of chimeric
respect to CD33 and CD34 expression. mice were cultured in standard methylcellulose culture under

Parallel groups of mice were injected with unfractionated conditions of stimulation with recombinant human GF that
mononucleated UCB cells or with purified CD34r CD34" selectively favor the outgrowth of human monomyeloid and
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Fig 1. Flow cytometric analysis of chimeric mouse BM stained with CD45-FITC versus CD33-PE (A) and CD45-FITC versus CD34-PE (B). BM of
nontransplanted mice showed no staining with the CD45-FITC or CD33-PE antibody (C).
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Fig 2. Engraftment levels of 4 different UCB 0__.2._....__.&.._“' ¢ o A

samples in SCID and SCID/NOD mice. The percent- 2.5 8 3.3 10 13 125 0.1 10
ages CD45+ cells are shown for individual SCID mice + .
preconditioned with TBI and CI,MDP (O), SCID mice CD34™ CD34
preconditioned by TBI alone (®), and NOD/SCID
mice preconditioned by TBI alone (OJ).

Cell numbers transplanted  (x 105)

erythroid progenitors and failed to stimulate mouse progenitors4). GpA*CD71"* erythroblasts and, occasionally, GpBD71~
Comparison of clonogenic cell numbers in 15 chimeric micemature red blood cells (not visible in Fig 3D) were present in
with the numbers of colony-forming cells in the grafts showed alow numbers. In keeping with the presence of CD71 on
median expansion of 2.7-fold (range, O to 11) and 1.7-foldactivated nonerythroid cells, the large population of
(range, 0 to 13) for CFU-GM and BFU-E numbers, respectively,CD71+GpAf cells (Fig 3D) contained cells of multiple lin-
as measured 35 days after transplantation. Because thegggeg2 The composition of the BM of mice transplanted with
progenitor cell populations have a high turnover rate, thiscpga+ (Fig 4B) or CD34 CD38" cells (Fig 4C) was similar to
observation demonstrates that monomyelocytic and erythroiqhat of mice transplanted with unfractionated UCB. The few

progenitors are produced from more immature progenitors "mice that showed detectable chimerism after transplantation of

the mouse hematopoietic environment. CD34 cells also had outgrowth of low numbers of myeloid,

ch-irr:zrﬁ:omipc)gs\:\t::;sfst:seszgrga?lgillcp?opmugtrlozsl?nth: B;\f];fo rythroid, and B-lymphoid cells, which were possibly derived
y y y gap zrom the low numbers of CD34 cells (0.1% to 0.6%) still

lineage-specific markers (Fig 3). The percentage of cells in eac . .
subset identified was expressed relative to the percentage cef§€Sent in the fraction. However, greater than 50% of the cells
stained with the panleukocyte marker CD45 (Fig 4). Mice 9rOWing in these mice consisted of mature CDB lympho-
transplanted with Tunfractionated UCB cells showed multilin- CYt€S: which also expressed CD4 or CD8. Cleglls were also
eage outgrowth (Fig 4A). The most prominent population (25%|dent|f|ed in mice transplanted with unfractionated, CD3dr

to 50% of the human CD45cells) consisted of B-lymphoid CD34°CD38" cell subsets, but these CDZells expressed
cells, which contained immature CD1GD20~ as well as  neither CD4 nor CD8 (Figs 3 and 4A through C). These cells
mature CD19CD20" cells (Figs 3F and 4). CD1%D33" may represent a subset of NK cells, because CD3 is expressed
monocytes, CD15CD33/~ granulocytes, and CD1I&D33* on some CD586 cells®® and CD56 cells were also identified in
immature myelomonocytic cells were present at percentage®w numbers in chimeric mice, including those transplanted
ranging between 6% and 16% of the human cells (Figs 3B andvith purified CD34 CD38 cells (Figs 3C and 4C). The large

Table 1. Engraftment of UCB Cells in Preconditioned SCID Mice

Characteristics of Chimerism

CD34* Cells CD34+CD38" Cells
Chimerict % Chimerism Cells/ Cells/
Graft Mice/ (CD45+ Mouse BM Expansion Mouse BM Expansion

Graft Size* Injected cells) (x108) Factor (x10%) Factor
Unfractionated 107 22/22 34.5 + 19.3% 1.1 +1.48 12.9 = 19.2 1.84 =27 2.19 =492
CD34~ 107 5/18 7.8 £8.6 0.1*01 4.0 = 3.7 0 0
CD34* 10° 35/38 204 £ 16.3 1.1*09 14.1 = 18.6 6.9 = 13.2 10.8 = 16.61
CD34+CD38" 5 x 104 1/4 1.7 0 0 0 0
CD34+CD38~ 5% 108 4/6 18.4 + 8.7 0.1*+01 18.6 = 5.2 0 o1

*Percentage CD34* cells in the graft: unfractionated UCB, 0.7% to 3.1%; CD34*, 77% to 83%; and CD34, 0.1% to 0.6%.
tMice are considered chimeric at greater than 1% CD45* cells.

IMean = SD of chimeric mice, results of 5 UCB.

§CD34+ BM cells, calculated on the assumption that 1 femur represents 8.5% of all BM cells.3°

TSignificantly different from unfractionated graft (P = .03, Fisher’s exact test).
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Fig3. Immunophenotyping of chimeric mouse BM. BM (>10% CD45+) was stained with a panel of antibodies specific against different human
blood cell lineages. FACS profiles of a representative mouse are shown for CD34 versus CD38 (A), CD15 versus CD33 (B), CD16 versus CD56 (C),
GpA versus CD71 (D), CD3 versus CD4 and CD8 (E), and CD19 versus CD20 (F) expression, respectively.

population of CD3 cells that expressed CD4 or CD8 (Fig 3E) ment after transplantation of unfractionated mononuclear UCB
most likely consisted of CD4monocytes. cells and purified CD34 cells followed similar proportional
Despite large numbers of human cells in the BM of SCID patterns, with exponents of 0.8 and 1, respectively (Fig 6). Also
mice, very few human cells were detected in the leukocytethe percentage of human CD8B4ells detected in SCID mouse
fraction of PB, spleen, and thymus (data not shown). Whole tailBM after 35 days showed a linear relation with graft size (Fig
vein blood samples of CD34transplanted mice collected at 6). These results demonstrate that the outgrowth of human UCB
various time points after transplantation contained humarcells in the SCID mouse BM does not require the support from
GpA™ erythrocytes at very low levels<{0.1%) that could only  accessory cells present in either the CD3% CD34 UCB
be detected if very large cell numbers () were analyzed fractions. Figure 3A shows that the CD34ells produced in
(Fig 5C). The largest quantities (0.1% to 0.2%) were found 2SCID mouse BM were heterogeneous with respect to CD38
weeks after transplantation. From week 3 on, the level deexpression and included cells with low CD38 expression, which
creased and became undetectable in week 5. Human CD41suggested that very immature cells were maintained and/or
platelets could also be detected in the mouse PB and followed expanded in the mouse microenvironment. As shown in Fig 6,
similar time course as the erythroid cells, with peak levels ofthe production of cells with an immature CD3dD38" pheno-
0.5% in week 2 (Fig 5B). type showed a much steeper dependence on the number of
Evidence for accessory cell requirement for immature cellCD34" transplanted, with a exponent of 2, demonstrating
expansion but not for outgrowth of human UCB cells in SCID second order (two-hit) kinetics. CD3€D38" cells were not
mice. The UCB cell number required for engraftment was detected in BM of mice transplanted with purified CD8D38~
analyzed by injection of graded numbers of unfractionated orcells (Table 1 and Fig 7B), whereas, in addition, the numbers of
CD34* cells. Transplantation of X 10° CD34" cells resulted CD34" cells in these mice were 10-fold lower than in mice
in a low, but measurable level of chimerism of 1.4% CD45 transplanted with unfractionated or CD34grafts, despite
cells (Fig 6). The level of chimerism increased proportionally similar levels of CD45 cells (Table 1). Taken together, the
with cell dose, reaching approximately 60% human CD45 nonlinear relation between graft size and the percentage of
cells after injection of 2< 10° purified CD34 cells. Engraft- CD34*CD38" cells after 35 days, the lower number of CD34
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Fig 4. Composition of the human CD45+ cell population in chimeric SCID mice stained for the human markers shown in Fig 3. Results (aver-
age + SD) are those of 23 mice in total, transplanted with unfractionated UCB (A), purified CD34+ (B), CD34+*CD38~ (C), and CD34- (D) grafts
derived from 5 UCB samples. The percentage of cells in each subset was expressed relative to the percentage of CD45+ cells present in the BM of
each mouse. The percentage of chimerism ranged between 10% and 40% for the data shown in (A) through (C) and between 1% and 15% for the
data shown in (D).

cells, and the absence of CD33D38" cells in mice trans- value of sevenfold after transplantation of CD3drafts. This

planted with purified CD34CD38" grafts show that immature difference is statistically not significant.

CD347CD38" cells can be maintained in the mouse microenvi-  Direct proof of an accessory role of CD32D38" cells in

ronment, but only with the support of accessory cells. the maintenance of the transplanted CH3D38- population
Figure 8 shows the actual expansion of CDGD38™ cells in vivo was obtained by cotransplantation of CD&D38"

in BM of the 32 (from 69) chimeric mice in which such cells cells and CD34CD38" cells. Dot plots of CD38 versus CD34

were detectable. The expansion ranged between 0.2 and 22.éxpression, collected in a gate for CD34ells, show that

with a median expansion of threefold for unfractionated mono-transplantation of 5x 10° CD34'CD38 cells results in

nucleated UCB cells, and between 1.6 and 63.1, with a mediaproduction of CD34 cells, which are all CD38(Fig 7B). After
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Fig5. Circulating CD41+ platelets and GpA+ erythrocytes in the PB of CD34+ transplanted SCID mice. Blood was collected in the presence of 2
g/L EDTA and stained immediately with CD41-FITC (B) and GpA-FITC (C). (A) shows the blood of a nontransplanted mouse stained with
CD41-FITC.

transplantation of 5< 10® CD34"CD38" cells to which 25% Repopulating cell frequency.The maintenance or expan-
10° CD347CD38" cells were added, CD3€D38 cells were  sion of CD34'CD38" cells in SCID mice might be considered
clearly produced in the mouse BM (Fig 7C) at frequenciesas a more significant characteristic of the capacity of repopulat-
similar to those observed in mice transplanted with @D34*" ing stem cells than the ability to produce mature progeny.
cells (Fig 7D). Also in this experiment, transplantation ok5  Taking into account that the seeding efficiency of repopulating
10* CD34'CD38" cells alone did not result in human cell cellsin transplanted SCID mice is unknown and that the support
engraftment (similar to the data presented in Table 1). Sorteghrovided by accessory cells may be suboptimal, a lower limit
CD34"CD38"'~ cells (corresponding to 20% of the CD34 for the frequency of cells with the ability to maintain or expand
cells) also repopulated transplanted SCID mice with propagathe numbers of CD34CD38" cells was estimated using the
tion of immature CD34CD38" cells, which can be explained pooled data of 69 mice engrafted with graded doses of
by the presence of repopulating and accessory cells in thisinfractionated or purified CD34cells from 5 different UCB
subset (Fig 7E). samples (Table 2). By using Poisson statistics, a value of 1
repopulating cell per 70,000 CD34ells was estimated (95%
100- CcDh45t confidence limits, 54,000 to 102,000). This would correspond to
u 1 repopulating cell per approximately>¥ 10° unfractionated

UCB cells and 1 per 3,500 CD3€D38" cells.

10 DISCUSSION

Engraftment of UCB in SCID mice preconditioned by 3.5 Gy
TBI and injection of CLMDP liposomes was more prominent
than in SCID mice conditioned with TBI alone and similar to
that observed in NOD/SCID mice. The macrophage-depleted
SCID mice supported the multilineage outgrowth of unfraction-
ated UCB, purified CD34 cells and the immature subset of
CD34"CD38" UCB cells, with production of B lymphocytes,
monocytes, granulocytes, erythroid cells, NK cells, and plate-
lets as well as production of CD34ells, including phenotypi-
cally immature CD34CD38 cells. Small numbers of purified
CD347CD38 cells also engrafted efficiently with chimerism
levels similar to those observed in accessory cell and/or
' GF-supported NOD/SCID micgwhereas CD34CD38" cells
did not engraft, indicating that the SCID repopulating potential
resides exclusively in the CD3€D38" subset.
The detection of CD34CD38" cells in SCID mouse BM is
consistent with the finding that CD3€D38" cells recovered
Fig 6. Relationship between the number of CD34+ cells trans- from the BM of engrafted SCID and NOD/SCID mice have
planted and percentage of human CD45* (L), CD34+ (<), and retained the capacity to produce clonogenic progeny in long-
immature CD34+CD38- (O) cells detected in S_CID mouse BM_after 5 term culture and to differentiate into myeloid and lymphoid
weeks. Results show the mean = SD for 3 mice per data point. For oo iy single_celliwell culture®3 Results showing that
comparison, the numbers of CD45* cells detected in BM of mice =
transplanted with graded numbers of unfractionated cells are also purified human cells from NOD/SCID mouse BM may engraft
shown (H). secondary recipients also suggest that repopulating stem cells

0.1

% positive cells

0.01-

0.001

102

CD34% cell number transplanted
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Fig 7. Distribution of human CD34 and CD38 in chimeric mouse BM after transplantation of CD34* subsets, sorted as defined by the windows
in (A). (B) through (E) provide the results 35 days after transplantation of 5 x 103 CD34+CD38- cells (B), 5 x 103 CD34+*CD38~ + 25 x 103
CD34+CD38+* cells (C), 105 CD34+ cells (D), or 25 x 103 CD34+CD38*/~ (E). One thousand to 10,000 events were collected in a window containing
CD34+ cells only. Quadrants were set to indicate CD34+CD38+ and CD34+CD38- cells. The percentages indicate the frequency of human CD34+
CD38- cells in mouse BM. CD34+CD38+* cells did not engraft (data not shown). The dissociation of outgrowth of CD45+* cells and maintenance or
expansion of CD34+CD38- cells is also in this experiment indicated by the CD45 percentages, ie, 25.1% for (B) without CD34+CD38- cells and 5.5%
for (C), 46.7% for (D), and 2.9% for (E) with similar frequencies of CD34+CD38~ cells.

are maintained in the BM of immunodeficient mi€eTaken
together, these data show that immature CO3838- UCB
cells can survive and expand in transplanted immunodeficien
mice.

The level of expansion of the immature CD32D38 subset
in chimeric mouse BM, but not the multilineage production of
more differentiated progeny, appeared to be dependent o
accessory cells. This is most clearly demonstrated by the secor
order (two-hit) kinetics of the relation between graft size and the
numbers of immature CD34€D38 cells produced in the
SCID mouse BM in contrast to the directly proportional relation
between graft size and the numbers of mature CDeIs and
the CD34 population as a whole (Fig 6). Additional data show
that engraftment levels and types of human cells produced in th
BM of mice transplanted with % 10® CD34"CD38" cell were
similar to those obtained with 20-fold more CD34ells or
2,000-fold larger numbers of unfractionated mononucleatec
UCB cells, which also showed that accessory cells or exog-

<+
(o]
(&

34+CD38- cells

[T
o
I
3
)

expansion fac

enous GFs are not needed for multilineage outgrowth of
immature human cells in immunodeficient mice. In contrast, the Frig 8. Expansion of CD34+CD38- cells after transplantation of

observation that SCID mice transplanted with CDGH38"
grafts produced 10-fold fewer CD34cells and no detectable
CD347CD38 cells, despite equal numbers of CD456ells,
than mice transplanted with unfractionated or CD3rafts
with equivalent numbers of CD3€D38 cells (Table 1),

1007

l unfract.

0.1

individual mice

unfractionated or CD34+ cells. Data for 32 mice that showed detect-
able CD34+CD38- cells from a group of 69 chimeric mice (>1% CD45+
cells). Twenty-eight mice were transplanted with unfractionated
(unfract.) cells and 41 mice were transplanted with CD34+ grafts from
5 different UCB samples. The arrow shows the median expansion
factor of CD34+*CD38- cells in each group.
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Table 2. Frequency Analysis of Repopulating Cells required to examine to what extent optimal combinations of
Mice Mice these or other GFs can replace accessory cells in maintaining
CD34” Positive for  Negative for and expanding CD34CD38 cells in immunodeficient mice.
Cell No. CD34+CD38 CD34+CD38 %

Estimation, by Poisson statistics, of the frequency of original

Graft* Transplantedt (n) (n) Negative . "
D34 1,660 o 5 100 UCB cells that can maintain or expand CD162D_38 (_:eII
8.300 0 9 100 numbers during the 5 weeks of engraftment period yielded a
16,600 1 1 50 value of 1 in 70,000 CD34cells (corresponding to 1 in 3,500
80,000 10 12 55 CD347CD38 cells). This value is lower, but in the same order
104,097 8 2 20 of magnitude, than the 1 in 600 SCID repopulating
166,000 3 0 0 CD347CD38" cells that has been calculated on the basis of the
Total 3,200 0 2 100 frequency of transplanted NOD/SCID mice with detectable
32’288 8 i 188 numbers of human cells in the BM as assessed by Southern
60'000 ) 3 60 blots38 The difference is most likely due to the criteria chosen in
70:000 3 3 50 that the ability to expand CD34;D3& cells is a more stringent
111,000 2 1 33 parameter for engraftment of immature cells than the produc-
198,900 3 2 40 tion of mature progeny at a level of as low as 0.05% human cells
*Only chimeric SCID mice (>1% CD45* cells by flow cytometry) detected b_y D’\_IA .blottlng an_alysg'SUCh low _engl_’aftmem
were included in the analysis. levels can in principle be derived from contaminating mature
tn = 5 UCB, 69 mice transplanted. cells, as shown in our study by the low, but detectabi®.6%

of mouse BM) engraftment with mature T cells in some mice

transplanted with purified CD34cells. The ability to maintain

] B ) ] or expand CD34CD38" cell numbers in SCID mouse BM is
provides additional evidence for an involvement of acCessoNyohapbly more characteristic for repopulating stem cells than

cells in the maintenance and expansion of immature UCB cellg, gy ction of mature progeny per se, because it may reflect an
in the SCID mouse microenvironment. Because mice trans,

g - . essential hematopoietic stem cells feature, ie, the ability to
planted with unfractionated mononucleated UCB cells did not

show larger numbers of CD34cells (Table 1) or more MAINtain its own numbers in vivo.
. . . : The differences in repopulating cell frequencies might also be
extensive expansion of CD3€D38" cells (Fig 8) than mice Pop 9 g 9

i lanted with ourified CD34cell tulated that th due to the cotransplantation of accessory cells and/or administra-
ranspianted with purifie elis, we postuiated that the ;. ¢ growth factors in the NOD/SCID mouse model that may
accessory cells needed for the support of immature UCB cell o

are present in the CD34population. Formal proof was ave promoted human cell engraftméhalthough it is clear
obtained by cotransplantation of Cb@D3& cells and that CD34'CD38" cells still represent a heterogeneous cell
CD34'CD38" cells (Fig 7). Whereas transplantation of population with only a minority of cells capable of hematopoi-
CD34+CD38 cells alone did .not result in the maintenance of etic reconstitution, all frequency estimates of the SCID mouse
these cells, the addition of 50% CD32D38", a fraction that repopulating h””!a” cells likely underestimate the_frequency of
by itself did not result in substantial chimerism, restored thehuman repopulating cells and should be treated with caution. In

propagation of CD34CD38" cells in engrafted mice (Fig 7) particular, the seeding efficiency of these cells has not been
One possible function of the accessory cells UCB cells mightassessed yet, whereas the efficacy of the growth stimuli

be to prevent elimination of the small numbers of CDGD38" provided by the xenogeneic environment, accessory .cells ip the
cells by residual immune-reactivity in the SCID mouse by transplant or exogenous growth factor administration might

providing an excess of human cells. However, because smalf€"y well be suboptimal. Studies into the kinetics of human BM

numbers of CD34CD38" cells produced equal numbers of cell engraﬁment in immunodeficient mice have shown that_the
mature progeny in the macrophage-depleted SCID mice thafUmber ofimmature, CD34Thy1* cells that can be detected in
much larger unfractionated or CD34grafts (Table 1), it is the mouse BM 2 days after transplantation is at least 2 logs
unlikely that such a mechanism plays a prominent role inlower than input numbers, suggesting that only a very small
promoting CD34CD38" cell engraftment. It is more likely that ~ fraction of the immature human cells develop in these rifice.
accessory cells provide essential GFs or other stimuli needed The present study provides evidence for differential regula-
for the self-renewal of immature human cells that are nottion of the expansion as opposed to multilineage outgrowth of
provided by the mouse microenvironment. CD34CB cells immature human hematopoietic stem cells in transplanted SCID
and their immediate progeny have been shown to produc&nice. The possibility to distinguish experimentally between
various GF, including IL-3, G-CSF, and GM-CSF, which these essential functions in the SCID mouse transplantation
stimulate in vitro colony formation by UCB in an autocrine or assay now opens an experimental approach to examine the
paracrine fashio®” A role of accessory cell-derived GF in the effects of various GFs, cell subsets, and other agonists on the
maintenance of immature cells is also suggested by the supporself-renewal of human immature stem cell subsets. This informa-
ive role of a cocktail of erythropoietin, Steel factor, IL-3, and tion will be essential to design and test conditions for ex vivo
GM-CSF for expansion of human cells in NOD/SCID mice activation and expansion of immature hematopoietic cells and
transplanted with high numbers of unfractionated human BMfor various experimental purposes, such as required for the
cells, which was only observed late after transplantation, wherdevelopment of efficient gene transfer protocols into hematopoi-
the number of human cells were reduéédurther studies are etic cells with retention of repopulating ability.
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