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Hoechst dye efflux reveals a novel CBZD34 lymphoid progenitor
in human umbilical cord blood

Robert W. Storms, Margaret A. Goodell, Alan Fisher, Richard C. Mulligan, and Clay Smith

A novel Hoechst 33342 dye efflux assay
was recently developed that identifies a
population of hematopoietic cells termed
side population (SP) cells. In the bone
marrow of multiple species, including mice
and primates, the SP is composed primarily

of CD34 - cells, yet has many of the func-
tional properties of hematopoietic stem
cells (HSCs). This report characterizes SP
cells from human umbilical cord blood
(UCB). The SP in unfractionated UCB was
enriched for CD34 * cells but also con-
tained a large population of CD34 -~ cells,
many of which were mature lymphocytes.

SP cells isolated from UCB that had been
depleted of lineage-committed cells (Lin  ~
UCB) contained CD34 * and CD34 - cells
in approximately equivalent proportions.
Similar to previous descriptions of hu-
man HSCs, the CD34 *Lin~ SP cells were
CD384mHLA-DRYM Thy-14mCD45RA~CD71~
and were enriched for myelo-erythroid pre-
cursors. In contrast, the CD34 ~Lin ~ SP cells
were CD38~HLA-DR-Thy-1-CD71~ and
failed to generate myelo-erythroid progeny

in vitro. The majority of these cells were
CD7*CD11b*CD45RA*, as might be ex-
pected of early lymphoid cells, but did not

express other lymphoid markers. The
CD7+CD34-Lin~ UCB SP cells did not
proliferate in simple suspension cultures
but did differentiate into natural killer
cells when cultured on stroma with vari-
ous cytokines. In conclusion, the human
Lin =~ UCB SP contains both CD34 * multi-
potential stem cells and a novel
CD7*+CD34-Lin ~ lymphoid progenitor. ~ This
observation adds to the growing body of
evidence that CD34 ~ progenitors exist in
humans. (Blood. 2000;96:2125-2133)
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The characterization and manipulation of hematopoietic stem cefimt expression of CD34 on HSCs is dynamic and may vay
(HSCs) for transplantation and gene therapy purposes has bedepending on the physiologic status of the doror. §
intensely studied in recent yed¥3The most primitive HSCs have  In humans, the expression pattern of CD34 on HSCs is less céar
an extensive potential for self-renewal and can give rise to decause of the absence of simple and authentic human transéiant
blood-cell lineaged. A number of in vitro and xenochimeric models. Human CD34cells have reconstituted multiple hematc%
transplantation studies have demonstrated that primitive humpamietic cell lineages in xenotransplant animal models includ@g
HSCs express CD34, a cell-surface protein of unknown funétfon.fetal sheep and nonobese diabetic/severe combined immige-
A small number of primate studies have confirmed that CD34deficient (NOD/SCID) micé>16In addition, a subset of LirCD34~
bone marrow cells can durably reconstitute multilineage hematopoglls isolated from both bone marrow and mobilized periphegal
esis following transplantatiohOn the basis of this evidence, ablood gave rise to long-term culture (LTC)—initiating cells followg
number of autologous and allogeneic clinical bone marrow tranisig incubation with high doses of certain cytokidédzinally, a g
plantation trials have used CD34enriched cell preparatiofdn  Lin—-CD34 population has been shown to acquire CD34 exprés-
these trials, multilineage hematopoietic engraftment occurred sion, clonogenic activity, and NOD/SCID repopulating activit§
the majority of patients, further supporting the contention thdbllowing a brief period in culture on stroma supplemented wih
HSCs express CD34. several cytokine& Although these studies provide provocativ§
Recently, several experimental observations have suggestsitience that CD34HSCs may exist in humans, these cells hage
that HSCs that do not express CD34 may also exist. Murifieen difficult to study because they are obscured by a much lafger
CD34°~ HSCs with long-term repopulating ability have beemumber of mature CD34 cells. In addition, the Lin CD34" 'é*
isolated from LimSca-1" fractions of bone marro#!° Similarly, populations studied to date appear to be heterogeneous soghat
murine CD3#/~ HSCs have been fractionated from bone marromultiple-lineage—committed progenitors rather than individual mél-
by virtue of their aldehyde dehydrogenase activity or by virtue dflineage HSCs may have generated the observed stem cell acti&ity.
their capacity to efflux various dyés!? One recent study has A recently developed technique for isolating HSCs based ®n
indicated that the majority of HSCs in resting murine bone marrottoechst 33342 dye efflux may prove useful for addressing these
are CD3#'~ but that CD34 expression on HSCs is increaseidsuesi219This technique identifies a small subpopulation of cells,
following cell activation'® This observation raises the possibilitytermed the side population (SP), on the basis of its unique
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fluorescence emission properties. In mice, bone marrow SP céllgorescence-activated cell sorting
had the_ phenoty_plc and functional properties of H_SCS' The;e 99&&3 were analyzed and sorted on a FACStar Plus (BDIS) cell sorter
We.re. highly _enrlched fqr long-term hematopoietic recons’t'tuluog'quipped with dual Coherent 1-90 lasers. Hoechst 33342 was excited at 351
activity despite expressing low to no levels of CD342SP cells  y and fluorescence emission was detected with the use of 450DF20 (blue)
have also been identified in primate and human bone marrow angji Lpe7s (far-red) filters (Omega Optical Inc, Brattleboro, VT). A610-nm
human umbilical cord blood (UCBY. CD34" SP cells isolated short pass dichroic mirror was used to separate these emission wavelengths
from rhesus bone marrow lacked the expression of obvious lineg@enega Optical Inc). Fluorescence from the Hoechst dye was acquired in
commitment markers, acquired CD34 expression in vitro, weli@ear scales. Dead and dying cells were excluded on the basis of PI uptake.
enriched for cells capable of generating clonogenic progeny Fituorochrome-conjugated antibodies were excited at 488 nm, and their
LTCs, and could generate T-cells on rhesus thymic strf§ma. fluorescence emission was detected by means of standard filters.

These observations suggest that using Hoechst dye efflux toIn some experiments, CD34ind CD34 SP cells were isolated directly
isolate SP cells may be a useful method for enriching rafem unfractionated UCE that had .been staihed simultaneously with
populations of CD34 HSCs. Since UCB is increasingly beingHoechst and phycoerythrin (PE)—conjugated anti-CD34. For these assays,

. h ; o o o

used for transplantation purpog&&! we sought to characterize the SP'Was defined as Q.02A> to 0.03% of the total vyh|te cell conterlt of the
- .unfractionated UCB. To isolate CD34nd CD34 fractions from the Lirm
UCB SP cells and to determine whether the UCB SP contaig . : o .
imitive CD34- h t ieti I , multiple sequential sorts were employed to optimize purity. After

primitive ematopoletic cells. lineage depletion, the cells were stained with Hoechst, and the SP re§ion
was defined on the cytometer on the basis of its low fluorescence emiséjon
in both blue and far-red wavelengths (representative profiles appea%in

Materials and methods Figure 3). SP cells were sorted as the dimmest 1% of the Hoechst-stathed
Lin~ UCB. For assays for myeloid growth, the LirSP cells were then E]
UCB processing washed and restained with anti-CD34 PE and anti-CD38 quorescéin

Egthiocyanate (FITC) and re-sorted to isolate CDG®3&MLin~ SP and &

[z

Staff members of the Carolina Cord Blood Bank collected human UC 34-CD38'MLin~ SP fractions. The CD38gate was defined on the§

after obtaining institutional-review-board—approved informed consent. U ) . ) . ) .5
gsis of a signal intensity equivalent to, or less than, an FITC isotype

was diluted with Dulbecco’s phosphate-buffered saline (PBS), and r irol. O vsi ified CD34in- SP cells did not CD3
blood cells were agglutinated at room temperature with the use of Hespcéw rol. Onreanalysis, purie n Cells did not express >

(DuPont Pharma, Wilmington, DE) at a final concentration of 1% defined by monoclonal antibodies raised against multiple differgnt

Nonagglutinated white blood cells were harvested, and residual red C&gtopes (_Jf the proteln. Forin yltro Iymph0|d assays, them cells were
were hemolyzed at 37°C in 0.17 mol/L NEI, 20 mmol/L Tris-HCI, pH stained WIFh ant|‘—CD7 FITC, with anti-CD34 allophycocyanin, and simult;
7.2, and 20Qumol/L EDTA. Lineage-committed cells were then removed'€0usly with anti-CD2 PE, CD3 PE, CD5 PE, and CD56 PE. The cells w
from the white-cell fraction with the use of the CD8&temSep enrichment then re-sorted to isolate CDZD34 Lin~ SP and CD34CD7"Lin™ SP
cocktail (StemCell Technologies Inc, Vancouver, British Columbia, Carsubfractions.
ada) according to kit instructions. The recovered cells, termed teils,
were washed in Iscove’s Modified Dulbecco’s Medium (IMDM)/10% feta : .
calf serum (FCS) and then held on ice until they were (analyz)ed or furth%Port_term and long-term colony-forming unit assays 2
fractionated with fluorescence-activated cell sorting (FACS). Hematopoietic progenitor colony assays (HPCAs) were performed &y
plating 100 to 200 cells in MethoCult H4431 containing agar-leukocyt&-
Hoechst 33342 and antibody staining conditioned media and recombinant human erythropoietin (Stem(%ll
) . ) Technologies). The cells were incubated in a humidified chamber at 38C
To identify and |so|at.e.$P cglls, undepleted or‘LlnCB_V\_/as resus_pended with 5% CQ,, and hematopoietic colonies (greater than 100 cells) wéte
at 1C cells per mililter in IMDM/2% FCS (staining media) and s%ored at 14 to 18 days after the cultures were initiated. LTC assays \Eére

preincubated at 37°C for 30 minutes. The cells were then labeled with 2, Jintained on either irradiated allogeneic bone marrow stroma or N&S
rg/mL Hoechst 33342 (Molecular Probes; Eugene, OR) in staining me(Lna

. . . .. <
at 37°C for 90 minutes. When verapamil (American Regent Laboratori cells (graciously provided by Dr Tadashi Sudo of the Kirin Pharmaceutlgal
. . . = esearch Laboratory, Gunma, Japan). The MS5 stromal layers were
Shirley, NY) was used, it was included at p. After staining, the cells . ; ) .
s . . . —__established by seeding 24-well plates (Corning Costar Corp, Cambn@e,
were washed, resuspended in ice-cold staining media, and then malntal'(}l('ea\ ith 6 t0 7 X 10° MS5 cell Il in DMEM/10% ECS. Al .2
on ice until their analysis or sorting. For staining of cell-surface antigens, w ° cells perwelin o 0 P Allogeneic
one marrow stromal cells were seeded at similar densities in Myelogult

cells were resuspended in 1pQ of staining media, and antibodies were 100 (StemCell Technologi - UL hvd ) o
added directly to the cell suspensions. The cells were incubated on icelfb‘rf (StemCell Technologies) containing jimo ydrocortisone g

15 minutes and then washed with ice-cold staining media. ImmediatdfHccinate salt; Sigma Chemical). Stromal cells were cultured at 37°C iha
prior to FACS analysis or sorting, 1 to 2g/mL propidium iodide (PI) humidified incubator until the cultures approached approximately 80%

(Sigma Chemical, St Louis, MO) was added to the cell suspensions. confluence. The monolayers were theirradiated from a cgsium source
Directly conjugated fluorescent antibodies used in these studies w&?@ 10 40 Gy for MSS stromal layers; 17.5 Gy for allogeneic bone marrow
antibodies directed against CD2 (clone S5.2), CD3 (clone SK7), ctroma). LTCs established with SP cells derived from unfractionated UCB
(clone L17F12), CD7 (clone 4H9), CD16 (clone NKP15), CD34 (clon&/€ré initiated with 150 to 350 cells per well. LTCs established from SP
8G12, ie, HPCA-2), CD38 (clone HB7), and CD56 (clone MY31) fronfractions derived from Lin UCB were initiated with 400 to 2000
Becton Dickinson Immunocytometry Systems (BDIS) (San Jose, CA). [{fematopoietic progenitor cells per well on the irradiated MS5 cells. LTCs
addition, an anti-CD7 (CD7-6B7) antibody was obtained from CalTag" MS5 cells were maintained in Myelocult H5100 medium (StemcCell
Laboratories (Burlingame, CA); anti-CD45 (clones KC-56 and J33) as wdlechnologies) at 33°C in a humidified chamber with 5%,COCs on
as pooled anti-CD34 antibodies (clones QBENnd10, Immu-133, and Immijlogeneic stroma were maintained in Myelocult H5100 medium supple-
134) were obtained from Coulter/lmmunotech (Miami, FL); an anti-CD9mented with 1umol/L hydrocortisone, 25 ng/mL Kit ligand (KL), 10
antibody (clone HP-3D9) was obtained from PharMingen (San Diego, CA)g/mL interleukin 3 (IL-3), and 10 ng/mL IL-6 (R&D Systems, Minneapo-
an anti-CD38 antibody (clone B-A6) was obtained from BioSourcts, MN) at 37°C in a humidified chamber with 5% GQFor all LTCs, half
International (Camarillo, CA); and an anti-CD45RA antibody (clonghe media from each well were removed at weekly intervals and replenished
F8-11-13) was obtained from Southern Biotechnology Associates, Imdth fresh media. Adherent and nonadherent cells were harvested after 5
(Birmingham, AL). weeks and plated into HPCAs as described above.
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Table 1. Culture conditions for NK-cell development

Condition Media and cytokines

A MEMa
5 weeks: KL, F3L, IL-2, IL-7, IL-15
2 weeks: IL-2

B HAMS F12
1 week: KL, F3L, IL-2, IL-3, IL-7
5 weeks: KL, F3L, IL-2, IL-7
2 weeks: IL-2

C HAMS F12
6 weeks: KL, IL-15
2 weeks: IL-2

D HAMS F12

2 weeks: KL, F3L, IL-2, IL-7, IL-15
4 weeks: KL, IL-15
2 weeks: KL, IL-2, IL-15

Kitligand (KL), FIt3 ligand (F3L), interleukin (IL)-2, IL-7, and/or IL-15 were used to
propagate CD* and CD34*Lin~ SP cells on irradiated (20 Gy) MS5 stroma. IL-2 was

CD7+CD34~ CELLS IN THE UCB SIDE POPULATION 2127

Table 2. Analyses of surface markers on cells present
within the UCB CD34 ~ SP

Immunophenotype UCB CD34~ SP
CD(16/56) " 15%-32%
CcD2+ 18%-38%
CD3* 10%-29%
CD4+ 1.7%-8.1%
CD5* 12%-51%
CD14* none detected
CD33* none detected
CD19+ none detected
CD71* none detected

The UCB SP was analyzed for the expression of various lineage-specific
antigens with the use of a highly stringent gate to define the SP region (n = 2 to 3 for
each marker examined).

UCB indicates umbilical cord blood; SP, side population.

used at 1000 U/mL, and IL-3 was used at 5 ng/mL. All other cytokines were at 10 A B
ng/mL except under condition B, where KL and IL-7 were both used at 20 ng/mL. T o
o =]
™ 3 77.4]1.7 T 59.0|5.2
Lymphoid cell cultures Ml 20.5/0.4 w2 33.9(1.9
a 3. a .
For lymphocyte suspension cultures, 100 to 500 sorted cells were plated in 27 g 7 ,
duplicate either in serum-free media (BIT 9500, StemCell Technologies) or Q 3 o 3 P
in RPMI 1640/10% FCS with IL-2 (100 U/mL), IL-7 (10 ng/mL, R&D 01 O 1 7
Systems), or IL-12 (10 ng/mL; R&D Systems). In some cultures, 10% GP_ N I — = S —
conditioned medium from phytohemagglutinin [PHA]-stimulated leuko- 10¢ cb34 Fire 107 109 cp34 FITe 10%
cytes (T-Stim without PHA; Collaborative Biomedical Products, Bedford,
MA) was added. For lymphoid development on stroma, L8P cells were
seeded ontg-irradiated (20 Gy) MS5 stroma at 100 to 2000 cells per well.
Cells were cultured either in MEMmedium supplemented with 10% FCS C
or in HAMS F12 medium supplemented with 1% bovine serum albumin, 300
2% FCS, Jumol/L ZnSQ,, 1 pmol/L CuSQ, 5 pmol/L B-mercaptoethanol, i
and a mixture of insulin, transferrin, and selenium (ITS-G; Gibco BRL, 4
Gaithersburg, MD). These cultures were supplemented with KL, FIt3 ligand 250 ]
(F3L), IL-2, IL-7, and/or IL-15 (all from R&D Systems), as described in 7 b
Table 1. 3 ]
_ _ _ S 200
Flow cytometric assay for natural killer cell function S L
e ]
A protocol for natural killer (NK) cell function, which measures target cell ‘: ]
death through the uptake of membrane impermeable DNA dyes, was g 150
modified to evaluate NK-cell function in small numbers of célighe o .
target cells used in these assays included NK-sensitive K562 cells as well as o ] 8
NK-resistant Raiji cells. K562 cells were labeled withi®iol/L carboxyfluo- g 1004 ¢ &
rescein succinimidylester (CFSE) (Molecular Probes) in PBS atéls o ] 'g 8
per milliliter for 10 minutes at room temperature, and Raji cells were (O] 1 8 f
REEIENE
A B 1 ©
2. 2 ol "
2 = +verapamil . 1
I 81 - 8865
E g ] e ] > ? 8 EJ)
0| “°9 4 ps = =
§ §- CE 8 § §
:?‘. =5 £ o ©
o ] =4 Figure 2. Characterization of the UCB SP for properties of HSCs. (A,B) The

0 200 400 600 800 1000 0 200 400 600 €00 1000

Hoechst Far Red

Figure 1. Hoechst dye efflux by human UCB. The SP cells, as defined by
verapamil-sensitive cells, are indicated in the enclosed box. The data are representa-
tive of 28 experiments. (A) The Hoechst 33342 staining and emission patterns of
human UCB in the absence of verapamil. (B) The Hoechst 33342 staining and
emission patterns of human UCB in the presence of verapamil.

expression of CD34 and CD38 on unfractionated UCB (A) and the UCB SP (B). The
SP represented the dimmest 0.05% to 0.1% of the Hoechst-stained UCB. Quadrant
statistics are provided for the individual experiment depicted. These data are
representative of 5 experiments. (C) Hematopoietic progenitors from unfractionated
UCB, CD34* UCB, CD34* UCB SP cells, and CD34~ UCB SP cells were
enumerated in LTCs on allogeneic bone marrow stroma. The data represent the
mean *+ SD of 3 experiments. Cultures of CD34" UCB SP cells represent only 2 UCB
samples; LTCs detected from CD34~ SP cells were derived from 1 well of 8
wells plated.

20z aunr 60 uo jsanb Aq Jpd'G5z1.2000818U/€Z1.8991/SZ12/9/96/sPpd-8101E/PO0|qARU SUOREDGNdYSE//:d]lY WOl papeojumog
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Table 3. Hematopoietic progenitor subsets present in the UCB SP (Figure 1A-B). In all cases, the fluorescent staining of the SP cells
Immunophenotype ucB UCB SP was easily distinguishable from the majority of the UCB cells.
CcD34+ 183% + 0.88% 11.7% + 8.7% To characterize the cells within the SP, unfractionated UCB was
CD34CD38" 0.23% + 0.15% 3.05% + 2.9% Stained with Hoechst in conjunction with antibodies directed
CD34-CD38" 15.7% + 6.3% 37.6% + 8.9% against a variety of cell-surface markers. Cell surface antigens for

- mature myeloid cells, B cells, and erythroid cells were absent on
The UCB SP was analyzed by flow cytometry for the expression of CD34 and . . .
CD38 (n = 10). For these studies, the SP region was defined as 0.047% =+ 0.011% of UCB SP cells (Table 2)' In contrast, relatlvely hlgh proportlons of
the UCB. the CD34 UCB SP cells expressed markers commonly found on
UCB indicates umbilical cord blood; SP, side population. mature |ymph0id cells, including CDZ, CD3, CD5, CD16, and
CD56 (Table 2). These antigens were detected exclusively on the
labeled with 0.5.mol/L CFSE in a similar fashion. These concentrations o D34~ SP cells. The UCB SP contained 11.798.7% CD34
CFSE achieved similar fluorescence intensities for the 2 target cell liné€lls and was approxnmat_ely 6-fold enriched for Fhefse cells relative
After CFSE labeling, the target cells were incubated overnight at 37°C wite unfractionated UCB (Figure 2A-B; Table 3). Similarly, the UCB
5% CQ in RPMI 1640 medium supplemented with 10% FCS. For lysiSP contained 3.05% 2.9% CD34 CD38%~ cells and was approxi
assays, the target cells were plated in B0 RPMI 1640/10% FCS to mately 15-fold enriched for these cells over the unfractionated
deliver 1000 cells per well in 96-well V-bottom culture plates. Effector cell)CB (Figure 2A-B; Table 3). Despite this, 88.3%8.7% of the o

were isolated from the lymphoid development cultures (see above) py-B Sp cells were CD34 To determine whether the CD8%br £
FACS sorting human CD45cells from the murine MS5 stroma. The sorte h 5

e CD34 fractions of the UCB SP contained any progenitor-cell
cells were collected into RPMI 1640/10% FCS supplemented with 10 y prog @

U/mL IL-2 and plated in triplicate at the various effector-to-target ratloaCtIVIty’ CD34" SP and CD34 SP cells were isolated and place_a

. . 3
described in the Figure legends. To facilitate cell-to-cell interactions, tﬁ@to LTC colony-forming unit assays. Whereas the CD3&P 3

microtiter plates were centrifuged briefly at Z00he cocultures were then fraction was highly enriched in LTC progenitors relative B
incubated at 37°C with 5% GOAfter 4 hours in coculture, 0.ig 7-AAD  Unfractionated UCB, the CD34SP contained only a very lowg
(Molecular Probes) was delivered to each well inBORPMI 1640/10% proportion of LTC progenitors (Figure 2C).
FCS. After an additional 45 to 60 minutes, the cells were pelleted, washed

once with PBS/2% FCS, and fixed in 1% formaldehyde prepared '€ Lin = SP contains CD34 * and CD34~ cells

PBS/2% FCS.

Si

‘suoneolqndy

One potential explanation for the low frequency of detecta@e
progenitors within the CD34 SP is that they may have beeg
diluted by the mature cells within the SP. To enrich for possibje
Results primitive CD34- cells, the lineage-committed cells were depleted
from the UCB by means of an immunoabsorbance technique. Bhe
resulting Lim UCB was enriched 21.7-fold 38.7-fold for SP
To identify SP cells in human UCB, initial studies were conductecklls relative to the unfractionated UCB (Figure 3A-B=r39;
to establish an optimal Hoechst dye concentration and stainingedian, 7.7-fold; range, 0.1-fold to 124-fold). The LiSP cells
duration (data not shown). Several conditions produced a simil@mained sensitive to verapamil (Figure 3C), and the verapa
pattern; however, incubation of UCB with 2y//mL of Hoechst sensitive gate represented 1.0290.47% (n= 6) of the Lin~
for 90 minutes consistently identified a population of cells with &CB. For these studies, the analyses of the' LS were restricted 2
staining and fluorescence-emission pattern similar to that of muritethose cells with the dimmest Hoechst staining, which typice@/
bone marrow SP (Figure 1A, and data not shown). Goodell*¢t atepresented 1% of the LinUCB or less. The Lin SP was depleted-‘
had previously shown that the Hoechst SP profile in murine bowécells expressing CD2, CD3, CD4, CD5, CD16, or CD56, andglt
marrow was blocked by staining in the presence of verapamilid not contain cells expressing CD19, CD33, or CD71 (daa
indicating that the dim staining of SP cells was at least partially dumt shown).

to the efflux of Hoechst by a multidrug resistance (MDR)-like The Lin~ SP contained nearly equivalent proportions of CD3
protein. The Hoechst staining of human UCB was also sensitive (@0.5%+ 23.3%) and CD34 (39.7%=* 23.3%) cells (n= 29;
verapamil (Figure 1B). The verapamil-sensitive UCB SP subpopBigure 4A-B). In addition, the Lin SP was enriched for th
lation represented 0.40% 0.29% (n= 28) of the total white-cell brightest CD34 cells and for CD34CD38" cells (Figure 4B) 8
content of UCB. Because in murine studies, the dimmest SP célithen reanalyzed, the purified CD34n~ SP cells did not express“
had the highest capacity for long-term hematopoietic reconstitGD34 even when stained with a pool of monoclonal antibodies
tion, in subsequent UCB studies the dimmest 0.05% to 0.1% of theised against 3 different epitopes of CD34 (QBENnd10, Immu-133,
total mononuclear-cell content was defined as the human UCB &/d Immu-409), indicating that these cells did not merely express

A Hoechst 33342 SP is present in human umbilical cord blood

L8u/ee Lag 1/G21.2/9/96/.

P 60 ubysend

A B C
= = 84
& o] .

o - - — 1 +verapamil RSN
3 S g3 23
m @« 4 <«
w | 84 g3 2]
1) w ] w o ) .
= S o ] o Figure 3. Hoechst dye efflux by Lin — UCB. The SP
8 T3 g g3 cells, as defined by verapamil-sensitive cells, are indi-
(e} § 3 21 S 3 cated in the enclosed box. The data are representative of
I - o ™ 39 experiments. (A) The Hoechst 33342 staining and

< T BANISARRIS SRR © S e emission patterns of unfractionated human UCB. (B) The

200 400 600 800 1000 0 200 400 600 800 1000 200 400 600 €00 1000

Hoechst 33342 staining and emission patterns of Lin~
UCB in the absence of verapamil. (C) The Hoechst 33342
staining and emission patterns of Lin~ UCB in the
Hoechst Far Red presence of verapamil.
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A B nantly CD38, HLA-DR~, Thy-1-, and CD71 but did express
- -
23 168]564| 3 3.9 129.3 CD45RA (Figure 4C-F). The Iapk of expressipn qf QD38, HLA-
' 82186 W 48.5(182 DR, and Thy-1 on the CD34.in~ SP cells is similar to the
E o. 3 . . .
%,: 3 © ] phenotype of the LInCD34~ populations previously reported by
g ; 83 Bhatia et at® and Nakamura et &8.By both FACS and microscopic
o 1 14 analysis, the CD34 and CD34Lin~ SP cells were small blast
o . ° . . . . . .
& g T, il A cells with minimal internal complexity and cytoplasm; however,
10" CD34FITC 10 10 10 . - ;
chs4 AiTe the CD34 Lin~ SP cells were distinctly smaller than the CD8¢ ~
SP cells (data not shown).
C D . . .
oy e To determine whether myelo-erythroid progenitors were present
m1 ;% o] 501 435'55 in either the CD34 or the CD34 fractions of the Lirm SP, these
& E o E o populations were isolated and placed into both short-term HPCAs
E‘ o1 and LTC assays. To ensure the purity of the cell preparations, Lin
o7 214 SP cells were first isolated on the basis of dim Hoechst staining and
e 1 U R P W N I — then restained and re-sorted on the basis of their expression of
10 cpsammc  1w0' "1 cosape 10 CD34. For HPCAs, the Lin UCB was enriched approximatel
pp Yo
. E - F 80-fold over the unfractionated UCB (Figure 4G). The CDBih ~ ;%_,
273 37.5]2.9 273 04|04 SP cells had a clonogenic frequency similar to that of the Liig
w3 121584 41557.7 UCB cells, whereas the CD3#in~ SP cells were nearly devoid of2
E L progenitors detectable in the HPCA. Similar to the HPCA resuls,
E:. 5 Ao the Lin- UCB and the CD34Lin~ SP cells were both highly_é—jr
°3 o7 1 w enriched for LTC activity, whereas no colonies were generagd
D s e TR s el R from the CD34 Lin~ SP (Figure 4H). g
10" cosarmc  10° 100 opgupe 10 =
The CD34~Lin ~ SP contains NK-cell progenitors Ea”
espite the observation that the - ailed to generate3
60G 200H Despite the ob tion that the CD34n~ SP failed to g ted
3 ] progeny in standard assays of myelo-erythroid progenitorsfg—’it
55‘; 180 4 remained possible that this population contained additional progé:ni-
50—; 160 tors not detectable by these assays. Because the majority ofsthe
% 45 3 % ] CD34 Lin~ SP cells expressed CD45RA (Figure 4E), an isofofgn
8 403 © 140 4 of CD45 common to lymphocytes, we evaluated whether t8e
e 120 3 CD34 Lin- SP contained lymphoid progenitors. In addition 9
— 354 = . . N
5 E :1 CDA45RA, the CD34Lin~ SP expressed high levels of CD7 an§
%30‘5 g OO‘: R CD11b (Figure 5), cell-surface markers expressed on vari@us
2 25 g 804 X lymphoid progenitor$>2” The CD34Lin~ SP cells did not 8
_g 20—2 8 N § 5 s0d 8 % express CD:_LO or CD19 (data not shown), i_n_dicating these cgls
0153 & \ s|a 13 N were not obvious early B-lymphocytes. In addition, the CBl34~ g
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Figure 4. Characterization of the Lin ~ UCB SP for HSC properties. (A,B) The b= 0'""'1 T T . =4 0'""-1 THaT T q =
expression of CD34 and CD38 on Lin~ (A) and on Lin~ SP UCB cells (B). The SP 10 CD34 FITC 10 10 CD34 FITC 10
represented the dimmest 0.5% to 1.0% of the Hoechst-stained Lin~ UCB cells.
Quadrant statistics are provided for the individual experiment depicted. (C-F) The
expression of Thy-1 (CDw90; C), HLA-DR (D), CD45RA (E), or CD71 (F) versus that . C < D
of CD34 within the Lin~ SP. In all panels, CD34 is depicted on the x-axis regardless of = =%
the fluorochrome used. Quadrant statistics are provided for the individual experi- 3 7.3 |60.1 N ] 8.3 |48.7
ments depicted. Each panel is representative of at least 3 experiments. (G,H) g_'] r 27.9| 4.7 I'n“_J r 31.8{11.3
Myelo-erythroid hematopoietic progenitors were quantified from unfractionated UCB, © E o . 3 o it
Lin~ UCB, the Lin~ SP, the CD34*Lin~ SP, and the CD34 Lin~ SP fractions. These E 1 - \; : - S f%
were enumerated in HPCAs (G) and in 5-week LTC assays on MS5 cells (H). These 3 I o ] ) bEs1
data are the mean + SD of 5 experiments. All but 2 of the HPCAs detected from ) 7 {‘% i O a
CD34-Lin~ SP cells were derived from cells isolated from a single sort. o 1 ey o
[=] [=] -
S g T 2 Y e
10 CD7FTC 10 10 CD7FTC 10

an alternative isoform of CD34 (data not shown). The CO3A~  Figure 5. CD7 expression by the CD34 ~Lin~ SP cells. The expression of CD34
SP cells had additional phenotypic features typical of primitivend CD7 are depicted for Lin~ UCB (A) and compared with that of the Lin~ SP (B).
progenitors, including low levels of Thy-l and HLA-DR expres_(:_o:expre35|on of CD7 with CD4SRA (C) and CD11b (D) is demonstrated \{wthm Fh?
. f b t CD45RA d cD71 . Fi Lin~ SP. The SP represented the dimmest 0.5% to 1.0% of the Hoechst-stained Lin
sion as well as absen an expression ( I9UIEs cels. Quadrant statistics are provided for the individual experiments depicted.

4C-F)2324 |n contrast, the CD34Lin~ SP cells were predomi Each panel is representative of at least 3 experiments.
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SP cells did not express the T-lymphocyte—associated antigens
CD1a, CD3, CD4, or CD8 or the mature NK-cell markers CD56 or

>
w

- -
_ 2T TJunuc| 53 Lin- SP

CD16 (data not shown). They also did not express CD2 or CD5 21 . 21
(data not shown), antigens found on very early progenitors of both Ne1: “'c,.;""%-
the T- and the NK-cell lineages. i -

Because the CDTD34 Lin~ SP cells expressed markers o< il a1 .
found on lymphoid cells but did not obviously fit into current Et- ¥ 10 102 w03 10t Tdd 1
lymphoid developmental schemas, we tested whether these cells <
could generate lymphoid progeny in vitro. In preliminary studies, 8 < C - D
CD34 Lin~ SP cells were placed in suspension cultures that 0 m-‘:’—g CD7+ o;c'-; CD34+
support the growth of relatively mature lymphoid progenifdrs. 27 Lin- SP 29 4 Lin-SP
Whereas Lin UCB and CD34Lin~ SP cells grew under some of ‘64 “'.c_n%§
these conditions, none of the conditions supported the growth of '-91: '-c,;
CD34 Lin~ SP cells (data not shown). This observation, coupled o ;% o;
with the absence of markers found on mature lymphoid cells, 109 10”102 109 104 T i

M S
109 107 102 10° 107

suggested that the CDZD34 Lin~ SP cells were not mature

o

lymphoid cells. CD7 FITC g_,
To determine whether the CDZD34 Lin~ SP contained more l to culture %
primitive lymphoid progenitors, these cells were cultured on 6- 8 weeks =
stroma using modifications of previously described in vitro culture E]
systems that support the growth of primitive NK-cell progenitors - E - F é‘:
(Table 1, conditions A-D}?3! All of these conditions except =8 21 B
condition B contained IL-15, a cytokine known to enhance the o1, o4 _.,._'ﬁ} . 2
maturation of NK cells. As previously described, the stromal cells “‘Di"- “'c.i E g
or condition B may provide factors that replace the effects of IL-15 -;_1 3705 —;1 , —=To3 s
on NK-cell developmert®3! In our studies, Lin SP cells were a3 | 230l =1 | osloa d
isolated and then re-sorted into CDand CD34 subfractions. Emd"{af 102 108 107 9106"1"6f 10% 10% 107 g
CD34" cells, as well as cells expressing CD2, CD3, CD5, and CD3 FITC CD3 FITC 5
CD56, were stringently excluded from the COOD34 Lin~ SP + G + H §
subfraction to ensure that CD34SCs and committed lymphoid w M-D— ] mvc-’ ‘g
progenitors would not contribute to the culture results (Figure 6). al e et 2% " §
After 6 to 8 weeks of growth, the stroma-based cultures were 8 Ne_ | N.?j E
assessed for total cell expansion and for the proportion of cells Q| oA [ 720228 "9_1: #] 82618.0 2
expressing CD56and other NK-cell markers (Figure 6; Tablg 4 o =3 | s1lo2] =1 | 87]07 %
In all conditions tested, both the CDB4in~ SP and the “10% 10t 102 10% 100 T10% 107 10 10° 10 8
CD7+CD34 Lin~ SP fractions proliferated. However, both puri CD16 FITC CD16 FITC 2
fied cell fractions exhibited wide ranges in their expansion under - | - J S
each of the culture conditions tested (Table 4). Under culture f fg §
condition C, the CD7CD34 Lin~ SP cells expanded apprexi 21. e sl 3
mately 3-fold more than the CD34in~ SP fraction. Under all of Taq" =3 g
the conditions tested, the CDBIin~ SP consistently gave rise to "9_1' 5021460 "91' 59.8160.1 E
higher proportions of CD56progeny than were derived from the = 3 b 38021 % TN g
CD34'Lin~ SP cells, and under conditon C, the increased ~10% 107 102 10° 10* T 10% 107 102 107 10 3
proportion of CD56 cells derived from the CD7Lin~ SP was CDg4 FITC CD94 FITC %
statistically significant® < .05, Table 4). This finding argues thatrigure 6. Characterization of NK cells derived from Lin = SP cells. Lin~ SP cells 8
£

the generation of CD56cells from the CD7Lin— SP was not due Were isolated and re-sorted on the basis of their expression CD7 or CD34 (B). The

. . . . Lin~ SP resolved 2 distinct subpopulations when compared with Lin- UCB (A). The
to contamination with CP_BﬂLIn SP cells. . reanalysis of sorted CD7*+ and CD34* SP cells (C,D, respectively) consistently
Under culture conditions A, B, or C, either the total celbemonstrated the purity of the fractions. The CD7*CD34 Lin~ SP cells and

expansion or the degree of maturation of the progeny W§§3{+Linf SP cells were then grown in the different stroma-basedicyltiures
insufcient to perform NK-cell functional assays. In order to morEExee? s . e propionpe e progey o €07 oot e 57
effectively generate mature NK cells, a fourth culture condition; are shown. For each culture, one quarter of the human CD45* progeny were used
condition D, was designed. Condition D included a 2-weel confirm the presence and maturity of CD56* cells by their immunophenotype.
“initiation” phase in the presence of KL. F3L. IL-2. IL-7 andQuadrant statistics are provided for the individual experiments depicted. These data

. W T T T T T are representative of 4 cultures derived from CD7+Lin~ SP cells and 2 cultures of
IL-15. This was followed by a 4-week expansion phase in whic D34*Lin~ SP cells. An additional 2 cultures of CD34*Lin~ SP expanded but did not
the media were supplemented with only KL and IL-15, and finallyield cD56* cells after 8 weeks in culture.
by a 2-week “maturation” phase in which the media contained KL,
IL-2, and IL-15. In 4 of 6 experiments, the CD34in~ SP cells these cultures (Table 4; Figure 6). In condition D, 28.1%.5% of
expanded under these conditions (Table 4), and in 2 of theseh total cells generated from the CDOD34 Lin~ SP fraction had
experiments, CD56 progeny were detected (Table 4; Figure 6)the CD56 CD3 CD94" phenotype, indicating that these were
The CD7'CD34 Lin~ SP cells expanded in 4 of 6 experimentsnature NK cell$®-31 The remainder of the cells had phenotypes

under condition D, and CD56progeny were detected in all of more consistent with those of immature NK cells or non-NK cells
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Table 4. NK-cell development from Lin  ~SP cells

CD7*Lin~ SP CD34*Lin~ SP
Fold-expansion % CD56* % CD56* CD94* Fold-expansion % CD56* % CD56* CD94*
Condition (range) (range) (range) (range) (range) (range)
A 43+538 749 = 19 251 +65 14.8 = 17 68.4 + 12 45.6 + 8.3
(0.1-13) (53-87)* (18-29)* (0.1-35) (55-78)* (40-55)*
B 7.6 =11 55.9 + 34 T 47.3 + 67 51+79 T
(1.6-25) (8.2-86) (3.5-145) (0.3-17)
C 93%7.0 91.0 = 10% 52+67 28+09 9.5 + 13% 42+77
(1.6-17) (76-99) (0-15) (1.5-3.4) (1.4-29) (0-16)
D 20 = 28 85.8 = 161 28.1 + 23 359 =74 34 + 41% 14 + 25
(4.4-68)8 (62-96.8) (4-41) (1.4-168)8 (0.9-86)|| (0.3-52)

One hundred to 2000 CD7*Lin~ SP cells or CD34*Lin~ SP cells were cultured on MS5 stroma under the culture conditions defined in Table 1. The expansions and
percentages of CD56" or CD56+ CD94* progeny of CD7*Lin~ SP or CD34"Lin~ SP cells were derived from the total CD45" cells present in the immunophenotyping studies.
The data are the mean and SD of 4 (conditions A, B, and C) or 6 (condition D) separate experiments.

SP indicates side population.

*One of 4 cultures failed to generate CD56* progeny.

1Too few CD56* cells were elicited for an accurate determination.

1P = .05 for differences between the values for CD7*Lin~ SP and CD34*Lin~ SP.

§Data are derived from 4 of 6 cultures with expansion.

| Two of 4 cultures with expansion failed to generate CD56* progeny.

(Figure 6). To confirm that the cells generated from the
CD7tCD34 Lin~ SP under condition D were NK cells, the

cultured cells were tested for their ability to lyse NK-sensitive A B
target cells by means of a newly developed FACS assay for NK-cell "o
activity (Figure 7). In 2 of 3 cultures assayed, lysis of the R
NK-sensitive cell line K562 was readily observed, whereas the QN"

NK-insensitive cell line Raji was not lysed (Figure 7C). K562 lysis <=7
N—
=

2.5% 20.5%

was observed even at relatively low effector-to-target ratios,
suggesting that a large proportion of the cultured cells possessed I
NK functional activity. 10% 10! 108 10

saumd vipml raseal 1w

‘Il'J‘r 102 1IJj 10
CFSE

Discussion

25
In the current study, we found that human UCB SP cells were
largely CD34, similar to SP cells derived from murine, rhesus,
and human bone marrow. In contrast to the rhesus bone marrow SP,
up to 50% of the CD34 UCB SP expressed markers found on
mature NK cells and T cells. This finding was not surprising since
some human T and NK cells can express high levels of MDR
activity that could result in the efflux of the Hoechst dyélhe 15 1
differences in the content of the human UCB SP and the rhesus
bone marrow SP could be due to technical differences in the
Hoechst staining and analysis procedures, differences between
bone marrow and UCB, or differences between species. The 10
depletion of cells expressing lineage-commitment markers elimi-
nated the contaminating mature lymphocytes from the UCB SP.
The resulting Lim UCB SP was composed of distinct CD'34nd
CD34 populations. The phenotype and in vitro behavior of the
CD34"Lin~ SP cells was consistent with that of primitive multipo
tent human hematopoietic progenitors previously described by a

20 1

% lysis

number of group$:52333The CD34 Lin~ SP cells were small blast 0 . . .
cells with high levels of CD34 expression, dim to undetectable 0 1 2 3
levels of CD38 and Thy-1 expression, intermediate levels of effectors per target

HLA-DR expression, and undetectable levels of CD33, CD45RA,

: : Figure 7. NK cytotoxic activity in the progeny of CD7 *CD34-Lin~ SP cells.
and CD71 expression. These cells were enriched for myel anels A and B depict 7AAD uptake by CFSE-labeled K562 cells when cultured 4

erythroid progenitors in both short-term and 5-week long-teriyurs without effectors (A) as compared with those cultured 4 hours with putative NK
colony-forming unit assays and gave rise to NK cells on strongalls generated from CD7*CD34-Lin~ SP under condition D (B). Panel C depicts the

supplemented with various cytokines While the CDBi%h~ SP percentage of cell lysis for K562 or Raji target cells at various effector-to-target ratios.
) The effector cells were putative NK cells derived from CD7*CD34"Lin~ SP cells

cells were r?Ot mor_e en”Cheq n Short'te_rm or 5-week '0”9'ter9'rbwn under condition D (Table 1). These data are representative of 2 cultures (of 3
colony-forming units than Lin UCB (Figure 4), the culture tested)where lysis of K562 target cells was clear.

20z aunr 60 uo jsanb Aq Jpd'G5z1.2000818U/€Z1.8991/SZ12/9/96/sPpd-8101E/PO0|qARU SUOREDGNdYSE//:d]lY WOl papeojumog
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conditions used in these studies were not optimized for primitigrowth from the CD7CD34 Lin- SP may require different
progenitors. Future studies using more extended LTCs or othassays, different culture conditions, or longer culture durations than
conditions designed to support the growth of very primitivéhose used in this report. Additional studies using both in vitro and
hematopoietic progenitors will be useful for determining whetheén vivo models for T-cell, B-cell and myelo-erythroid growth are
the SP fractionation procedure segregates primitive CpBdgeni  ongoing to further delineate the full developmental potential of the
tors from more mature progenitors within the Lifraction. CD7+CD34 Lin~ SP cells.

In contrast to the CD34.in~ SP cells, the CD34Lin~ SP cells In addition to the CD34Lin~ SP and CD7CD34 Lin~ SP
failed to grow in standard short-term or long-term myelo-erythroiftactions, a small population of CD3€D7 Lin~ SP cells were
colony-forming unit assays. The majority of the CD84n~ SP routinely detected (Figure 5B, lower left quadrant). This fraction
cells coexpressed CD7, CD45RA, and CD11b, yet failed to expressmprised approximately 5% of the LinSP (4.9%+ 3.3%), or
CD38 or a variety of lineage-commitment markers, includingpproximately 0.00025% of the total UCB. This subfraction of the
CD1a, CD2, CD3, CD4, CD5, CD8, CD10, CD16, CD19, CD33SP was excluded from our studies directed at lymphoid develop-
CD56, CD71, HLA-DR, and Thy-1. This suggested that thenent and may have been present at too low a frequency to be
CD34 Lin~ SP cells may have been an early lymphoid progenit@onsistently detectable in the assays for myeloid development.
population. In support of this, the CDZD34 Lin~ SP fraction Consequently, it remains possible that this rare cell type has
readily expanded into NK cells on stroma supplemented witbrogenitor or HSC activity that was not effectively analyzed in the
cytokines, indicating that the CDTD34 Lin~ SP contained studies described in this report. Studies are also ongoings to
primitive NK progenitors. A similar CD7CD34 Lin~ population determine whether this subset of Li@D34~ SP cells may have§
has not been previously described, and this cell population canpobgenitor or stem cell activity as well.
be easily placed into current models of lymphocyte ontogeny. NK In summary, our observations provide evidence that the sP
progenitors isolated from fetal liver are CB¥CD34~ but are region of UCB contains a mixture of early hematopoietic progegi-
also typically more than 95% CD3&D56".25 Of the T-cell and tors. The CD34 compartment of the Lin SP contains bothg
NK-cell progenitors described to date, the CIZD34 Lin- SP  myeloid and lymphoid progenitors detectable in HPCAs and@n

cell is phenotypically most similar to a putative shared T-cell andlfC and NK-cell-progenitor cell assays. The CID34 Lin~ §
NK-cell progenitor that was cloned from fetal liv&This cell is SP fraction contains a previously undescribed primitive NK-cgll
CD7righCD11b*CD1-CD3-CD4 CD8 CD56°; however, unlike progenitor. This observation provides further evidence that prirgi-
the CD7"CD34 Lin~ SP cells, the fetal liver cells express CD2 andive CD34  hematopoietic progenitors exist in humans. Since
HLA-DR and respond to IL-2. Similarly, the CDTZin~ SP cells cells may generate important antitumor effects following transpl%m
are not obvious T-cell progenitors. Most primitive prethymic T-cellation, the elimination of CD34 cells by means of CD34
progenitors are derived from CD3ED7™ cells detectable in selection procedures may need to be reconsid®red.

either bone marrow or fetal livéf;?0 and fetal thymic T-cell

progenitors generally coexpress CD38, CD2, CD5, CD1a, or CD3

during their developmerit. On the basis of these prior observa Acknowledgments
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