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FIt3 Ligand Promotes the Generation of a Distinct CD34 Human Natural Killer
Cell Progenitor That Responds to Interleukin-15

By Haixin Yu, Todd A. Fehniger, Pascal Fuchshuber, Karl S. Thiel, Eric Vivier, William E. Carson,
and Michael A. Caligiuri

Interleukin-15 (IL-15) is produced by human bone marrow
(BM) stromal cells and can induce CD34* hematopoietic
progenitor cells (HPCs) to differentiate into CD56+*CD3~
natural killer (NK) cells in the absence of stromal cells. IL-15
mediates its effects by signaling through the B and vy, chains
of the IL-2/15 receptor (R). The c-kit ligand (KL), also pro-
duced by stromal cells, enhances the expansion of NK cells
from CD34* HPCs in the presence of IL-15, but alone has no
ability to differentiate NK cells. Mice deficient in KL do not
appear to have a quantitative deficiency in NK cells, suggest-
ing that other stromal cell factors may contribute to NK cell
expansion. FIt3 ligand (FL) is also produced by BM stromal
cells and has homology with KL. Furthermore, mice with a
targeted disruption of the FL gene have reduced numbers of
NK cells. We evaluated here the effects of FL on human NK
cell development and expansion from CD34* HPCs. Like KL,
FL significantly enhanced the expansion of NK cells from
CD34* HPCs in the presence of IL-15, compared with IL-15
alone. However, FL alone had no effect on NK cell differentia-
tion. We therefore explored the mechanism by which FL
promotes IL-15-mediated NK cell development. FL was

HPCs. The CD34bright CD122+ cell coexpressed CD38, but
lacked expression of CD7, CD56, NK cell receptors (NKRs), or
cytotoxic activity in the absence of IL-15. Using limiting
dilution analysis in the presence of IL-15 alone, we demon-
strated that the FL-induced CD34b19htCD122+ HPCs had an
NK cell precursor frequency 20- to 60-fold higher than the
CD34dim/negCpD122- HPCs and 65- to 235-fold higher than
fresh CD34* HPCs. KL had similar effects as FL, but induced a
significantly lower percentage of CD34°1ghtCD122+ cells (P <
.01). Both FL and KL also increased IL-15Ra transcript in
CD34* HPCs. Culture of CD34* HPCs in FL or KL, followed by
culture in IL-15 alone, induced expression of both C-type
lectin and Ig-superfamily NKRs on CD56" cells. These data
collectively support a role for FL in early human NK cell
development. FL or KL generate a unique CD34bright
CD122+CD38* human NK cell intermediate from CD34* HPCs
that lacks NK features yet is IL-15-responsive. IL-15 is then
required for the induction of CD56 and NKRs, LGL morphol-
ogy, cytotoxic activity, and the ability to produce abundant
cytokines and chemokines.

© 1998 by The American Society of Hematology.

found to induce IL-2/15Rp (CD122) expression on CD34bright

ATURAL KILLER (NK) cells are large granular lympho- maintains and stimulates the proliferation of primitive murine
cytes (LGLs) that play an important role in the innate or and human HPCs and synergizes with a number of other growth

antigen nonspecific immune response to infectidAlthough  factors, including IL-3, IL-6, IL-7, IL-11, IL-12, and granulo-
it is known that NK precursor cells reside in the bone marrowcyte colony-stimulating factor (G-CSFy*2Interestingly, mice
(BM), their phenotype(s) and the factors that regulate theirwith a genetically disrupted FL gene exhibit a deficiency in
differentiation into mature NK cells are incompletely under- early lymphopoiesis, with low to absent mature NK cells,
stood45 Interleukin-2 (IL-2) has been used extensively to study implicating FL as an important factor for murine NK cell
NK cell development from CD3% hematopoietic progenitor development? Recently, Williams et & showed that
cells (HPCs) in vitr&® however, IL-2 is produced exclusively C-kit"ScaZIL-2/15R3"Lin~ murine BM cells incubated in a
by antigen-activated T cells and is not found within the BM
stromal®1! Furthermore, NK cells develop normally in mice
lacking T cell82and in mice that bear a disrupted IL-2 géié?
yet are absent in miég'%and human which lack either the3
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combination of IL-6, IL-7, KL, and FL subsequently developed mouse-antihuman NKR MoAb, washed, stained with a secondary
into functional NK1.2 NK cells when cultured in IL-15. Inthe ~ FITC-conjugated goat antimouse IgG (Sigma), washed twice, and then
present study, we have investigated the role of FL in thestained with directly conjugated anti-CD56-PE. Background fluores-
regulation of human NK cell development from BM-derived C€nce was _determined by analysis of cells identically s_tained with
CD34* HPCs in vitro and compared the effect of FL to that of nonreactive isotype control MoAb_s. _CeIIs wer_e analyzed_usmg an MNC
KL. We identify a novel population of human CD3#PCs that gate on a FACScan (Becton Dickinson) with the Lysis Il software

express IL-2/15R after culture in FL or KL. This cell type is program.

IL-1 . d th disti Cytotoxicity and proliferation assays.Cytotoxic activity of cul-
-15-responsive and thus appears to represent a IStIr‘%red cells was determined in a stand&i@r-release cytotoxicity assay

intermediate in human NK cell development. against the NK-sensitive K562 cell line, as previously describatian
E:T ratio of 8:1. Results of cytotoxicity assays represent the mean
MATERIALS AND METHODS SEM of triplicate wells. Cell proliferation was measured ]

thymidine incorporation during the final 24 hours of a 96-hour

Growth factors. Purified recombinant human (rh) FL, rhKL (spe- jncubation at 37°G! Results of proliferation assays represent the
cific activity, >10° U/mg), and rhIL-15 (specific activity, 1.4% 10°  mean + SEM of triplicate wells and are expressed as cpm of
U/mg) were kindly provided by Immunex Research and Development[3y]-thymidine incorporation.
Corp (Seattle, WA). rhiL-2 (specific activity, 1.58 10" U/mg) was Measurement of NK cell cytokine productioriThree-week cultures
obtained from Hoffman LaRoche (Nutley, NJ). rhIL-7, rhIL-9, transform- of cD34+ HPCs in FL plus IL-15 or IL-15 alone were harvested and
ing growth factorg1 (TGF1), and tumor necrosis factor{TNF-o)  separated by fluorescence-activated cell sortig6) into CD56 CD3-
were purchased from Peprotech Inc (Rocky Hill, NJ). rhIL-12 (specific 3nd cD56 CD3- subsets. Sorted=98% purity) CD56 CD3~ and
activity, 4.5 10° Uimg) was a gift of Dr Stanley Wolf (Genetics  cpsg-CD3- populations were plated at 50,000 cellsiwell in complete
Institute, Cambridge, MA). _ RPMI-1640 medium. After resting overnight in the absence of any

Monoclonal antibodies (MoAbs).The following MoAbs were  cyiokines, cells were costimulated with 100 ng/mL rhiL-15 and 10
purchased from Becton Dickinson (San Jose, CA): anti-CD34-phycoym| of rhiL-12. After 48 hours of incubation, cell-free culture
erythrin (PE), anti-CD34-fluorescein isothiocyanate (FITC), anti-CD2- supernatants were collected and frozer @0°C. Commercial enzyme-

FITC (Leu-5b), anti-CD3-FITC (Leu-4), nonreactive mouse Ig (Mslg)- |inked immunosorbent assay (ELISA) kits were used for the determina-
FITC (control-FITC), and Mslg-PE (control-PE). The anti-CD16-FITC tion of interferony (IFN-y; Endogen, Woburn, MA), TNRe, TGF-8

MoAb vx_las obtained from CalTag Lab_oratories (San Francisco, CA)'(Genzyme, Cambridge, MA), and macrophage inflammatory protein-1
and anti-CD56- (NKH-1) PE was obtained from Coulter Inmunotech p g p systems, Minneapolis, MN) levels, following the manufactur-
(Hialeah, FL). The mouse-antihuman NK cell receptor (NKR) MOADS ¢ instrictions. All supernatants were assayed simultaneously.

u_sed for this _study were EB6 (anti-CD158a), _GL 183 (antl-CD_158b), Limiting dilution analysis (LDA). As shown below, there is a
Zin 276 (anti-p70/CDW159), FSTR 172 (anti-p50.3), and Zin 270 striking positive correlation between the expression of CD56 in these

Slmti-NKGZA), k_itr:;i_ly provided by Drls IAIis75andro and LOrenzo v red cells and the expression of NKRs, LGL morphology, cytotoxic
?Dret_t? (U.nIVEI’SfI h |Geno|\3/’3 ie;gvaéht/laﬁ irated f h activity, and the potential for cytokine production, all of which define
urlllca‘tl_on of human S was asplrate_ _from the NK cells. Furthermore, CD56cells in culture lack these properties.
posterior iliac crest of healthy adult donors after obtaining lnforme_d Therefore, we were able to use CD56 expression as an accurate readout
cons_ent. BM mononu_clear cells (MN_C) were separated by (_jensnyfor NK cell development in our LDA of NK cell precursor frequency.
centrifugation over a Ficoll-Hypaque (Sigma, St Louis, MO) gradient at Human CD34 HPCs were isolated as described above, were plated by
400y for 30 minutes. CD34 cells were enriched from MNC by affinity '

chromatography using the Ceprate LC device (CellPro, Bothel, WA),IImItIng dilution, and Werg either a§sayed for NK-cell precursor
following the manufacturer’s instructions. The enriched cells were thenfrequency 2 weeks after being plated in 100 ng/mL IL-15 (day O LDA)
: or first cultured in 100 ng/mL KL or FL for 21 days, washed, and then

stained with anti-CD34-PE (CD34.in ") population on a FACStar Plus
s ( ) pop . . ; cultured for 2 weeks in IL-15 (day-21 LDA). For the LDA, cells were
cell sorter (Becton Dickinson). Cells obtained in this manner were ) N o g .
plated in a limiting dilution fashion from a concentration of 5,000

routinely=98% pure't ; ) .
cells/well to 21 cells/well in 96-well plates with 15 replicates per cell

Long-term suspension culture of CDSHPCs. Sorted CD34Lin~ ) )
HPCs were cultured in 96-well microplates at a concentration af 2 concentration. One half of the cell culture medium was removed every 5

10*in 200 pL of complete RPMI-1640 medium (RPMI-1640 [GIBCO, days and replaced with fresh IL-15—-supplemented medium. After 2
Grand Island, NY] supplemented with 10% heat-inactivated human ABWeeks of culture in IL-15, the cells from each well were stained with

serum [HAB: C-six; Diagnostics, Mequon, WI] and antibiotics [Sigma]) 2nti-CD56-PE, washed, and analyzed for CD56 expression by flow
and the indicated growth factors: rhFL, IL-15, and KL at 100 ng/mL; cytometry, and wells were scored positive or negative compared with
rhiL-2, IL-7, and IL-9 at 10 ng/mL; rhiL-12 at 10 U/mL; and TN&- identical wells stained with the nonreactive PE-conjugated isotype
and TGFB1 at 20 ng/mL. At day 7, day 14, and every 3 days thereafter,CONtrol MoAb. BM-derived NK cells have very high (ie;10” PE log

half of the culture medium was replaced with fresh medium containingfluorescence) surface density expression of CD56 (Fig 1A). Thus,
10% HAB and the same concentration of growth factors. After 21 days,CD56" wells were clearly and easily demarcated from identical wells

the cells were enumerated and analyzed for morphology, cell surfacétained with isotype control MoAb. In some experiments,
phenotype, cytotoxic activity, and cytokine production. Cell enumera-CD34"9"CD122" and CD34™"eCD122" cells were sorted after

tion was performed in triplicate by vital dye exclusion using a CD34" HPC culture in FL alone and plated in an LDA for NK cell

hemacytometer. In some experiments, after culture for 21 days, cell®rogenitor frequencies as described above. The NK cell progenitor

were cultured for an additional 14 days in the presence or absence dfequency was calculated as the reciprocal of the concentration of cells

additional cytokines as indicated. that resulted in 37% negative wells using Poisson statistics and the
Immunophenotype analysesCultured cells were harvested, incu- weighted mean methdt:4°

bated on ice with an excess of nonreactive mouse IgG for 10 minutes, Cell cycle analysis. Cell cycle status was examined by staining

and then stained on ice for 15 to 30 minutes with various combinationsells with either propidium iodide (PI), as described previotSigr

of the following directly conjugated MoAb: anti-CD56-PE and FITC- Hoechst 33342, as follows. One million viable cells were stained with 2

conjugated MoAb reactive against CD2, CD3, and CD16. For analysigig/mL Hoechst 33342 in 1 mL of complete RPMI-1640 medium and

of NKR expression, cultured cells were stained with unconjugatedincubated at 37°C for 45 minutes. After centrifugation, supernatants
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Fig 1. FL enhances IL-15-mediated development of CD56+ CD3~ NK cells from CD34+ HPCs in vitro. (A) Flow cytometric analysis of CD56 and
CD3 expression on MNCs generated in 21-day cultures of CD34+ HPCs under the indicated conditions (right column). Nonreactive Mslg isotype
control MoAb were used to determine background fluorescence (left column). Results displayed are representative of 10 separate experiments.
(B) Fold increase in the absolute number of MNCs after 21 days of culture of CD34+ HPCs in the indicated conditions. (C) The absolute number of
CD56*CD3- cells after a 21-day culture of CD34* HPCs in the indicated conditions. These values were calculated by multiplying the absolute
number of viable MNCs by the percentage of cells that were CD56+CD3- by flow cytometric analysis. Results shown in (B) and (C) represent the
mean = SEM of five separate experiments. The asterisk indicates a value of P = .025 compared with IL-15 alone.

were decanted and cells were stained with CD56-PE MoAb for 15 Statistical analysis. Experimental groups were compared using the
minutes on ice and then washed with phosphate-buffered saline (PBSJtudent's-test, where indicated, with < .05 considered significant.
containing 2 pg/mL Hoechst 33342. After being fixed in PBS with 2%

formaldehyde and 2 pg/mL Hoechst 33342, cells were simultaneously

analyzed for cell cycle status and CD56 expression by flow cytometry. RESULTS

Analysis of flt3, c-kit, and IL-15dkexpression by reverse transcription- FL synergizes with IL-15 in the generation of human CD56

polymer_ase chain reactiqn (RT-PCRjTotal RNA was prepared “Sing_ NK cells from CD34 BM HPCs. We examined the ability of
RNAzol in accordance with the method of Chomczynski and Sa@chi. FL, IL-15, or a combination of FL plus IL-15 to promote the

cDNA synthesis for RT-PCR was performed at 42°C for 1 hour in a 30 }
UL reaction mixture containing 2 ug of total RNA, 2 umol/L of random development of human NK cells from BM HPCs in 3-week

hexamer primers, 300 U Moloney’s murine leukemia virus (MMLY) cultures. Purified CD34Lin~ HPCs (2Xx 10%well) cultured in
reverse transcriptase (GIBCO), and dNTPs at 0.2 mmol/L each (GIBCO)FL (100 ng/mL) alone exhibited a 4.6= 0.7-fold increase in
followed by 5 minutes of incubation at 95°C and then incubated on icetotal MNC number, but did not give rise to any CD56IK
for 5 minutes. Five microliters of the resultant cDNA product was cells. Culture of CD34 HPCs in IL-15 alone (100 ng/mL) for 3
amplified by PCR with primers for fl&8 or c-kit®? as described. \yeeks resulted in only a 1.3= 0.5-fold increase in total MNC

Primers for IL-15Rx amplification were designed from the published .
IL-15R« sequencé& The forward primer (ACCTTCCACAGGAACCA- numper, but 7i4:/0i 6'.9% of cells expressed CD56 at high
CAG) and reverse primer (AGGTAGCATGCCAGGAGAGA) yield a density (CD58""), which produced a low absolute number of
213-bp product. The products were separated on 2% agarose g&P96" NK cells. However, culture of CD34HPCs with FL
containing 0.2 pg/mL ethidium bromide. The integrity of RNA samples plus IL-15 resulted in an 8.4= 1.7-fold increase in total MNC
was verified by amplification of thg-actin transcript! number, with 72%+ 8.6% of cells CD589", which produced
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a 14.4-+ 6-fold greater absolute number of CDEBD3~ NK cells>*%5Three-week cultures of CD34HPCs in FL plus IL-15
cells compared with IL-15 aloné’(= .025; Fig 1A through C).  or in IL-15 alone were harvested and separated by FACS into
The CD56 cells generated by culture in FL plus IL-15 or IL-15 CD56*CD3 and CD56 CD3~ subsets. Equal numbers of each
alone exhibited LGL morphology, an absence of CD3, andsubset (5X 10* per well) were then costimulated with IL-15
minimal surface density expression of CD2 and CD16 (data noplus IL-12 for 48 hours, after which cell-free culture superna-
shown). tants were harvested and assayed for i-bF- MIP-1a protein
Analysis of NK cell cytotoxic activity, cytokine production, production by ELISA. CD56 cells generated from CD34
and NKR expression. To assess the functional characteristics HPCs cultured either in FL plus IL-15 or in IL-15 alone
of the CD56 cells derived from culture of CD34HPCs in FL  produced abundant amounts of IRNand MIP-kx after 48
plus IL-15, we tested cytotoxic activity and cytokine produc- hours of costimulation with I1L-15 plus IL-12, whereas CD56
tion. After 3 weeks of culture in the presence of FL, MNCs had cells from the same cultures showed little or no production of
no CD56 expression and no significant cytotoxic activity above-noted cytokines (Fig 2B). There was no spontaneous
against K562 target cells, which lack MHC class I. In contrast, production of immunomodulatory cytokines, ie, IFN-MIP-
CD34" HPCs cultured in FL plus IL-15 or IL-15 alone had high 1a, TGF, or TNF-«, detected from supernatants in the
CD56 expression (Fig 1) and consistently exhibited greater thambove-noted culture conditions, from cells cultured in FL or KL
70% cytotoxicity against K562 target cells (Fig 2A). alone for 3 weeks, or after an additional 2 weeks of culture in
The monocyte-derived cytokines IL-12 and IL-15 are potentlL-15 (data not shown).
costimulators for IFNy and MIP-1x production by mature NK We assessed CD56and CD56 BM-derived NK cell
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Fig 2. Characterization of NK cell cytotoxicity, cytokine production, and NKR expression by MNCs, CD56+CD3-, and CD56-CD3- cells
generated from CD34+ HPCs in various conditions. (A) Cytotoxicity assay. MNCs were harvested after 21-day culture with indicated cytokines,
washed, and tested for cytotoxic activity against the NK-sensitive K562 target cell line at an 8:1 E:T ratio. (B) Cytokine (IFN-y) and chemokine
(MIP-1a) production. MNCs were harvested after 21-day culture with indicated cytokines, sorted into CD56+CD3~ and CD56-CD3- fractions, and
costimulated with IL-15 plus IL-12 for 48 hours. Cell-free supernatants were harvested and tested for IFN-y and MIP-1a by ELISA. For both (A) and
(B), results represent the mean + SEM of four separate experiments. The asterisk in (A) denotes a value of P = .01 compared with culture in FL
alone. (C) NKR expression. NK cells generated in vitro by culture in FL for 3 weeks, and then in IL-15 for 2 weeks, were stained with anti-NKR and
anti-CD56 MoAbs and analyzed by flow cytometry as described in Materials and Methods. Flow cytometry data are representative of 3 separate
donors, which are summarized in Table 1.

20z aunr g0 uo 3sanb Aq Jpd'/y9€/61 971 LLIL¥9€E/0L/26/4Pd-8101e/pOOgJoU SUOKEDIIqNdysE//:d)Y Wol) papeojumoq



FIt3 LIGAND PROMOTES THE GENERATION OF NK CELL PROGENITOR 3651

progenitors and BM-derived NK cells, respectively, for NKR 5
expression. CD34 HPCs cultured for 3 weeks in FL or KL ¥
alone did not express CD56 or NKR (not shown). However,
after the washout of FL or KL and culture in IL-15 for an
additional 2 weeks, NKR expression was observed within the;
CD56" fraction of cells. This included modest but distinct
expression of Ig-superfamily killer inhibitory receptor (KIR)
antigens on CD56NK cells, as well as abundant expression of
the C-type lectin NKR on CD56 cells. CD56 cells did not
express NKR. These results are summarized for three donors |
Table 1 and a representative panel of two-parameter histograr
is shown in Fig 2C. Thus, after culture in FL and IL-15, all NK
cell phenotypic and functional characteristics were restricted tc
the CD56 subset of cells.

Comparison of the effects of FL and KL on NK cell precursor I
frequency. We have previously reported that KL, a BM Day 0 Day 21/KL  Day 21/FL
stromal factor with strong homology to FL, can synergize with
IL-15 to enhance the expansion of CD5&K cells from LDA Condition
CD34" HPCs!! We therefore directly compared FL and KL for
their ability to increase NK cell precursor frequency among Fig 3. LDA of NK cell precursor frequency within freshly isolated
CD34" HPCs in an LDA (Fig 3). NK cell precursor frequency CD34* HPCs (day 0) or CD34* HPCs cultured for 21 days in KL (day
in freshly isolated CD34 HPCs cultured in IL-15 alone was 1 (2*1$L<) o(r) g;)(gzz iil/r':il;i)c.:aCnDtIM:ntfecass gglmege:r Kr: é::’js :r .forZS)uc;rn l;L
in 483 x 16 cells, or approxmately 0.21% 0'007%'_ compared with fre%hly isoI;Ited CD34+ HPCs. IF; addition, ?he 21}j
However, when CD34HPCs were first cultured for 3 weeks in  gay/FL cultures had significantly greater NK cell precursor frequen-
KL and then analyzed for NK cell precursor frequency in cies when compared with 21-day/KL culture (#P < .01). The results
subsequent culture with IL-15 alone, there was a significantepresent the mean = SEM of three independent experiments.

(P = .005) increase in precursor frequency to 1 int68.3 cells

(1.5% = 0.19%). Likewise, initial 3-week culture in FL 5n51vsis on both freshly isolated human CD34PCs and
increased the subsequent NK cell precursor frequency in IL-13-p34+ HPCs cultured in FL for 10 days. Fresh CD38M
alone to 1 in 25+ 2.5 cells (3.9%* 0.4%;P = .002), which  ppcs expressed no detectable CD122 on their surface, consis-
was significantly higher than that observed in K & .01, (ent with earlier report&S6However, after 10 days of culture in
Figs). _ FL alone, 20%* 3% of CD34" HPCs became CD122
dentification of an NK cell precursor after culture in FL |nterestingly, this fraction was among the cells expressing
or KL. The significant increase in NK cell precursor fre- cp3a with relatively high surface density, ie, the CHA
quency after culture of CD34HPCs in FL or KL suggested that ¢ ,pset (Fig 4A).
these factors may be responsible for the generation of an 14 getermine the NK cell precursor frequency in these
intermediate, IL-15-responsive NK cell precursor. The IL-2/ cp34+ HPC subsets after the 10-day culture in FL, FACS-
15RB3 chain (CD122) is required for IL-15 signaliri§.We sorted CD3%9"CD122" and CD34mreCD122 cells were
therefore examined CD122 expression by flow cytometriccompared using LDA. The NK cell precursor frequency
in CD3#"9"CD122" cells was between 20- and 60-fold
Table 1. NKR Surface Expression by CD56* Cells Derived hlgh%im}:lzn the NK Ee” preguLsor frequency Zmongftlr:je
From CD34+ HPCs Cultured in FL for 21 Days, Followed C.DS CD122" subset .an etween 65- and 235-fo
By Culture in IL-15 for 14 Days higher than the frequency in fresh CD3#HPCs (Table 2).
Thus, it appears that culture of human CD3HPCs in FL

NK Cell Progenitor
Frequency (%)

o

% of NKR Expression in CD56+ Cells

NKR induces IL-2/15B (CD122) expression in CD3@ht HPCs,
NKR Subfamily Donor1l Donor2 Donor3 Mean = SEM creatin .
g a cell that, by our assays, represents a phenotypic and

CD158a KIR2DL1/S1 059 114 056 076=x02 functional intermediate within human NK cell development.
CD158b KIR2DL2/L3/S2  7.03  3.10 680 5610 CD3479hCD122" is the phenotype that identifies this subset
p;g/ngng E:Egg;’ﬂ (5)'?8 8'32 8"1)3 2"712 = 25 after culture in FL but before culture in IL-15.
p50. . . . 761, righ : _ _
NKG2A C-typelectin  80.72 478  76.42 683+ 8.4 The CD347"CD122" subset is CD38CD7 CDS6 by

flow cytometric analysis. Before culture in IL-15, the

Purified CD34* HPCs were cultured in FL (100 ng/mL) for 21 days, CD34righCD122+ subset does not express any of the NKR
washed, and cultured in IL-15 (100 ng/mL) for an additional 14 days. shown in Table 1 and Fig 2C, and it does not have any cytotoxic
Cell h ted and stained with anti-NKR MoAbs and anti- L . '

e’ were farvestec and stained wiflh ant oAbs and ant- 4 tivity against NK targets (data not shown). Although we were
CD56-PE as described in Materials and Methods. The flow cytometry ble to detect IL-15R tei ion by fl t tri
dot-plot for donor 1 is shown in Fig 2C. No detectable NKR or CD56 una e_ ode e(_: i protein expression by OW_ Cytometric
expression was observed in the 3-week cultures before the addition of anaIyS|s_ of this subset, We_ were able to easily detect the
IL-15. Similar NKR profiles were obtained when KL (100 ng/mL) was expression of IL-15R transcript after culture of CD34HPCs

substituted for FL in these experiments (not shown). Individual results in FL (Fig 4B)-
from 3 donors, as well as the mean = SEM, are shown. Importantly, KL has similar, albeit less dramatic, effects as
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Fig4. Expression of CD122 (IL-2/15RB) protein and IL-15Ra mRNA
on CD34+ HPCs after culture in FL or KL. (A) Flow cytometric analysis
of CD122 on freshly isolated CD34+ HPCs (day 0) or CD34+ HPCs
cultured in FL or KL for 10 days. The percentage of CD34+CD122* cells
(gated population) is indicated for each condition. (B) RT-PCR for
IL-15Ra¢ mRNA transcript expression. CD34+ HPCs from 2 donors
were examined for IL-15Ra on day 0 (lanes 1 and 4), day-10 culture in
KL (lanes 2 and 5), day-10 culture in FL (lanes 3 and 6), and 10-day
culture in FL followed by culture in IL-15 for 14 days (lane 7). Lane 8
was H,O control. RT-PCR analysis was performed as described in
Materials and Methods.

YU ET AL

Table 2. Human NK Cell Precursor Frequency of Fresh CD34+ HPCs
or 10-Day Culture of CD34+ HPCs in FL

10-Day Culture of CD34* HPCs in FL
Fresh

Donor CD34* HPCs CD34prightCD122+ CD34dimineaCD122~
1 1:458 1.7 1:147
2 1:471 1:2 1:127
3 1:527 15 1:161

Purified CD34* HPCs were either assayed immediately for NK cell
precursor frequency by LDA or further cultured in FL (100 ng/mL) for
10 days, sorted by FACS into CD34rigtCD122+ or CD34dimnesCD122~
subsets (>98% pure), and then plated for LDA. In each LDA, cell
populations were cultured in IL-15 (100 ng/mL) for an additional 14
days, stained with anti-CD56-PE MoAb, and analyzed for CD56 expres-
sion and NK cell precursor frequency, as described in Materials and
Methods.

FL in the generation of this NK cell intermediate. Aftet@day
culture of CD34 HPCs in KL, 7.5%=* 0.7% of the CD34 HPCs
coexpressed CD122, again within the CBPB& fraction (Fig
4A). This was significantly lower than the percentage of
CD3419"CD122" cells found after culture with FLR = .01).
This is consistent with the significantly lower NK cell precursor
frequency seen when CD34PCs were cultured for 21 days in
KL compared with FL, as shown in Fig 3. THe-15Ra transcript
was also detected after incubation of CD34PCs in KL (Fig 4B).

The effect of IL-15 on NK cell developmenis described
above, there is a striking correlation between the expression of
CD56 and the appearance of NK cell function. The mechanism
by which CD56 NK cells develop from their CD34CD56~
precursor populations after the addition of IL-15, ie, differentia-
tion or proliferation, is unknown. We therefore examined
CD34" HPCs after 21 days of culture in FL or KL and
guantitated the MNC number, viability, percentage of apoptosis,
and cell cycle status at 3-day intervals after the addition of
IL-15. Absolute cell number did not change significantly over
14 days after the addition of IL-15, yet CD56ells went from
less than 1% to greater than 80%. Cell cycle analysis demon-
strated that a constant fraction (14%02.1%) of cells were in
G,/S phase over the subsequent 14-day culture with IL-15,
which was approximately equal to the fraction undergoing
apoptosis (15%t 1.4%). When analyzed on days 10 through 12
after addition of IL-15 (ie, days 31 to 33), 13% 1.5% of the
CD56 fraction was cycling (@S), whereas only 2.2% 0.6%
of the CD56 fraction was cycling. The absolute increase in
CD56" cells from day 10 (36,450) to day 12 (81,420) could not
be accounted for by proliferation, as virtually every CD%|l
on day 31 would have to double once in 48 hours, data not
supported by the cell cycle analysis. These data are summarized
in Table 3 and suggest that the increase in CDBK cells in
the presence of IL-15 is more likely the result of NK precursor
cell differentiation to mature NK cells rather than the selective
outgrowth of a small fraction of CD56cells. However, it does
not suggest that all CD34HPCs cultured in FL or KL were
committed to NK cell development before the addition of IL-15.
Indeed, when CD34 HPCs after 21 days of culture in FL or
KL, but before culture in IL-15, were exposed to other
hematopoietic factors, such as G-CSF, granulocyte-macrophage
colony-stimulating factor (GM-CSF), erythropoietin, or throm-
bopoietin, we observed morphologic evidence of differentiation
to other lineages (not shown).
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Table 3. Time Course of Cell Number, CD56 Expression, Viability, Percentage of Apoptosis, and Cell Cycle Status of CD34+ HPCs Cultured
in FL or KL for 21 Days, Followed by the Addition of IL-15 for 14 Days

FL— FL + IL-15 KL — KL + IL-15

No. of No. of

Day of Cells/well Cells/Well

Culture (x1,000) % CD56* % Nonviable % Apoptosis % Cycling (x1,000) % CD56* % Nonviable % Apoptosis % Cycling
Day 21 154 + 22 0.8 £ .05 25*04 21+8 14 £ 2 170 = 28 0.7 £.03 22*05 131 132
Day 24 171 + 15 95=*+22 26+05 14 =3 12+ 3 186 * 20 3.7+0.9 1.8*+04 14 =3 12+1
Day 27 163 = 21 13+238 57*12 152 10+2 170 = 22 11 +31 58 1.0 102 14+ 3
Day 30 135 + 18 27 £ 25 6.3 0.9 12 £ 2 12 x4 170 = 18 2543 51*0.6 11 *2 11+3
Day 33 138 + 10 59+ 6.4 98=*+15 11+2 14 =3 165 + 17 54 + 9.6 8.3*+0.7 12+1 15+1
Day 36 138 = 11 94 + 3.1 8612 14+1 11+1 168 = 15 83 26 16 + 2.1 13+1 12+ 2

Purified CD34* HPCs were plated at a density of 2 X 10 cells per well and first cultured in medium containing FL or KL (100 ng/mL) for 21 days.
IL-15 was then added to culture in combination with either FL or KL, respectively, for an additional 14 days. Cells were examined at 3-day intervals
after the addition of IL-15, as described in Materials and Methods.

Synergistic effect of FL with other cytokines upon CD5EK NK cells in this culture system. Both IL-7 and IL-9 demon-
cell generation from CD34 HPCs. We next investigated strated weak synergy with FL in the production of CD&®3~
whether FL could combine with other cytokines that have beerNK cells. However, these factors alone yielded no CDEB3~
shown to act in early hematopoie®i4? for the production of  NK cells (data not shown). IL-12, alone or in combination with
CD56" NK cells from CD34 HPCs. CD34 HPCs were FL, did not stimulate production of CDS€D3~ NK cells in
cultured for 3 weeks with rhiL-2, IL-7, IL-9, IL-12, IL-15, and this culture system. The combination of KL and FL did not
KL in the presence of FL. The absolute number of CEDEB3~ generate any CD56&D3~ NK cells, and FL, KL, and IL-15
cells generated among total cells in each culture condition igogether were no more effective in generating CD6B3~ NK
shown in Fig 5A. A direct comparison of IL-2 and IL-15 in cells from CD34 HPCs than were FL plus IL-15 or KL plus
combination with FL showed that these cytokines were notlL-15 (Fig 5B). When CD34 HPCs were cultured with FL and
significantly different in their ability to generate CDS6D3~ IL-15 and TNFe, the generation of CD56D3~ NK cells was

A Medium -%
FL Alone L LS 1
-2
L7 Fa o Fl Total Cell
. . Il CD56+ NK Cell
IL-9 P
e 7777770
IL12 5%
IL-15 Lz ! {
KL . A
0 4I0 8 l0) 1 2; 0 1 é 0 2 (’IJ 0

Absolute Number of Cells (x 1000/well)

B Medium -m' '
FL Alone 1222 LA

IL-15 Alone @“ '
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Fig 5. Effect of FL in combination with various Kt
cytokines on the generation of CD56+CD3- NK cells MIP-1a A |
from CD34+ HPCs. Purified CD34+ HPCs were plated FL and
in complete RPMI-1640 medium in the presence of IL15+ TNE-a e A Total Cell
the indicated cytokines at the concentrations de- v B CD56+ NK Cell
scribed in Materials and Methods. Results represent TGF-b o
the mean + SEM of total MNC number and absolute .
CD56* NK cell number of five separate experiments. 0 4'0 8'0 1 éo 1 (;0

*P = .01 and **P = .005 compared with cultures
with FL plus IL-15.

Absolute Number of Cells (x 1000/well)
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inhibited by 90%=* 7% (FL plus IL-15v FL plus IL-15 plus  presence of functional gene products in blood NK cell subsets,
TNF-a; P = .005). Similarly, the addition of TGR-to cells  sorted CD589" cells were cultured in IL-2, FL plus IL-2, or
being cultured with FL plus IL-15 resulted in a 72% 8% KL plus IL-2 for 96 hours and assayed for a proliferative
reduction in the generation of CD56D3~ NK cells (FL plus  response (Fig 6B). CD®&N NK cells cultured with FL plus
IL-15 v FL plus IL-15 plus TGFB; P = .005). MIP-1x did not  IL-2 demonstrated no enhancement#iJFthymidine incorpo-
significantly inhibit the generation of NK cells from CD84 ration over the same cells cultured with IL-2 alone. In contrast,
HPCs (Fig 5B). Thus, the most potent combinations for thea parallel culture of CD369"NK cells in KL plus IL-2 showed
generation of CD56CD3~ NK cells from CD34 BM HPCs  a proliferative synergy compared with those cells cultured in
were FL plus IL-15 or KL plus IL-15, and TNl; TGF can  IL-2 alone. This is consistent with our earlier observations of a
function as potent negative regulators of NK cell developmentfunctional c-kit receptor on this NK cell subsg&fThus, flt3 and
Expression and functional assessment of flt3 and c-kitc-kit appear to have distinct patterns of expression during NK
transcript during NK cell differentiation. CD34" BM HPCs, cell differentiation.
BM-derived CD56CD3~ NK cells, CD56""t and CD5@™
blood NK cells, CD3 T cells, and unfractionated peripheral DISCUSSION
blood lymphocytes (PBLs) were examined by RT-PCR for their In the present study, we investigated the role of FL in the
expression of flt3 and c-kit transcripts. Amplification of the flt3 regulation of human NK cell development from BM-derived
transcript (210 bp) was observed in CD38M cells from five ~ CD34* HPCs and compared the effect of FL with that of KL.
consecutive normal donors. However, 5 samples of BM-derived\Neither FL nor KL had any ability to induce NK cell differentia-
CD56'CD3~ NK cells obtained from a 21-day culture of tion from CD34" HPCs in the absence of IL-15. However, the
CD34" HPCs with FL plus IL-15, as well as 5 samples of ability of both FL and KL to significantly increase NK cell
CD5@”i9"t, CD56™ blood NK cells, and CD8 T cells were  precursor frequency among CD3#IPC before the addition of
negative for the flt3 mRNA transcript (Fig 6A). One of 5 IL-15 strongly suggested that these factors contribute to the
unfractionated PBL samples was positive for flt3 mRNA, which survival and/or expansion of an IL-15-responsive NK precursor
may be explained by expression of flt3 in rare circulating cell. Indeed, we demonstrated that incubation of CDB#PCs
CD34" HPCs. The c-kit transcript (1,090 bp) was observed inin FL or KL resulted in the generation of a novel human NK cell
all 5 samples of CD34 BM cells, BM-derived CD56CD3~ intermediate characterized by CD¥8#' and CD122 (IL-2/
NK cells obtained from a 21-day culture of CD3#PCs with  15RB) expression. Itis unclear if activation of either c-kit or flt3
FL plus IL-15, as well as CD®89" blood NK cells, CD3 T by their respective ligands induces the IL-15R components on a
cells, and unfractionated PBLs. The CE%6blood NK cell fraction of CD34 cells or whether there is a selective
subset was negative for c-kit mRNA, consistent with our expansion of a small CD3#MCD122" subset. Our failure to
previous functional observatiod%>’ To confirm the absence or detect CD122 expression by flow cytometric analysis of 10,000

M1 2 3 45 6 7 8 9 1011
bp = fit3

e - - —

200- (210bp)

1018= (1090bp)
(450bp)

B 25000 A

—O— IL-2 Alone
—{1— IL-2+FL
200001 —&— IL-2+KL

E 15000 Fig 6. (A) RT-PCR analysis of flt3 and c-kit mRNA
o expression in HPCs and various lymphocyte populations.
(&) Lanes 1 through 3, purified CD34+ HPCs from 3 normal BM

10000 - donors; lanes 4 and 5, CD56+CD3~ NK cells generated from

CD34+* HPCs after culture in FL plus IL-15 for 3 weeks; lanes
6 and 7, CD56P"1ight blood NK cells; lanes 8 and 9, CD564im
blood NK cells from two normal blood donors; lane 10,
unfractionated PBL; lane 11, blood CD3* T cells. (Below)
Human B-actin control of the identical samples. (B) Prolif-
eration of CD56"rig"t NK cells in response to various concen-
trations of IL-2, IL-2 plus FL (100 ng/mL), and IL-2 plus KL
-1 1 10 100 1000 (100 ng/mL). The results are representative of three sepa-

lL'2 (pm) rate experiments and indicate the mean cpm * SEM of

triplicate measures.

5000 -

20z aunr g0 uo 3sanb Aq Jpd'/y9€/61 971 LLIL¥9€E/0L/26/4Pd-8101e/pOOgJoU SUOKEDIIqNdysE//:d)Y Wol) papeojumoq



FIt3 LIGAND PROMOTES THE GENERATION OF NK CELL PROGENITOR 3655

CD34" cells before culture in FL or KL might suggest that at transcript in BM stroma, and lacks NK cells. Incubation of
least some component of enhanced CD122 gene expression ViRF-1-/~ HPCs in IL-15 or transplantation of IRF-- HPCs
activation of these two type Il RTKs is likely. However, we and into lethally irradiated wild-type mice leads to the generation of
other$§” detect a low frequency of NK precursor cells in fresh NK cells, strongly suggesting that IL-15 is required in the
CD34" HPCs by LDA, so the IL-2/15Ry. chains are likely to  process of NK cell developme#t2°Likewise, there is support
be constitutively expressed on some small number of CD34 for the role of FL in NK cell development, because mice
HPCs at a surface density that is below detection by flowgenetically deficient in FL have low NK cell numbe#sThis
cytometry. Indeed, others have failed to detect IL-2/45Bn would be consistent with the notion that absence of FL leads to
the surface of mature NK cells that are known to functionally fewer IL-15-responsive NK cell intermediates. The NK defi-
respond to IL-2 and IL-158 The same may be true for IL-15R  ciency in FL-/~ mice would suggest that KL is not fully
expression on CD34HPCs. Our preliminary studies reported redundant with FL in this regard. Thed8K mouse, which
here suggest that FL and KL may upregulate this chain as welllacks expression of c-kit, has not been noted as NK deficient,
although a quantitative analysis of the IL-1®Rene product butitis unclear if a careful quantitative analysis of NK cells has
has not yet been performed. In addition to these scenarios, oureen undertakeft. Finally, Wiliams et at* have recently
data do not exclude the possibility that FL and/or KL may demonstrated that, in the mouse, a combination of IL-6, IL-7,
mediate some of their effects by inducing the expression oKL, and FL can induce CD122 on multipotential murine BM
additional factors from the starting population of CD3PCs.  HPCs that, in turn, become responsive to IL-15 for NK cell

The incorporation of the LDA assay for assessment of NKdevelopment.
cell precursor frequency provided strong support for the The data from the current study would suggest that both FL
CD3419MCD122" cell as an NK cell intermediate. There was a and KL have the capacity to induce CI8#CD122" NK cell
striking positive correlation of CD56 expression with NKR precursors from CD34 HPCs, but that FL may perform this
expression, LGL morphology, cytotoxic activity, and cytokine function more efficiently. The reasons for this are not entirely
production, as well as a notable absence of these features in tledear, but may relate to differences in flt3 and c-kit expression
CD56™ population. This allowed us to use CD56 expression as an the earliest HPCs. Shah etldlave reported that FL was able
simple and accurate readout for human NK cell outgrowth. Weto induce significantly greater proliferation of quiescent
were then able to document a very high NK cell precursorCD34*CD38 cells than KL in long term culture. Haylock et
frequency in the CD3#9MCD122" subset, in contrast to the alf2found that, in single cell assays, FL, but not KL, was able to
CD34limneqC D122 subset. Furthermore, we demonstrated thatrecruit an additional subpopulation of HPCs representing ap-
preincubation of CD34 HPCs in either KL or FL significantly  proximately 12% of CD34CD38 cells that were rhoda-
increased the NK cell precursor frequency seen with IL-15,mine®! and 4-hydroperoxycyclophosphamide (4-HC) resistant.
compared with fresh CD34cells plated in an LDA with IL-15.  Consistent with this, Miller et & have recently shown that NK
Because neither KL nor FL by itself induces NK cell differentia- cell progenitor frequency increases when FL is added to switch
tion, the mechanism likely involves the generation of thecultures of CD34CD33" HPCs in IL-2, IL-7, and KL. In
CD3419MCD122" NK cell intermediate that is, in turn, respon- contrast to FL, KL has effects on mature CD%8' NK cells
sive to IL-15. The observation that the NK cell precursor found in blood, promoting their surviviland potentiating their
frequency was significantly higher with preincubation in FL IL-2/15-induced proliferatiod? KL does not enhance CD5g"t
versus KL is consistent with FL inducing over double the NK cell cytotoxic activity in the presence or absence of
percentage of CD349MCD122 NK cell intermediates. IL-2/1532 which is consistent with its inability to induce NK

We also demonstrated that IL-15 has the ability to inducecell differentiation from HPCs. These differences highlight
NKR and CD56 expression, LGL morphology, and cytotoxic some distinct functional effects of FL and KL on NK cells due to
properties as well as prepare the cell for potent cytokine andhe distribution of their respective receptors.
chemokine production after monokine stimulation. The CD56  In the absence of FL or KL, IL-15 induces NK cell
NK cells generated from human BM CD34HPCs with FL  differentiation from CD34 HPCs, but without significant
followed by IL-15 expressed both C-type lectin (NKG2A) and expansiort}44This suggests that IL-15 itself promotes NK cell
Ig-superfamily (CD158a, CD158b, and p70/CDw159 KIR) development via differentiation of committed precursors, not
NKR. This appears to be in contrast to NK cell progenitors invia proliferation. To address this possibility, we performed a
the thymus cultured in IL-15 or IL-15 plus KL, in which only kinetic analysis of CD56 cells during NK cell development
C-type lectin NKR were induced:®1 The reason for variation from CD34" HPCs in the presence of IL-15 and either FL or
in KIR expression between these two in vitro systems mayKL. Cell cycle analysis during the substantial increase in CD56
relate to differences in BM versus thymic NK precursor cells, expression proved that IL-15's effect on CD56NK cell
accessory cells in the cultures, or culture conditions. Studies ardevelopment could not be accounted for by induction of
currently underway to further characterize the factors that mayproliferation. Thus, IL-15 appears to be the factor most likely
be critical for NKR induction during human NK cell develop- responsible for inducing the expression of genes that character-
ment. ize NK cells.

These findings, along with our earlier demonstration of IL-15  Collectively, these data suggest that, in humans, both FL and
protein production within human BM strom&provide compel- KL participate in the generation of NK cell progenitors from
ling evidence for an important role for IL-15 in human NK cell CD34" HPCs. Both induce an NK cell intermediate from HPCs
development. Genetic disruption studies provide supportingand both are likely to enhance their expansion while IL-15
evidence for this in the mouse. The interferon response factor-Induces NK cell differentiation. In this capacity, these two RTK
(IRF-1) knockout mouse lacks the ability to express IL-15 ligands are likely to be functionally redund&Atrhe failure of a
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combination of KL and FL to enhance the absolute number of 15. Suzuki H, Duncan GS, Takimoto H, Mak TW: Abnormal
CD56% NK cells obtained from CD34 HPCs cultured with  development of intestinal intraepithelial lymphocytes and peripheral
IL-15 plus either FL or KL alone supports this. However, natural killer cells in mice lacking the IL-2 receptor beta chain. J Exp
evidence from our study and from oth#&63would suggest ~Med 185:499, 1997 _ _

that FL might also perform its function on an additional subset 16. D_'Samo P, Mu"er.w’ G.uy'Gr.and D, Fischer A, R"’.‘JeWSKy K:
of NK precursors, which are not responsive to KL. We also :;]ytglrﬁ):lfll?n gi\éifﬂglren;r::n:;z"\:wg] a '\ﬁazlg/e\tedd gel.eSgnA 32-3”7]3
noted that CD34 HPCs cultured in FL or KL can subsequently ;g plord - rroc RaiAcad =d R

differentiate along different lineages in the absence of IL-15and ;. Noguchi M, Yi H, Rosenblatt HM, Filipovich AH, Adelstein S

in the presence of other growth factors. Furthermore, we camodi WS, McBride OW, Leonard WJ: Interleukin-2 receptor gamma
introduce factors that negatively regulate human NK cell chain mutation results in X-linked severe combined immunodeficiency
development. These observations remind us that the process ofhumans. Cell 73:147, 1993

NK cell development is likely to be substantially more complex 18. Giri JG, Ahdieh M, Eisenman J, Shanebeck K, Grabstein K,
in vivo. Continued characterization of growth factors and theirKumaki S, Namen A, Park LS, Cosman D, Anderson D: Utilization of
receptors on HPCs and their progeny will hopefully provide the beta and gamma chains of the IL-2 receptor by the novel cytokine

additional insight into this fascinating biological process. IL-15.EMBO J 13:2822,1994 _
19. Ogasawara K, Hida S, Azimi N, Tagaya Y, Sato T, Yokochi-
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