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Genetic Modification of Human B-Cell Development: B-Cell Development
Is Inhibited by the Dominant Negative Helix Loop Helix Factor 1d3

By Ana C. Jaleco, Alexander PA. Stegmann, Mirjam H.M. Heemskerk, Franka Couwenberg, Arjen Q. Bakker,
Kees Weijer, and Hergen Spits

Transgenic and gene targeted mice have contributed greatly
to our understanding of the mechanisms underlying B-cell
development. We describe here a model system that allows
us to apply molecular genetic techniques to the analysis of
human B-cell development. We constructed a retroviral
vector with a multiple cloning site connected to a gene
encoding green fluorescent protein by an internal ribosomal
entry site. Human CD34+CD38- fetal liver cells, cultured
overnight in a combination of stem cell factor and interleu-
kin-7 (IL-7), could be transduced with 30% efficiency. We
ligated the gene encoding the dominant negative helix loop
helix (HLH) factor Id3 that inhibits many enhancing basic
HLH transcription factors into this vector. CD34+CD38~ FL
cells were transduced with Id3-IRES-GFP and cultured with
the murine stromal cell line S17. In addition, we cultured the

transduced cells in a reaggregate culture system with an
SV-transformed human fibroblast cell line (SV19). It was
observed that overexpression of Id3 inhibited development
of B cells in both culture systems. B-cell development was
arrested at a stage before expression of the IL-7Ra. The
development of CD34*CD38 cells into CD14* myeloid cells
in the S17 system was not inhibited by overexpression of
Id3. Moreover, Id3* cells, although inhibited in their B-cell
development, were still able to develop into natural killer
(NK) cells when cultured in a combination of FIt-3L, IL-7, and
IL-15. These findings confirm the essential role of bHLH
factors in B-cell development and demonstrate the feasibil-
ity of retrovirus-mediated gene transfer as a tool to geneti-
cally modify human B-cell development.

© 1999 by The American Society of Hematology.

T IS WELL-ESTABLISHED that the generation of lineage- development, and the cells exhibit a similar phenotype to the
committed cells from pluripotent stem cells is tightly one described for the E2A-deficient mi€These investigators

controlled by transcription factors (TFs). Several TFs have beemlso documented that Id1 and 1d2 mRNA levels are relatively
identified that contribute to the steering of B-cell differentiation high in tumor cell lines representative for early B-cell progeni-
in the mouse. Some of these factors control B-cell differentia-tors and low in cell lines representing late B-cell precurders.
tion at a developmental stage before commitment to the B-celMore recently, Li et &F reported that Id1 levels are high in an
lineage. For example, the Ikaros factor is essential for differenuncommitted B-cell progenitors in the bone marrow and sharply
tiation of lymphoid cells, including B cells.TFs that direct downregulate when the cells enter a B-cell committed stage,
B-cell development include Pa¥3BF2 Sox4% and E12 and  whereas at the same time, E12 and E47 are upregulated. These
E475%These latter factors, encoded by the E2A gene, belong tdindings together have led to the hypothesis that B-cell differen-
the family of basic helix loop helix (bHLH) proteins. This tiation is controlled by the relative proportions of E2A and Id
family is particularly interesting, because its members controlproteins.
lineage commitment of different cell types in organisms varying ~ Transgenic technology has provided a powerful tool for the
from yeast to mammals.Two highly conserved bipartite study of lymphoid development in the mouse. We have
domains characterize these proteins. A motif of basic residuegeveloped a novel model system that allows us to apply these
mediates binding to a consensus E-box (CANNTG) sequenc@olecular genetic techniques to the analysis of human T-cell
present in promoters or enhancers of target g&heBhe development. This system makes use of retrovirus-mediated
helix-loop-helix domain, mainly consisting of hydrophobic gene transfer to introduce genes into T-cell progenitors. The
residues, permits homodimerization or heterodimerization ofeffects of the introduced genes on T-cell development are
these proteins. The involvement of the E2A gene products investigated in a fetal thymic organ culture. Using this system,
B-cell differentiation in the mouse has been well-documentedWe documented that overexpression of 1d3 in human thymic
Two groups generated E2A mutant mice and have shown that grogenitors by retroviral delivery resulted in a complete inhibi-
severe block occurs at an early stage of B-cell differentiationtion of T-cell differentiation and promotion of natural killer
before Ig gene rearrangemehfsMore recently, Bain et & (NK) cell development’ We demonstrate here that overexpres-
presented evidence that both E12 and E47 allow commitment to
the B-cell lineage. Two other factors, HEB and E2-2, are also From the Division of Immunology, The Netherlands Cancer Institute,
involved in B-cell development, because mice deficient for antoni van Leeuwenhoek Huis, Amsterdam, The Netherlands.
these factors demonstrate perturbations of B-cell development Submitted November 19, 1998; accepted June 8, 1999.
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sion of Id3 into uncommitted CD34- D38 CD10 fetal liver were positively selected by immunomagnetic cell sorting (varioMACS;
(FL) cells strongly inhibits their capacity to develop into B cells Miltenyi, GmbH, Germany), as described elsewtférghe resulting
upon coculture with the murine stromal cell line S17 or with a Population was stained with anti-CD10 fluorescein isothiocyanate
human stromal cell line in a novel reaggregation assay. B-cel(FITC; Immunotech, Marseille, France), anti-CD38 phycoerythrin
development was inhibited at a very early stage of developmen(ﬁrrfr;nue’ne(;teocnh)D'ékt')”;;gb ?:‘:’Bffr(‘: DJf(STe' gé)3'4+agg3gfg§f§4 ;:'go'o’
Ere];?:]ear?g%ug)sigon of the interleukin-7 receptar (IL-7Ra) CD34tCD38"CD10" cells were then sorted with a FACstar plus
’ (Becton Dickinson). The purity of the populations used in this study was
greater than 97%.

Reverse transcriptase-PCR (RT-PCR) assay@NA was isolated

Construction of the vector. We have constructed bicistronic vectors from fluorescence-activated cell sorting (FACS)-sorted human FL
with a gene of interest linked to a downstream internal ribosomal entrysubpopulations using TRIzol reagent (GIBCO BRL, Grand Island, NY)
site (IRES) and a marker gene that allow independent translation of theccording to the manufacturer’s instructions and reverse transcribed
products of both genes in the transduced target &&liie IRES-GFP  ysing a poly-dTs oligonucleotide (Promega Corp, Leiden, The Nether-
sequence was ligated into the LZRS vector, and a polylinker was placegands) and 400 U of Moloney murine leukemia virus (M-MuLV)
downstream of the gag and upstream of the IRES sequence. The Id&verse transcriptase (GIBCO) at 37°C for 1 hour. Semiquantitative
coding sequence was cloned from the pCDNAId3 plasmid (gift of Dr C. RT-pCR was performed essentially as described previdusACR
Murre, University of California at San Diego, San Diego, CA) by assays were performed in 30 mL reaction volumes using the appro-
polymerase chain reaction (PCR) using oligonucleotide primers withpriate diluted amounts of cDNA template, 2 mmol/L MgCD.25
appropriate linkers. The product was ligated betweenXhe | and mmol/L each dNTP, 10 pmol/L of each primer, and 0.8 U Taq

Snal s_ite of the poI_yIinker from our plasmid LZRS-linker-IRES-GFP polymerase (GIBCO) in % buffer (10 mmol/L Tris-HCI, pH 8.5, 50
to obtain the retroviral vector LZRS-Id3-IRES-GFP. As a control, we mmol/L KCI). Reaction conditions were a 5-minute denaturing step

const!’ucted into_ the_ LZRS—Iinker—IRE_S—GFP Yegtor a forn_1 of murine 4 95°¢ followed by 31 cycles of 1 minute at 95°C, 1 minute at 55°C,

d3 with a mutation in the HLH domain (R72P; kindly provided by Dr 504 1 minute at 72°C. PCR products were separated on 1% agarose

e el Belimore. WD) Lt 182 0% " ges stained wih indum bromice, and anaiyzed by video-
p : densitometry using the Eagle Eye still video system and Eagle Sight

ér[\:dpmunne Idj. a{ﬁ. |d(iné|cal. g‘ mOdlgfd. Vzr?on (éfIGtFP h(e;h?n;ﬁdsoftware (Stratagene, La Jolla, CA). Three separate FL donor pools
) was used in this study and was obtained from Clontech (Palo Owere analyzed and each PCR was repeated 4 to 6 times. The E2A-,

EAI). Afschematlcbreprtte-setnta§|on of the \(/jecto(; 'sﬁ shtown f'nt.F'g.lt' E12-, and E47-specific 1d1, 1d3, RAG-1, and HPRT primers that were
eiper-iree recombinant retrovirus was produced atter ranstection intq, e 4 4rg a5 follows: E2A-sensé:AGCACGTTTGGTGGCCTGC-3
a 293T-based amphotropic retroviral packaging cell line, Phoénix.

MATERIALS AND METHODS

Isolation of FL progenitor cells. FL tissue was obtained from
elective abortions. Gestational age was determined by measurement

E47-antisense: 'BAGCACCTCGTCCGTACTGC-3 E12-antisense:
5-TCCTCGTCCTCGTCTGGGC-3 Idl-sense: 5CGCTGTCT-
%TTCTGAGCAGAGC—S; Id1l-antisense: BATCTCGCCGTTGA-

the diameter of the skull and ranged from 14 to 17 weeks. The use of thi
tissue was approved by the Medical Ethical Committee of the Nether—%’GGTGCTG'?; ld3-sense: 5STCGGAACGCAGTCTGGCCATC-3
lands Cancer Institute and was contingent upon informed consent'.CfS'ant'sense: ECTCGGCTGTCTGGATGGGAAG_S_RAG'l, sense.
Human FL cells were isolated by gentle disruption of the tissue,5'GAACACACTTTGCCTTCTCTTTGG'S;RAG'lantlsense:%CT'
followed by density gradient centrifugation over Ficoll-Hypaque (Lym- TTGCCTCTTGCTTTCTCGTT-3 HPRT—se;nse: STATGGACAG-
phoprep: Nycomed Pharma, Oslo, Norway). Subsequently, CD&Hs GACTGAACGTCTTGC-3; and HPRT-antisense:' &5ACACAAA-
CATGATTCAAATCCCTGA-3'.
Retroviral transduction of human CD34L cells. The transduc-
S'LTIR tion procedure using recombinant human fibronectin fragments CH-296
g was performed according to Hanenberg et?2&8 The sorted
CD34"CD38 CD10 FL cells were cultured overnight in the presence
of 10 ng/mL human IL-7 and 20 ng/mL stem cell factor (SCF; both from
R&D, Abingdon, UK). The cells were then transduced by 6 hours of
incubation with virus supernatant in nontissue culture-treated Falcon
petri dishes (3 cm; Becton Dickinson) precoated with 30 mg/mL
I recombinant human fibronectin fragment CH-2qRetroNectin; Takara,
t Otsu, Japan). After transduction, the cells were washed twice. The

LZRS-gene of interest(Id3)-IRES-GFP

Tr‘g 13.00 Kb " transduction efficiency was tested by determining the percentage of
\'@%1 % ' GFP' cells 2 days after transduction using flow cytometry analysis.
| i/ EGFP
\gg‘ A5 Monolayer cell culture. The monolayer cell culture assays were
2 performed with the murine bone marrow stromal cell line S17 (a kind
3'LTR gift from Dr David Rawlings, UCLA, Los Angeles, CA). Two days

before their use in coculture experiments, S17 cells were plated in
96-well flat-bottom plates (3 to 5< 10 cells per well in 100 pL
medium). Monolayer cultures were initiated by seeding 5 tox100°

FL progenitor cells to the wells precoated with S17 cells. Half of the
culture medium was replaced by fresh medium once a week. After
incubation in Yssel's mediu?h supplemented with 5% fetal calf serum
(FCS; BioWhittaker, Verviers, Belgium), to which we will refer as
complete medium, cells were harvested, stained with PE- or Tricolor-
labeled human specific antibodies, and analyzed by flow cytometry for
cell surface phenotype and GFP expression. In some experiments, part

= '.:,1._-_-; = pUC ori
PGK-1 prom. puro res.  SV40 poly(a)

Fig 1. Structure of the LZRS IRES-GFP vector. The important
features of this vector are the polylinker upstream of the IRES
sequence to insert the different genes of interest and the selection
marker GFP downstream of the IRES sequence. The LZRS vector
contains a puromycin resistance gene and the EBNA-1 nuclear
retention sequence outside the LTRs.
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of the recovered cells was assayed for their capacity to develop into Nk 8

cells. Units
Reaggregation assays.The reaggregation assay is based on a

similar culture system developed by Anderson €€ @b test the

development of mouse T cells. The human SV19 stromal cefllinas

used in this study. Briefly, 3 to & 10* FL progenitor cells were mixed

with 10 to 15X 10* stromal cells in a 1.5-mL Eppendorf tube and spun

into a pellet. After removal of the supernatant, the cell pellet was 2

vortexed in a remaining volume of 2 to 5 pL, gently expelled as a

discrete standing drop on the surface of a nucleopore filter (0.8 um

Id1

Id3

E47

E12

OoBE0O0E N

RAG1

CD34+ CD34+

Millipore, Cork, Ireland) that was layered on a gelfoam raft (Upjohn Co,
Kalamazoo, M), and cultured in an air/liquid interphase with complete gg';‘g_* gg?g:

medium. Reaggregates were then harvested and gently dissociated into

a homogeneous cell suspension for further cell surface analysis by flow Fig 2. Expression levels of HLH, bHLH, and RAG-1 mRNAs on

cytometry. CD34+* FL-sorted populations. RNA was isolated from FACS-sorted
Differentiation of NK cells. After a period of 2 weeks of culture of  human FL subpopulations from 3 separate donor pools and analyzed

transduced CD34CD38 CD10~ FL cells on a monolayer of S17 by RT-PCR. mRNA levels were compared with HPRT expression and

stroma, the cells were harvested, counted, and tested for their capacigxpressed in arbitrary units (HPRT = 1). One representative experi-

to develop into NK cells, as previously descrit@drive thousand to ~ ment from 1 donor pool is shown. All assays were performed 4 to 6

10,000 FL cells were then further cultured in U-bottom 96-well plates fimes- Similar data were obtained with analyses of 2 other donor

with complete medium in the presence of 25 U/mL Flt-3 ligand (a kind pools.

gift from Dr M.G. Roncarolo, DNAX, Palo Alto, CA), 10 ng/mL IL-7

(our own source),‘ anq 10 _ng/mL IL-_1_5_ (Immunex, Seattle, WA)._ The levels in CD34CD38 CD10- and CD34CD38'CD10" cells
cultures were maintained in a huml.dlfled atmogpherg at '37 Cin 5%and were 2- to 3-fold higher in the CD3@D38*CD10*
CO, for 10 days. Cells were then stained and their antigenic phenotype . . . .
was analyzed by flow cytometry, population. Expression of Idl was .hlgh in the
Flow cytometry analysis and monoclonal antibodies (MoAbgjow ~ CD34°CD38 CD10- subset and was dramatically decreased
cytometry analysis was performed using a FACScan (Becton Dickin-With upregulation of CD38 and CD10. Id3 levels decreased
son). FL cells were incubated for 10 minutes on ice with normal mouse2-fold in the transition from the CD34D38 CD10 to
serum Ig to prevent nonspecific binding of the MoAbs and then stainedCD34*CD38"CD10~ stages and had the highest expression
with fluorochrome-conjugated MoAbs. The following mouse MoAbs |evels in the more mature CD3€D38"CD10" population.
(FITC-, PE-, or Tricolor-coupled) were used: CD10-Tricolor (Caltag,  Retroviral transduction of primitive CD34-D38" FL hema-
San Francisco, CA); CD34-Tricolor, CD19-Tricolor, CD45-Tricolor, topoietic progenitor cells. It has been demonstrated that

zr;zg'ﬁgpi;;:’?gg?"gg% "P"eEreC%uzrgh'fée%gg;"PE“ngg‘;ée;g CD34" cells of different origins can be efficiently transduced
o = = o= = " —after culture in multiple cytokines. However, CD33D38"

and CD14-PE were obtained from Becton Dickinson. For detection of - .
cells appear to be difficult to transduge.We isolated

the IL-7Rx chain, an indirect staining was used with anti—-ILe/R n . . 5
(Immunotech) and PE-labeled F(afjagments of a goat antimouse CD34"CD38" cells from FL using Tricolor-labeled anti-CD34

antibody (Zymed, San Francisco, CA). After staining, cells were and PE-labeled anti-CD38 as described in Materials and
washed twice in phosphate-buffered saline (PBS) supplemented withMethods (Fig 3A). The use of an anti-CD38 antibody labeled
2% bovine serum albumin (BSA) and 0.01% NgRBA) and analyzed ~ with PE allows for a better depletion of CD38ells than when
by flow cytometry. All steps of the staining procedure were performedusing an FITC-labeled antibody, due to the greater sensitivity of
on ice, and appropriate fluorochrome-conjugated, isotype-matcheghe PE fluorochrome (for a discussion, see Lanier and Reckten-
control Igs were used in all experiments. wald®). The CD34 cells, rigorously depleted of CD3&ells,
were cultured overnight in a combination of SCF and IL-7 and
RESULTS incubated for 6 hours with cell-free virus-containing superna-
Expression of RAG-1, Id, and bHLH mRNAs in distinct tants. Two facilitating reagents were used, the lipofectin reagent
CD34" FL populations. Human pluripotent stem cells are dotag’ and recombinant fibronectin-derived peptides (Retro-
enriched in a subpopulation of CD34ells that express no or Nectin; Takaraf? Transduction efficiencies in the presence of
only low levels of CD3&8 Differentiation of these cells is RetroNectin fragments were 32.7%4.2% (n= 8; a represen-
accompanied by upregulation of the CD38 mafRaNithin the tative experiment is shown in Fig 3B), as determined by
CD34" compartment, CD10 is expressed on lymphoid progeni-measuring GFP expression by flow cytometry. Transduction
tors 2930 early B-cell precursord, and T-cell precursor®. To efficiencies using dotap were, in general, 2 to 3 times lower
investigate the role of bHLH factors and Id proteins in humanwhen performed in parallel with fibronectin fragments (results
B-cell development, we analyzed the mRNA levels of 2 Id not shown).
proteins (Id1 and 1d3), the E2A gene products (E12 and Retroviral transduction does not affect the B-cell differentia-
E47), and RAG-1 in sorted CD3€D38 CD10, tion pattern of CD34CD38 CD10~ FL progenitors. We
CD34'CD38'CD10, and C34CD38"CD10" human FLcells have observed that CD3€D38 CD10 FL cells developed
by semiquantitative PCR (Fig 2). We found that RAG-1 mRNA into B cells after 2 to 3 weeks of culture on a monolayer of S17
is absent in the CD34CD38 CD10" immature population, as stromal cells, consistent with observations with CD3#brd
expected. Low and high levels of RAG-1 mRNA were observedblood cells?® To determine whether retroviral transduction per
in CD34"CD38"CD10 and CD34CD38"CD10" cells, respec- se would affect the capacity of CD3¢D38 CD10~ FL
tively. E12- and E47-specific messages were present at similgsrecursors to differentiate along the B-lineage pathway, we
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A.
CD34+CD38-CD10"
FACS
< sorting <« |
8 2 (.
[8) o
CcD38 10°  cD1o 107
B.
2 days 18 days
post-transduction culture on $17

IRES-GFP < _ IRES-GFP

30%

GFP

CD10

Fig 3. Retroviral transduction
of CD34+CD38-CD10- FL cells
does not affect their capacity to
B E develop along the B-cell lineage.
69 |27 The CD34+CD38-CD10- FL popu-
lation was isolated (A), trans-
N duced with virus harboring the
IRES-GFP sequence, and cultured
for 18 days on a stromal cell
monolayer (B). Cell suspensions
ﬂ% were stained with the indicated
. Tricolor- and PE-labeled antibod-
F—> »2?.' ies and analyzed on a FACScan.

i Isotype-matched control anti-
bodies were used in all experi-

CD19 ments.

CD20
CD20

CD22
CD22

sorted this population (Fig 3A), infected the cells with a to 12-fold increased and 8% of the cells expressed the transgene
retrovirus carrying the IRES-GFP sequences, and cocultured th@ig 4A). The Id3 fraction developed into B cells and exhibited
transduced cells with S17. As shown in Fig 3B, 30% of the cellsa phenotype similar to the control transduced cells (Figs 4A and
were GFP 2 days after transduction. After 18 days of 3B). Twenty-six percent of the cells were CDXOD19". In
coculture, 12% of the recovered cells were positive for GFP, andstriking contrast, 1d3 cells lacked expression of CD19, demon-
no significant differences could be detected in the phenotype o$trating that enforced expression of Id3 in CD8D38 CD10~
the B cells generated when compared with the GffRction. FL cells strongly blocked B-cell differentiation. In this experi-
Overexpression of 1d3 inhibits B-cell development fromment, some cells were CD1G@D19 (10%). However, we
CD34'CD38 CD10 uncommitted FL precursors.To inves-  found that expression of CD10 was variable. In some experi-
tigate whether bHLH factors are involved in human B-cell ments, we observed a small percentage of COZID19™ cells
development, we overexpressed 1d3 in FL hematopoietic proin the cultures with 1d3-transduced CD334D38" cells, whereas
genitors and monitored the fate of the transduced cells in an other experiments these cells were not detectable. We
B-cell differentiation assay. Purified CD3¢D38 CD10™ FL consider it therefore likely that the small proportion of CD10
cells were cultured overnight with a combination of SCF andcells in Id3 cultures that we observed in some experiments is an
IL-7 and subsequently transduced with retrovirus harboring theartifact due to nonspecific staining of the Tricolor labeled
Id3-IRES-GFP sequence. After 18 days of culture on a monoanti-CD10. Cells recovered after culture of the FL progenitors
layer of the murine S17 stromal cell line, cell numbers were 10-in this culture system also contain a population of CDgélls.

20z dunr 60 uo 3sanb Aq Jpd'2£92/61¥8591/.£92/8/¥6/Pd-Bl01E/POO|qABU"SUOHEDIIGNYSE//:d}Y WOy papeojumog



1d3 INHIBITS HUMAN B-CELL DEVELOPMENT 2641

A

2 days 18 days
post-transduction culture on S$17
1d3-IRES-GFP < [|d3-IRES-GFP

CD19

Fig 4. Overexpression of Id3 inhibits differentia-
tion of B cells from CD34+CD38-CD10- FL uncommit-
ted precursors but does not affect development into
monocytes. CD34+CD38-CD10- FL cells were sorted,
incubated with retroviral supernatant harboring the
Id3-IRES-GFP sequence, and subsequently cocul-
tured with S17 stroma. After 18 days, the cells were
harvested and expression of B-cell (A) and monocyte r
(B) antigens was analyzed by flow cytometry. Thirty- 129
two percent of the cells were GFP* 2 days after I'—|
transduction. A representative experiment of 3 per-
formed is shown. CcD14

12% I

cD14

As shown in Fig 4B, the percentage of CD1dells presentin  In the untransduced cultures, a higher proportion of
both 1d3~ and Id3" fractions was identical, indicating that the ckit°*CD45RA* was found. This could mean that a proportion
inhibitory effect of 1d3 in this assay is restricted to the B-cell of ckit®*CD45RA" cells in the untransduced cultures is derived
lineage. from precursors that are difficult to transduce. We also analyzed
It was recently reported that 1d2 could induce apoptosis in aexpression of CD38. It is shown in Fig 5 that the control and
myeloid precursor cell line independent of its capacity to untransduced cell populations contain a population of @38
dimerize with bHLH factor$® Therefore, we transduced cells. Part of those CD38" cells react with an anti-CD19
CD34"CD38" FL cells with a mutant of Id3A1d3, that has no  MoAb. The anti-CD19 MoAb used in this staining was Tricolor
capacity to dimerize with bHLH factors as E4and tested the labeled and stained less efficiently than the PE-labeled antibody
B-cell precursor activity of these cells. In these experiments, waised in the CD10/CD19 staining. Nonetheless, one can observe
performed a more extensive phenotypic analysis to characterizie the 1d3 cultures a strong reduction of these CP88ells and
the ld3-arrested developmental stage in more detail. Figure almost no CD389"CD19" cells. Figure 5 also shows that Id
shows thatAld3-transduced cells developed into CD1&ells, overexpression does not affect the percentage of Cz@ds.
whereas, in contrast, Id3-transduced cells fail to develop intcAlthough the percentage of CD8&D38" cells in the 1d3-
CD19" B cells. TheAld3-transduced cells were somewhat less transduced cells is slightly lower than in the untransduced cells,
efficient in developing into B cells compared with the untrans- a similar percentage of CD3€D38"" cells was present in the
duced cells in the same sample, suggesting an Id3 effechld3-transduced cells. It seems, therefore, that 1d3 inhibits
independent of the dimerization domain. However, the inhibi-B-cell development at a CD34-kit™/°WCD45RA"|L-
tion by 1d3 is much stronger than that afd3, indicating that 7Ra~CD38""CD10-CD19™ stage. The phenotype of these
I1d3 blocks B-cell development mainly by sequestering pertinentcells may correspond with that of an early lymphoid precursor,
bHLH factors. Further analysis of the cells that were blocked byas proposed by Ryan et®l.
I1d3 showed that Id3 also inhibited the appearance of Ix7R I1d3* FL cells recovered after 2 weeks of coculture with S17
cells. It is also shown that the proportion of c:KitD45RA" stroma can develop into NK cells As shown in the previous
cells in the 1d3 cultures (30%) was higher than that in theexperiments, the Id3population recovered after culture on a
control or Ald3 cultures (9% to 12%). The percentages of S17 stromal cell monolayer did not contain any CDBcells,
c-kit"CD45RA" cells in the control and\ld3 cultures were  whereas generation of cells expressing CD14 was not affected.
higher than in the 1d3 culture, but there was no difference in theTo determine whether the Id3population contains precursor
proportions of c-kit"CD45RA" in the 1d3 andAld3 cultures.  cells that had retained the capacity to develop into the NK cell
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Fig 5. 1d3 inhibits B-cell development at an early stage of development. The inhibition by Id3 is much stronger than by a mutant of Id3 that is
unable to dimerize with bHLH factors. CD34+CD38-CD10- FL cells were sorted, transduced either with Id3-IRES-GFP or with Did3-IRES-GFP, and
subsequently cocultured with S17 stroma. After 14 days, the cultures were analyzed with the indicated antibodies. This experiment is
representative of 3 similar experiments.

lineage, they were cultured in a cytokine combination contain-observed that the cell numbers increased 3- to 4-fold and the
ing IL-15, as previously describefl.Control cultures were levels of GFP expression were maintained during the 2-week
established with cells recovered after culture of the IRES-GFP-ulture period (Fig 6). As expected, no B cells developed from

transduced population with S17, as shown in Fig 3B. Wethe 1d3" population, whereas 57% of the CD1¢ells were

--

IRES-GFP

FSC cD19 CD56
0% l
1d3-IRES-GFP

CD19 CD56

GFP

Fig 6. Both Id3- and Id3+* FL cells recovered after
culture on S17 stroma retain the capacity to develop
into NK cells. Cells harvested after coculture of

FSC transduced FL cells on a monolayer of S17 stroma
were further cultured in a cytokine combination
consisting of FIt-3L, IL-7, and IL-15. Ten days later, cell
suspensions were analyzed by flow cytometry for
cell surface expression of CD19 and CD56 antigens.

The markers were set to exclude greater than 98% of
CD19 CD56 cells stained with irrelevant control antibodies.

20z dunr 60 uo 3sanb Aq Jpd'2£92/61¥8591/.£92/8/¥6/Pd-Bl01E/POO|qABU"SUOHEDIIGNYSE//:d}Y WOy papeojumog



1d3 INHIBITS HUMAN B-CELL DEVELOPMENT 2643

found in the control GFP progeny (Fig 6). This observationcells (Table 2). This analysis showed that the numbers of
indicates that the culture conditions used in this experimentCD10"CD19" cells found in the samples expressing high levels
supported the proliferation and/or maturation of B-cell precur-of 1d3 were 18-fold lower than those recovered in the controls,
sors present after culture of FL progenitors on a monolayer otonfirming the strong inhibition of B-cell differentiation upon
S17 stroma. Most importantly, we observed that CDH&K overexpression of Id3 on FL progenitors (Table 2). Although not
cells could be detected in the progeny of both theld8d the  shown, CD19 cells were also generated in a reaggregate
Id3* fractions (Fig 6). The absolute numbers of CD363" culture with CD34CD38" FL cells transduced withAld3,
cells were 25% higher than the numbers of CD%@lls found  whereas precursors overexpressing 1d3, tested in parallel,

in the control cultures (Table 1). generated much lower numbers of CD1&lls.
Inhibition of human B-cell differentiation by overexpression
of 1d3 is not due to intrinsic characteristics of the in vitro model DISCUSSION

used. lItis possible that the inhibitory effect on human B-cell | this report, we show that enforced expression of the
differentiation observed when FL progenitors overexpressingjominant negative HLH 1d3 factor in human FL progenitor cells
1d3 were cocultured with the murine stromal cell line S17 WaSgeverely impairs B-cell differentiation at an early stage.
peculiar for this in vitro model. To investigate this point, we cp34-cD38-CD10- FL progenitors were transduced with
explored a different culture system that will be described in|d3' followed by coculture with a monolayer of murine S17
detail elsewhere (Jaleco et al, manuscript submitted) thakyoma. The 1d3 cells recovered after 2 weeks of culture did
efficiently supports B-cell development from uncommitted FL 5t express the B-cell specific antigen CD19, in contrast to the
hematopoietic cells. CD3£D38 CD10" FL cells, transduced |43~ cells and the cells generated in cultures with the control

with the IRES-GFP or the Id3-IRES-GFP sequences, expresse@rp. or withAld3-transduced CD34°D38 CD10- cells. The
similar levels of GFP at the onset of the culture (28% and 30%gffect of 1d3 in the S17 system was B-cell-specific, because

respectively). The transduped cells were reaggregated with th&evelopment of CD1# myeloid cells was not affected. More-
human SV19 stromal cell line and cultured for 2 to 3 weeks. INgyer, |d3-GFP cells that accumulate in these cultures were able
the control culture, 12% of the cells recovered expressed highy develop into NK cells in the presence of Flt-3L, IL-7, and
levels of GFP, and the proportion of CDI0OD19" B cells || .15 confirming our previous findings that Id3-overexpression
present was identical in both the GFRnd the GFP fractions  §ges not affect NK cell developmeHtWe also observed a
(73% and 79%, respectively; Fig 7_, left panel). In contrast, 0_n|ystrong inhibition of B-cell development in the reaggregate
1% of the FL cells transduced with 1d3-IRES-GFP had high ¢jtyre system, indicating that the inhibition of B-cell develop-
expression of 1d3, whereas 2% expressed low levels and thgent by 1d3 is not peculiar for the S17 culture system. It was
remaining cells were I1d3(Fig 7, right panel). These fractions yecently reported that the related HLH factor 1d2 could induce
were analyzed separately for expression of CD10 and CD19,qnt0sis in a myeloid precursor cell line independent of its
and we found that the proportion of CD1OD19" cells  gimerization motif® The observation that a mutant of 1d3 that
decreased dramatically with |nc|rease in GF_F:] expression (91%s ynable to dimerize with bHLH factof&s not affecting B-cell
79%, and 28% in the 1d3 1d3°", and 1d3%" populations,  gevelopment in the S17 system indicates that inhibition of
respectively; Fig 7, right panel). This was not due to enhanceds_ce|| development is based mainly on its ability to sequester
proliferation and differentiation of the transduced cells into yy| H factors. This observation strongly suggests that E12 and

other cell lineages. We determined the absolute numbers of47 \yhich are sequestered by 1d3, are also essential for human
1d3-GFPe"CD10*CD19" cells recovered at the end of the B-cell development.

culture period and compared these with the numbers of @FP | the 517 assays (Fig 5), no IL-@R cells were detected,

cells recovered from the cultures with control, GFP-transduced;q the appearance of these cells was also inhibited in the

reaggregation assay (results not shown). Examination by FACS
Table 1. Absolute Numbers of CD56* NK Cells Upon Sequential Culture of the phenotype of cells harvested from the S17 cultures that

of Transduced CD34* CD38" FL Cells Upon $17 and Cytokines fell outside of the life gate and that are supposedly dying cells
No. of Recovered failed to provide evidence for the presence of dying ILa7R

GFP™ Cells Per Input cells in the cultures with Id3-transduced cells, indicating a truly
FL Cells % GFP Cells of 10,000 GFP Cells developmental block before acquisition of the ILe7Bhain. A

Transduced Before After CD56+*

With Coture Culture Total Colls detailed analysis of the developmental stage that is inhibited by

Id3 indicated that progression is arrested at the Ci234
IRES-GFP 12 13 43,000 10,400 kitdmCD45RA* IL-7Ra-CD38'CD10-CD19- stage. In a
1d3-IRES-GFP 8 6 30,000 12,900 . .

model proposed by Ryan et ®l,cells with this phenotype
Cells were harvested after coculture of transduced FL cells on a represent early lymphoid progenitors. According to Ryan &t al,
monolayer of S17 stroma and the percentage of GFP* cells was  these cells already express RAG-1. Unfortunately, S17 cells do
determined to get the indicated percentage of GFP* cells before not induce RAG-1 expression in human CD&D38" precur-
cultur.e. The harv.es.ted cells were further cultured in a cytokine SOI’S?J and we were therefore unable to verify whether overex-

combination consisting of FIt-3L, IL-7, and IL-15. Two weeks later, cell . L .

. R pression of 1d3 results in inhibition of RAG-1 expression. Our

suspensions were analyzed by flow cytometry for GFP expression (% L L .

GFP* cells after culture) and cell surface expression of the CD56 finding that |q3 inhibits deveﬂloplment in the S17 system at an

antigen. The percentage of GFP+ cells and therefore the absolute numbers _early ngemtor stage COu.|d indicate that bHLH f_actors control

of the input were different. To allow for a meaningful comparison, we induction of B-cell commitment. Indeed, data in the mouse
expressed the output numbers per input number of 10,000 cells. support the notion that E12 and E47 are required for B-cell
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Fig 7. B-cell differentiation of Id3-transduced FL
cD19 progenitors is strongly blocked but not completely
517 inhibited in a reaggregation culture with human
4| 2 stromal cells. CD34+CD38-CD10- FL cells were sorted,
4—‘ transduced with the IRES-GFP or Id3-IRES-GFP vec-

tors, and reaggregated with the SV19 human stro-
mal cell line for 2 to 3 weeks. After the culture period,
cells were harvested, stained with the indicated
antibodies, and analyzed by flow cytometry. Quad-
rant limits defining positive and negative cells were
46|28 set up using cells stained with isotype-matched
2|0 control antibodies. Thirty percent and 28% of the
W cells were GFP+ 2 days after transduction in control-
and Id3-transduced samples, respectively. The re-

TN sults shown are representative of 2 similar experi-
CD19 ments.

CD10
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g
E]

' CD18
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lineage commitment In E2A-deficient mice, B-cell develop- normally into NK cells. This combined with the observation
ment was arrested at a stage in which cells express low levels d@hat 1d3 inhibits appearance of IL-8R cells suggests that NK
B220, and CD43 have germling, jiranscripts and express development can proceed without traversing an Ile7Rtage.
IL-7Ra mRNA, but do not express RAG or have IgH gene  Previously, we have shown that overexpression of 1d3
rearrangements®1° Interestingly, IL-7Rc* cells could not be  inhibits generation of T cells and promotes development of NK
detected in the B-cell differentiation cultures with 1d3- cells from CD34 FL cells? Thus, Id3 inhibits development of
transduced cells, suggesting that the developmental block dfoth T and B cells but not of NK cells. One interpretation of
human B-cell development in the S17 system imposed by Id3hese observations is that NK cells branch before T and B cells,
overexpression could be earlier than that of E2A deficiency. Thé@mplying that a common T/B-cell progenitor exists in the FL
discrepancy in IL-7R expression in 1d3 transduced S17 thatis unable to develop into NK cells. Although this possibility
cultures and E2A-deficient mice could be due to the fact that incannot be formally excluded, this seems unlikely for several
the mouse this was analyzed in vivo, and in human, it wasreasons. T and NK cells are much more similar to each other
analyzed in an in vitro assay. It is also possible that thesghan to B cells with respect to expression of cell surface markers
discrepancies are due to species differences. Alternatively, oWnd function (discussed in Lanier eB&nd Spits et &f). In
observations may mean that bHLH factors different from Elzaddition, it has been demonstrated that the murine thymus
and E47 are required for generation of ILdRprecursor cells.  ¢ontains progenitor cells that can develop into T and NK cells
Itis interesting to note that CD34cells expressing 1d3 develop 1yt not into B cell€® What could then be the reason that 1d3

overexpression inhibits T- and B-cell but not NK cell develop-

Table 2. Absolute Numbers of B Cells Harvested From Reaggregate ment? It seems most logical to assume that this is due to an
Cultures effect of 1d3 overexpression on a process common to T and B
No. of Recovered cells. Gene rearrangements of their respective receptors are the
GFP~ Cells Per Input :
- o GFP- Cells of 10,000 GFP* Cells most c_o??plcrl:m:js colmmon feat(t;rfe of T ar}dehcellﬁ and are
Traneduced Botore Aor JSpav—— fessentlg or the development an unctllon‘o oth cell types. It
With Culture Culture Total Cells is possible that bHLH factors are contributing to control these
|RES-GFP 28 12 43,000 31,000 gene re_arrangements. S_.ome observatlons_ in the mouse sgpport
|d3-IRES-GFP 30 1 6,000 1,680 this notion. When E47 is overexpressed in a pre-T—cell line,

RAG expression and gene rearrangements at the IgH locus are
IRES-GFP or Id3-IRES-GFP containing virus. Two days later, the percentage induced! However, in the S17 SySFem’ inhibition of human

of GFP* cells was determined to get the percentage before culture. The B-cell develoDmem by Id3 occurs mdependently from RAG
cells were reaggregated with the SV19 human stromal cell line for 3 weeks. expression and IgH gene rearrangements, which should imply
After the culture period, cells were harvested and analyzed for cell surface that bHLH factors are required for B-cell differentiation indepen-
expression of GFP, CD10, and CD19 by flow cytometry. dently of their possible effects on IgH gene rearrangements.

CD34+CD38-CD10~ FL cells were sorted and transduced with the
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It has been shown that the levels of the E12 and E47 mRNAnant IL-15. We thank Dr A. Kruisbeek for critical reading of the
increase and Id1 and Id2 decrease in cell lines representative fapanuscript.
subsequent stages of B-cell differentiation, suggesting that the
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