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Studies here respond to two long-standing questions: Are human
"pre/pro-B” CD34*CD10-CD19™ and “common lymphoid progenitor
(CLP)/early-B” CD34*CD10*CD19™ alternate precursors to “pro-B”
CD34"CD19*CD10* cells, and do the pro-B cells that arise from these
progenitors belong to the same or distinct B-cell development path-
ways? Using flow cytometry, gene expression profiling, and Ig
Vy-D-J, sequencing, we monitor the initial 10 generations of devel-
opment of sorted cord blood CD34"9"Lineage™ pluripotential pro-
genitors growing in bone marrow S17 stroma cocultures. We show
that (/) multipotent progenitors (CD34*CD45RA*CD10°CD197)
directly generate an initial wave of Pax5*TdT~ “unilineage” pre/
pro-B cells and a later wave of “multilineage” CLP/early-B cells and
(i) the cells generated in these successive stages act as precursors
for distinct pro-B cells through two independent layered pathways.
Studies by others have tracked the origin of B-lineage leukemias in
elderly mice to the mouse B-1a pre/pro-B lineage, which lacks the
TdT activity that diversifies the Vy-D-J,; Ig heavy chain joints found
in the early-B or B-2 lineage. Here, we show a similar divergence in
human B-cell development pathways between the Pax5*TdT~ pre/
pro-B differentiation pathway that gives rise to infant B-lineage
leukemias and the early-B pathway.

B1 and B2 cells | CD19, a Pax5 reporter stepwise acquisition | layered B-
lymphocyte lineages | single-cell gene and protein expression profiles |
umbilical cord blood

hereas models of human B-lineage development propose a

single hierarchical development pathway from CD34*
stem cells (SCs) to B cells (1-6), studies to track the order of
emergence of B-cell differentiation stages in the mouse have
documented distinct B-cell lineages, termed B-1 and B-2 (7-9).

Ordered stages in the current human model are termed the
“common lymphoid progenitor” (CLP) and the “early-B,”
“progenitor-B,” and “precursor-B” subsets that follow it (i.e., SC
— CLP — early-B — pro-B — pre-B — B) (5). In this pathway,
CLP and early-B stages, which both express the
CD34"CD45RA*CD10*CD19~ surface phenotype, are actually
“multilineage” progenitors of B, T, dendritic (DC), and natural
killer (NK) cells (5, 10-12).

Pro-B cells, which retain CD34 and CD10 expression but also
express CD19 (CD34*CD10*CD19™"), constitute the first Pax-5*
committed B-lineage stage, which is followed by pre-B
(CD34°CD10*CD19") cells that have ceased expression of
CD34 and now express the surface pH-VpreB-A5/CD79 surrogate
Ig receptor complex (1-5, 13-15). Development of the latter
CD34™ pre-B cells and their B-cell and Ig-secreting plasma cell
progeny can be reconstituted after coculture of purified
CD34*Lineage™ (Lin~) progenitors with bone marrow (BM)
stroma lines (e.g., S17) (15-18).

Before the CLP subset and the above developmental pathway
were recognized, a subset called “pre/pro-B,” which expresses
the CD34*CD10"CD19" surface phenotype, was commonly
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considered to be the first human B-lineage stage (19). It occurs in
fetal liver, fetal bone marrow (FBM), and umbilical cord blood
(CB) (19-21). An FBM pre/pro-B cell stage was shown to dis-
tinctively lack TdT and to bear CD7 unlike concurrent conven-
tional CD10"CD19~ B-cell progenitors, leading to the idea that
these cells might belong to a distinct B lineage (20). This lack of
TdT-mediated “N-nucleotide additions” between D and Jy
segments is further associated with differential V-D-J gene seg-
ment usage, enabling the creation of unique Ig repertoire spe-
cificities that develop before 2 months of age (22). Schroeder and
coworkers (22) raised but did not pursue the possibility that the
IgH rearrangements conducted in the absence of TdT may occur
in B-cell progenitors distinct from CLP/early-B cells because the
latter are TdT*™&" from the beginning of lymphopoiesis onward
(1-3, 12). The possibility that CLP/early-B and pre/pro-B cells
are alternative pro-B-cell precursors in two distinct pathways has
lain fallow, although, as we show here, this is indeed the case at
least in CB CD34" SC development.

Results

CD19 Expression Precedes CD10 Acquisition in the First Wave of B-
Lineage Development from CB CD34"9"CD10~CD19~ Progenitors in
$17 BM Stroma Cocultures. Carboxyfluorescein succinimidylester
(CFSE) analysis was used to examine the order of CD10 and
CD19 acquisition by CESEM&"CD34"e"CD10-CD19~ “double-
negative” progenitors purified from CB mononuclear cells as a
function of cell division (23). Their growth and differentiation
were promoted on progenitor coculture with S17 BM stroma (24),
without added recombinant cytokines as described before (15).
The emerging B-lineage stages were defined by CD10 and CD19
analyses gated in CD34 and CFSE expression levels, following
conventions outlined in the introductory section of this study.
The CD34"€" double-negative cell progeny divided actively up
to 7 or 11 times after 7 or 10 days, respectively (Fig. 14), and the
CD34* cell divisions were developmentally asymmetrical (Fig. 1
B and C). Most cells in the first to fourth generations retained
the original very bright CD34 levels typically found in human
SCs, consistent with self-renewal of CD34"€"Lin~ cells (4, 16,
23). A few CD34 cells with intermediate expression levels
(CD34™) and CD34™¢" cells continued to divide but maintained
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Fig. 1. In the first wave of development, CD34"9"CD10~CD19™ precursors asymmetrically self-renew and differentiate to acquire CD19 before CD10 in 517
cocultures. CFSEMI"CD34M9"CD10~CD19™ precursors were purified by FACS (99.8 + 0.1% pure, n = 8) from CB mononuclear cells loaded with CFSE; labeled with
CD34-, CD10-, and CD19-specific antibodies; and cultured on S17 stroma for 7 days (D7) or 10 days (D10). The CFSEM9hcD34M9"CcD10"CD 19~ progeny was stained
with CD34-, CD10-, and CD19-specific antibodies and submitted to flow cytometry analyses to quantify CFSE content (numbers on top of each peak designate the
number of progeny divisions, with 0 representing no division) (A) and surface CD34 levels in each generation dot-plot analysis of CD34 expression vs. CFSE content
(B), using the same samples as in A [position of undivided cells is shown ( v )]. (C) Day 10 expression of CD10 and CD19 in gated CD34" cells ordered by their progeny
generation, as defined by CFSE levels and indicated by numbers on top of the plot. Numbers in quadrants represent the frequency of positive cells. The input cell
number was 10% cells per well, and average yields were 2.76 + 0.9 x 10* cells per well at D7 and 15.04 + 3.5 x 10* cells per well at D10. Cells in parallel wells were
pooled, as indicated before for FACS analyses (18). Data are representative of the results from eight independent experiments.

their CD34 levels in the fifth to 11th generations. However, from
the fourth generation onward, most CD34™" cells started a
stepwise differentiation wave toward CD34™, which was con-
tinued by most of the cells in the fifth to seventh generations and
completed in the eighth generation.

Remarkably, that CD34™ cell progeny started to acquire
surface expression of either CD10 or CD19 and at different
generations during the initial 10 divisions (Fig. 1C), with pre/
pro-B cells developing before CLP/early-B cells. CD34 down-
modulation in the fifth to seventh generations was paralleled
by a wave of pre/pro-B cell genesis with characteristic stepwise
acquisition of surface CD19 without CDI10 expression
(CD34™CD10~CD19"%~"=high phenotypes in generations 6, 7,
and 8, respectively, when these pre/pro-B cells accounted for
approximately one-third of CD34 % cells). In contrast, CLP/early-
B cells remained at low frequencies from the fifth to ninth
generations and expanded from the 10th generation, even after a
large number of pro-B (CD34*CD10*CD19") cells had already
emerged in the seventh to 10th generations and accounted for
approximately one-fifth of the CD34% cell progeny.

The time kinetic was optimized here to enable visualization of
pre/pro-B, CLP/early-B, and pro-B cells, the CD34* progenitors
that were undetectable in prior reports (15-18). Although, many
CD34™ cells lose CD34 expression between the ninth and 11th
generations, this CD34™ progeny subset was only approximately
one-fifth of cells in 10-day cultures and it included an ~25% pre-
B-cell fraction (Fig. S1). The latter pre-B stage predominates
after 20-30 days, however, when the pathway for cellular gen-
eration from CLPs is also evident (Fig. S24). This is in agree-
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ment with the kinetics for the burst of conventional B-lineage
development from fresh CB SCs or CLPs in other systems (17,
18). Indeed, fresh CB CLPs (CD34*CD10"™CD19") developed
into an early-B-committed intermediate (CD10™"CD197) (11)
and 45 + 7% pro-B (CD10™E"CD19%) cells after 21 days (yield
of 146.3 + 15-fold initial seeded cells) (Fig. S2B).

CD34M"Lin~ progeny proliferation was assayed in 20-day
cultures by multiplex detection of CD10/CD19-staining and
active DNA synthesis inspected 4 h after an EdU (a thymidine
analogue) pulse in a FACS. Cultures proliferated actively, albeit
at different rates by phenotype: pre/pro-B sta%e > pro-B > CLP
(CD10"CD19"&" 41 + 52% > CD10*CD19"¢" 20 + 3.5% >
CD10™CD19~ 7.44 + 2.1%). DNA synthesis rates are not
reported for pre/pro-B cells, but data may be compared with an
average of 20-40% BM pre-B cells in S/G, + M ex vivo phases
or 25% in the fraction of large dividing CD34~CD19" pre-B cells
in vitro (1, 15). Collectively, it indicates a comparatively efficient
B-lineage development from CD34" CB progenitors in the S17
system (15, 24) that may involve S17-derived cytokines (16) and
includes pre/pro-B-cell and CLP/early-B-cell differentiation with
different onset kinetics.

The above wave of pre/pro-B development before CLP/early-B-
cell differentiation challenges the paradigm that the CLP is the
sole pro-B-cell precursor (5). We next asked whether the proposed
CLP or pre/pro-B stage could originate alternatively from the
pluripotent CB precursors that further lack the CD45RA CLP
marker (10). CD34™¢"CD45RA"CD10~CD19~ and CD34M¢"-
CD45RAMCD10~CD19™ cells (Fig. 24, Left) were purified by
FACS (Fig. 24, Right), and their fate was assessed after 1215 days
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Fig. 2. CD34"I"CD45RA"Lin~ pluripotent precursors develop into a
CD34MI"CD4SRA M in~ intermediate stage that acquires either CD10 or
CD19in a mutually exclusive manner. (A) Magnetically enriched CB CD34"9" cells
were labeled with antibodies against CD34, CD45RA, CD10, and CD19 antigens,
and CD34"9"CD45RA~CD10"CD19~ or CD34MI"CD45RA™MCD10~CD19~ pop-
ulations gated as indicated (Left) were sorted. (Right) Reanalysis and purity
of sorted cells (99.9 + 0.1% and 99.0 + 0.2%, respectively; n = 4). (B)
CD34, CD45RA, CD10, and CD19 expression patterns in CD34M9"CD45RALin~
(Upper) and CD34M9"CD45RA®™ ™ in~ (Lower) progenies, respectively, after
2 weeks of 517 cocultures. The input cell number was 10° cells per well, and the
2-week yield was 50.78 + 6.9 x 10° or 304.38 + 45 x 10® cells per well for
CD34MI"CD45RA™CD107CD19™ or CD34"9"CDA5RAMCD10"CD19™ progeny,
respectively. Data are representative of four independent experiments.

CDaSRA

in S17 cocultures (Fig. 2B). CD34"€"CD45RA~CD10"CD19~
cells differentiated into CD34""CD45RA™ and then
CD34"€"CD45RAME" intermediate populations (Fig. 2B, Upper
Left), within which cells started to express either CD10 or CD19 in
an alternative manner. Whereas pre/pro-B and CLP/early-B cells
were scarce but readily evident, pro-B cells represented only 6 x
107 total CD34*CD45RA™ cells (Fig. 2B, Upper Right). Notably,
when more differentiated CD34™"CD45RA " CD10~CD19~
precursors were used (Fig. 24, Bottom Right), they developed
further into a CD34™/"°“CD45RAM¢" stage that showed markedly
higher frequencies of pre/pro-B and CLP/early-B-cell progeny and
also generated larger pro-B cell numbers (Fig. 2B, Lower). Col-
lectively, pre/pro-B and CLP/early-B cells are in alternate B-lin-
eage pathways branching after CD45RA acquisition, as defined by
the order of CD10 and CD19 acquisition by individual cells from
precursor—product assays.

Single-Cell Gene Expression Profiles and Precursor-Product
Differentiation Assays Show That Unilineage Pre/Pro-B Cells Are in a
Distinct Developmental Pathway Alternative to Multilineage CLPs.
The gene expression profiles and precursor potential of human
pre/pro-B cells generated in vitro have not been examined. First,
multiplex gene expression profiles of B-lineage commitment and
specification genes were comparatively analyzed in single pre/pro-
B, CLP/early-B, pro-B cells, and the CD34% double negative
precursors (Table 1) following methods reported for fresh CB and
BM B-cell progenitors (2, 21). Day 13-16 S17 cocultures (from
three distinct donors reported in Fig. 3) were chosen because all
the subpopulations were represented in sufficient numbers at this
culture time to be sorted with high purity into the PCR tubes.
Results show that 9 of 10 single pre/pro-B and pro-B cells
expressed Pax5 message and a high proportion of them also
coexpressed Rag-1, VpreB, and CD79a mRNA but did not
express recombined V@DJy message (VyDJy~, pH™) (Table 1)
consistent with bona fide pre/pro-B and pro-B stages, respectively.
The latter gene expression profiles are coincident with the mRNA
expression patterns from fresh CB cells of the same phenotype
(21). In contrast to pre/pro-B-cell and pro-B-cell homogeneous B-
lineage profiles, only ~1/20 of the individual CLP/early-B cells
analyzed in parallel expressed Pax5, Rag-1, VpreB, or CD79a, and
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Table 1. Expression profiles of B-lineage commitment and
specification genes in individual CD34" sorted cells from
CD34"9"/S17 cocultures during the initial wave of B-cell
development (percentages of individual positive cells)

CD34*10719- CD34*10*19~ (CD34*10719* (CD34*10*19*
Pax5 4.10 6.67 89.47 88.23
TdT <1 <1 <1 <1
Rag-1 <1 6.67 70.58 40.00
VpreB <1 6.67 76.47 66.67
CD79a 4.10 6.67 76.47 86.67
Vy <1 <1 <1 <1

Multiplex RT-PCR analyses of gene profiles of individual cells from the
indicated populations were carried out in single cells sorted from 1- to 2-
week CD34"9"Lin~ pluripotent precursor/S17 cocultures according to estab-
lished protocols (18-36 cells per subpopulation from three independent
donors, total of 75 cells) (2, 21). Results are expressed as the percentage of
individual cells showing mRNA expression of the indicated gene among the
total number of single cells analyzed in each population. Only samples show-
ing GAPDH amplification were considered (21).

many did it in stochastic combinations of some of those genes.
These findings, together with CD3e or pre-Ta mRNA expression
patterns in this population (8.3% and 12.3%, respectively), define
CD34*CD10*CD19~ by phenotype and genotype as a CLP with a
minor early-B-cell fraction (11, 21). This is again similar to the
findings reported for fresh CB counterparts (21).

Aliquots of the purified CD34* double-negative CLPs and pre/
pro-B subpopulations (Fig. 3, Middle) were cultured to compare in
parallel their gene expression profiles and their developmental
potential in distinct differentiation conditions. In S17 cocultures,
pre/pro-B cells showed increased CD19 surface expression and
developed mainly into pro-B cells (Fig. 3, Right Middle). CLPs
developed after 1 week of S17 reculture (Fig. 3, Right Bottom) into
phenotypically homogeneous progeny of early-B cells (11). Finally,
we show that the more primitive double-negative precursor pop-

CD34* cells Reanalysis 1-week
pre-sort post-sort culture
.CD34*1019"
0.2 0.0 127 .14
- o] T
L
* "

w98 0.8)
o .CD341019*
0.6

24 25 98 15 83
17 ~1.5 0.1 14 | 05
3y .CD3410°19 ' '
0.0 0.3 “lo.2 1.0
=2 -
é 0.6 * 99 1.4 ' 97

Fig. 3. Precursor—product relations among CD34"9"Lin™ progeny developed
in vitro delineate two distinct B lineage development pathways. Highly pure
CB CD34"9"CD10~CD19™ precursors were cocultured on 517 stroma for 13-16
days; labeled with antibodies to CD34, CD10, and CD19 to sort
CD34*CD10°CD19~, CD34*CD10-CD19*, and CD34*CD10*CD19™ progenitors
(>99%, >99%, and 98.5 + 0.3% pure on reanalysis, respectively); and replated
on fresh S17 for an additional 1 week. (Middle) Purity of sorted populations.
(Right) CD10 and CD19 expression in each sorted subset differentiated prog-
eny. The input cell number was 10° cells per well, and 13-day yields were 289 +
48 x 10%, 224 + 59 x 10%, and 72 + 14 x 10 cells per well for CD34*CD10°CD197,
CD34*CD10°CD19*, and CD34*CD10*CD19~ progenitors, respectively. Data
are representative of four independent experiments.
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ulation indeed contained progenitors that entered into the two
alternate differentiation pathways proposed here: They generated
either pre/pro-B cells that generate pro-B cells or alternatively
developed into CLPs that differentiate after 1 week of culture in
early-B cells that raises pro-B cells at 3 weeks (Fig. S2).

Recently, fresh CLPs (defined by a CD34*CD45RA*CD10'"-
CD19™ phenotype) have been shown to have a multilineage
potential with a low B-lineage-committed precursor frequency (i.e.,
~1/87) (11). Accordingly, the CLPs generated here (also a
CD34*CD45RA*CD10°"CD19~ phenotype) are multipotent and
give rise to NK cells or DCs after 6 days in IL-15 or GM-CSF + IL-4
conditions (10, 11, 17), respectively. Remarkably, the Pax-5* pre/
pro-B cells entered a cell death program under the same NK cell or
DC standard development conditions (Figs. S3 and S4). Collec-
tively, Pax-5" pre/pro-B cell “unilineage” commitment reinforces
the notion that they are in an alternate pathway to the CLP mul-
tilineage pathway that includes T-cell, NK cell, and DC precursors
as well as some Pax-5* early-B cells (10, 11, 21).

We also examined the patterns of CD7 expression in the two B
lineages shown in the S17 system, because a fraction of FBM pre/
pro-B cells defined by three-color analyses were reported to express
a CD7*TdT~ phenotype not found in the “conventional” B-lineage
precursors (CD7-CD10*TdT™) from the same FBM samples (20).
We found that during the initial wave of development in our cul-
tures, CD7™&" expression profiles distinguished most of the pre/pro-
B cells generated from the CLP/early-B cells (Fig. S5). Ordering of
the CD34"€" — pre/pro-B — pro-B — pre-B stages after five-color
analyses of live cultured cells revealed a developmental modulation
of CD7 levels that coordinated with key CD34, CD19, and CD10
expression changes among the cells differentiated in vitro but could
not be directly compared with the reported findings in FBMs (20)
(Fig. S6). These findings led us to assess TdT expression and func-
tion directly in the proposed alternate pathway.

Regulation of TdT Expression in the Pre/Pro-B Pathway: Low Level of
TdT-Mediated N-Nucleotide Insertion Associated with Differential V-
D-Jy Gene Usage. The pre/pro-B and pro-B cells generated in 10-
day S17 cultures did not express TdT mRNA (Table 1); this gen-
otype differs in part from the fresh CB counterpart population, in
which ~55-91% of cells bear TdT (21). The pre-B-cell progeny

A CELL Vi P N P D P

(CD34~CD10*CD19™) was 100% Pax5* and expressed TdT in
one-third of individual cells in 3-week cultures, and TdT levels
increased steadily with culture age, as reported in gene expression
studies and single-cell TdT staining analyses (15, 21).

We previously sequenced ViDJy transcripts from single pre/pro-
B cells circulating in CB, which included ~5% cpH "L~ and 9-45%
TdT™ subsets (21). The IgH chain third complementary region
(HCDR3), which includes the V@DJy and D@Jy coding joints
where TdT inserts “N-nucleotides,” had neither the typical fetal nor
adult prototype HCDR3 patterns proposed for conventional CLP/
early-B cells (3, 12, 21, 22). Here, we tested whether the HCDR3 in
fresh CB pre/pro-B-cell progeny harbors Vy@DJy rearrangements
without N-additions, as occurs before 2 months of age; this process
cannot be explained by the precursor cells in conventional CLP/
early-B-cell pathways, as proposed by Schroeder and coworkers
(22). We show additional HCDR3 sequences from single-cell pro-
genitors from a distinct CB donor (Fig. 4). Collectively, approx-
imately one-third of the individual pre/pro-B-lineage cells examined
had VyDJy transcripts with no N-addition at the V@DJy or D@Jy
joints; this is typical of third-month fetal HCDR3 sequences (25).
The average N-addition length between D and Jy was approx-
imately three nucleotides, similar to that reported for total fetal type
HCDR3 with DJy usage associated with low N-addition numbers
(22). This differs significantly from typical postnatal HCDR3, which
shows extensive N-additions independent of D and Ji; usage (22,25-
27). As predicted, some joints without N-addition had “P-inser-
tions” (short germline sequences palindromic to the coding joint
ends of D-Ji genes), because P-insertions occur when TdT is absent
(28). Finally, the low TdT expression levels and functional activity in
the CB pre/pro-B lineage was associated with frequent use of distal
5’-upstream Dy segments and distant 3’-downstream Jy; elements.
In addition, it did not include the Jy; proximal D7-27 (DQ52) gene,
which is used preferentially by the fetal CLP/early-B-cell lineage
(22). All these characteristics define D-Jy usage strikingly similar to
that of fetal pH transcripts with low N-insertion numbers (22, 26).

Discussion

We show that pre/pro-B cells and CLP/early-B cells are alternate
pro-B-cell precursors in two distinct B lineages using multiplex

N P Ju

v

#2 TGTGCGAGA GTATCAG GATTTTTGGAGTGGTT

v

TGC ACGGTATGGACGTCTGGGGCCAAGGGACCACGGTCACCGTCTCCTCA

#6 TGTACTG TAGCAGCAGCTGG ~ (CCA) TGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA
#14 TGTGCGAGA  CCCCAGAGCCCTTT  TTACGATTTTTGGAGTGGT  TTTGAG TTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA
#29 TGTGCGAGG ACCCCCTC CTACGGTGGTAACTCC (G) GACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA
#33 TGTGCGAGA GGCG GCCCGGGGGGTCATTTTG TTAGTT (C) GCTGAATACTTCCAGCACTGGGGCCAGGGCACCCTGGTCACCGTCTCCTCA
B CELL IN FRAME Vy-DN D USAGE D-Ju N JHUSAGE N addition CDR3 codon length
Vy-D-Jdy nucleotides nucleotides
#2 NO 7 DXP4 (D3-3) 3 Jné YES 15 +
#6 YES 0 DN1 (D6-13) 0 Jud NO 9
#14 YES 14 DXP4 (D3-3) 6 Jud YES 18
#29 NO 8 DA3 (D4-23) 0 Jnd YES 12+
#33 NO 4 DLR4 (D2-2) 6 Jut YES 17 +

Fig. 4. CB alternate B-cell progenitor HCDR3. (A) Vy-D-Ji sequences from individual cells of CD34*CD19*IgM™~ phenotype, with each segment contribution.
Thirty-six cells were sorted and analyzed; all were GAPDH*Pax5*, but only 5 of 36 expressed mRNA transcripts for Vy-D-J, rearrangements, a frequency of pre-
B-I cells in this CB B-cell progenitor compartment (~14%) that is consistent with our prior report (21). Consensus HCDR3 definition is the interval between the
marked (v ) TGT (92 cysteine) and TGG (103 tryptophan) codons (22). (B) Defined contribution to the sequence of Vy segments, P junctions, TdT N-region
insertions, D genes, and J, sequences to the HCDR3 length and diversity is depicted for every single cell. Sequences were analyzed using the ImMunoGeneTics
software tools, which are freely available at http://www.imgt.org. That approximately three of five rearrangements were out of frame is a feature expected in
spH™ B-cell precursors and confirms the progenitor and unselected nature of these cell repertoires (22).
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analyses of cell division, surface phenotypes, gene expression
profiles, and HCDR3 sequences to visualize their precursor—
product relations at the single-cell level. The first pathway is
initiated from unilineage CD34" pre/pro-B cells that acquire
CD19 in a stepwise fashion before CD10 and contains cells that
lack TdT in the initial wave of in vivo and in vitro B-cell devel-
opment. This population accordingly harbors HCDR3 reper-
toires that include Igs with no N-addition in their D-Jyy joints and
frequently uses distal 5'-upstream Dy segments and distant 3'-
downstream Jy elements; these HCDR3 sequences are found
neither in conventional late CLP/early-B-lineage cells nor in
total repertoires generated after 2 months of age. The second
pathway originates from multilineage CD34" CLP/early-B cells
that, in turn, are known to acquire CD10 before CD19 and
express TdT from the beginning of CLP ontogeny onward.

Here, we used CB CD34* SC and B-cell precursors, because
the number and generative capacity of human CD34* SC and B-
cell progenitors in vitro and in vivo are greater in CB than in
adult or pediatric BM; this has led to their extensive application
in reparative medicine (16, 29). The primitive CD34" SCs
originate in subaortic patches in the aorta-gonad-mesonephros
region, enter the blood circulation, colonize several embryo
organs, and promote transient multifocal B-lymphopoiesis that
features frequent TdT~ pre-B cells and B-1a/CD5* B cells; both
in mice and humans, all these processes take place before the
organogenesis of the BM cavities (6-8, 30-33).

The origin of CB B-cell progenitors is, however, unknown in both
species (21, 34), but pre/pro-B cells and B-1a progenitors are rare or
undetectable in adult BM (8, 35). In adult BM, human pre/pro-B-cell
frequencies are well below those detected in CB (21, 35), and mouse
B-1 cells belong to the B-1b lineage that bears TdT activity and are,
by that criterion, like the B-2 lineage (8, 36). The mouse B-1a- and
B-2-lineage biology is markedly different (7-9) and may resemble
aspects of the human pre/pro-B and CLP/early-B-cell pathways, at
least in CB and S17 in vitro systems analyzed, respectively.

Classical schemes of blood cell formation are described in
terms of discrete developmental points, with a single route for
each major cell type. Recent reports nonetheless show that the
B-cell development process is much more plastic than originally
thought and generates multiple B lineages with distinct bio-
logical features that are medically relevant (9, 37-39). Mouse B-
1a cells have unilineage precursors that acquire CD19 before the
conventional CLP marker appears days before B2-lineage onset
in the fetus and show the absence of TdT-mediated N-nucleotide
addition at their HCDR3 (7, 8, 36). This HCDR3 repertoire is
essential for generating perinatal antibodies with nonrandom
“germline-encoded” specificities (“canonical” Igs); in mice, these
antibodies are needed for acquisition of complete protective
immune defense from lethal bacterial pathogens and production
of natural autoantibodies (37, 28). These findings suggest the
need for studies to determine whether the pre/pro-B population
has similar functions in humans.

HCDR3 inspection in adult B cells allowed mapping the origin of
B-cell chronic leukemia to the fetal emergence of B-1a progenitors
(39). The origin of human infant acute B-lymphoblastic leukemia (B-
ALL) has been backtracked by others to an in utero transformation
event following the detection of transformed preleukemic cells in CB
years before clinical onset of disease (40). Recent results show that
the actual frequency of Pax-5* early-B-committed cells in the CLP
population is lower than generally expected (11, 21); this, together

1. Nishimoto N, et al. (1991) Normal pre-B cells express a receptor complex of p heavy
chains and surrogate light-chain proteins. Proc Nat/ Acad Sci USA 88:6284-6288.

2. Ghia P, et al. (1996) Ordering of human bone marrow B lymphocyte precursors by
single-cell polymerase chain reaction analyses of the rearrangement status of the
immunoglobulin H and L chain gene loci. J Exp Med 184:2217-2229.

3. DaviF, et al. (1997) Early onset of immunoglobulin heavy chain gene rearrangements
in normal human bone marrow CD34* cells. Blood 90:4014-4021.
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with their T-cell potential, might explain the large proportion of
DQ52-bearing rearrangements in acute T-lymphoblastic leukemia
and their very low frequency in B-ALL, without requiring that DQ52
expression protect against B-ALL disease (22,41). Although B-ALL
is the most frequent pediatric cancer, the known phenotype and Ig
repertoire of infant B-ALL could not be accommodated by any cell
target in the CLP/early-B lineage model of human development
(27). We propose that pre/pro-B cells are the normal infant B-ALL
counterparts: Both are phenotypically CD34*CD10"CD19* and
harbor typical N-insertion-lacking HCDR3 sequences that we map
to the initial pre/pro-B lineage wave.

Materials and Methods

Human Cells: Phenotypic Characterization and Sorting. CB cells from term
healthy donors were processed as before (21) after obtaining the mother’s
informed consent and the approval of the Alcala University Ethics Com-
mittee. CD34M9" cells were enriched by means of the CD34 MicroBead kit
and AutoMACS (Miltenyi Biotec) following the manufacturer’s instructions
(96-98% purity). Antibodies were CD34-APC (clone 581), CD34-peridinin
chlorophyll protein (PerCP)-Cy5.5 (8G12), CD19-phycoerythrin (PE) and
CD19-allophycocyanin (APC) (HIB19), anti-HLA-DR-PerCP (L243), CD1a-APC
(H1149), CD80-PE (L307.4), CD83-APC (HB15e), and CD56-PE (NCAM16.2)
from Becton Dickinson; CD10-FITCand CD10-PE (MEM-78), CD45RA-FITCand
CD45RA-PE-Cy5.5 (MEM-56), CD16-FITC (3G8), CD3-APC (54.1), and CD7-PE
(clone 6B7; Invitrogen); biotin apH (SA-DA4) and streptavidin-APC from
Southern Biotech; and CD86-FITC (BU63) from Serotec. Isotype-matched
antibodies (Becton Dickinson) were the background controls. Dead cells
were excluded from analyses with 7-AAD or LIVE/DEAD-fixable-violet
(Invitrogen). Multicolor analyses and sortings were done with a FACSCalibur
or FACSAria (Becton Dickinson). FACS data were analyzed using FlowJo
software (Tree Star) with “logicle” compensation and fluorescence-minus-
one background controls (42).

CFSE and Click-It labeling. CB mononuclear cells were resuspended in 37 °C
prewarmed PBS at 107 cells/mL loaded with 1 uM CFSE (Vybrant CFDA SE cell
tracer kit; Invitrogen) by incubation for 10 min at 37 °C protected from light.
The reaction was stopped by adding cold 10% FBS. Ten CD34MsM/s17
cocultures of progenitors not labeled with CFSE were run in parallel to dis-
card the dye’s interference in reported progenitor development assays. Cell
division generation numbers were defined with the FlowJo Proliferation
Platform Tool (Tree Star). The Click-It/EdU proliferation assay (Invitrogen)
was run as instructed by the manufacturer.

Progenitor Cell Cultures. The S17 line (24) was maintained in complete medium:
RPMI 1640 with glutamax (Lonza) and 5 x 107°M 2-mercaptoethanol (Fluka), plus
10% (vol/vol) FBS, at 37 °Cin an 8% (volivol) CO, atmosphere. B-cell differentiation
conditions in progenitor/S17 cocultures were as reported (21) in complete medium
plus 3% (vol/ivol) FBS in 24-well plates (Falcon 353047; Becton Dickinson).

Single-Cell Multiplex RT-PCR. Multiplex RT-PCR analysis was performed
according to free full-text article protocols (2, 21). Sets of 75 individual cells
from three independent CD34"9"/517 cocultures were analyzed and always
gave GAPDH™* amplification.
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