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B-cell precursors (BCP) arise from hematopoietic stem callin bone marrow (BM).
Identi cation and characterization of the different BCP shsets has contributed to the
understanding of normal B-cell development. BCP rst reange their immunoglobulin
(Ig) heavy chain (IGH) genes to form the pre-B-cell receptofpre-BCR) complex
together with surrogate light chains. Appropriate signaig via this pre-BCR complex
is followed by rearrangement of the Ig light chain genes, redting in the formation,
and selection of functional BCR molecules. Consecutive pduction, expression, and
functional selection of the pre-BCR and BCR complexes guidéhe BCP differentiation
process that coincides with corresponding immunophenotyjc changes. We studied
BCP differentiation in human BM samples from healthy contte and patients with
a known genetic defect in V(D)J recombination or pre-BCR siwling to unravel
normal immunophenotypic changes and to determine the effetcof differentiation blocks
caused by the speci c genetic defects. Accordingly, we desgned a 10-color antibody
panel to study human BCP development in BM by ow cytometry, vhich allows
identi cation of classical preB-I, preB-Il, and mature B-ells as de ned via BCR-related
markers with further characterization by additional marks. We observed heterogeneous
phenotypes associated with more than one B-cell maturationpathway, particularly
for the preB-l and preB-Il stages in which V(D)J recombinath takes place, with
asynchronous marker expression patterns. Next Generatiosequencing of complete
IGH gene rearrangements in sorted BCP subsets unraveled tlirerearrangement status,
indicating that BCP differentiation does not follow a singllinear pathway. In conclusion,
B-cell development in human BM is not a linear process, but aather complex
network of parallel pathways dictated by V(D)J-recombin&n-driven checkpoints and
pre-BCR/BCR mediated-signaling occurring during B-cell ppduction and selection. It
can also be described as asynchronous, because precursor Bells do not differentiate
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as full population between the different stages, but rathetransit as a continuum, which
seems in uenced (in part) by V-D-J recombination-driven cackpoints.

Keywords: next generation sequence (NGS), immunoglobulin re pertoire, bone marrow, ow cytometry,
precursor B-cell

INTRODUCTION human BCP development is important to identify and unravel
pathophysiological processes in hematological malignanoigs a

B cells arise from hematopoietic stem cells in bone marrovsrimary immunode ciencies (PID), caused by genetic defects
(BM) and develop in a stepwise mannér £). Identi cationand  (16). In turn, BCP analysis in genetically-de ned PID can help
characterization of the di erent B-cell precursor (BCP) setss e|ucidating the role of speci ¢ genes in BCP developmer; (
contributes to the understanding of normal B-cell developllne 17)’ because absence (Or dysfunction) of essential protei_[m:)ca
(3, 4). Currently, it is accepted that expression of the PAXZ full orincomplete block of maturation at speci ¢ developmeht
transcription factor triggers commitment to the B-cell lmge  stages8-20).
through the expression of B-cell speci c genes such as CD79a Here, we studied BCP di erentiation in BM from both healthy
(or lga) and CD19, while suppressing B-lineage inappropriateontrols and patients with a well-de ned genetic defect in
genes. Since cytoplasmic expression of CD79a (cyCD79a)\ifD)J recombination or pre-BCR signaling, to further unrhve
one of the rst signs of B-cell lineage commitment, humanthe normal immunophenotypic pro les of BM BCP at distinct
cyCD79& CD19- cells are dened as pro-B cells, followedstages of maturation and to determine the type of di erentiati
by CD19 expression in pre-B-I cells. During this stage, V-D-blockades caused by speci ¢ genetic defects. In multiple €péle
recombination of the immunoglobulin (lg) heavy chain (IGH) design, testing, evaluation, and redesign, we developedal®f
locus is initiated by the recombination activating gene&@  antibody combination and applied novel data analysis strategi
and RAG2) b-11). If this rearrangement process results inpased on multivariate (principal component and viSNE) analysi
a functional protein, Ign heavy chain is expressed in the(21) that allowed more detailed characterization of previously
cytoplasm (cylg), which de nes the pre-Bll-stage. Whenever described BCP populations. This 10-color antibody combimatio
rearrangement of the rst allele does not result in a produeti \as rst validated against a conventional 4-color parigl 15,
Ilgm molecule, the second allele will be rearrangedn lig 18 22). Secondly, we analyzed Ig gene rearrangement status and
expressed on the cell membrane together with the surrogat@e gating strategy based on BCR-associated markers (G&;D7
light chainsl 14.1 and VpreB as pre-B-cell receptor (pre-BCRkyigm, IgM, IgD, CD19) was compared with gating based on
(12,13. Pre-BCR signaling triggers a cascade of events includingembrane markers such as CD10 and CD20, as also done in the
downregulation of the recombination machinery to ensutlel&d  |iterature (7, 23-25). Gating based on BCR-associated markers
exclusion and subsequent proliferation, followed by openingllowed us to de ne the crucial steps of B cell development
of the Ig light chain (IGL) locus, which is being rearrangedpetter than gating based on other non-BCR-associated cirfa
under the inuence of a second expression wave of RAGHarkers alone, while intracellular markers emerged as &asen
and RAG2 (0, 14). After successful IGL rearrangement, ato adequately delineate BCP development.
functional BCR in the form of a complete IgM molecule is
expressed on the cell surface membrane, de ning progression
the immature B-lymphocyte stage. Subsequent IgD expressitMATERlALS AND METHODS
on the plasma membrane of IgMimmature B-cell leads to Bone Marrow Samples
the di erentiation into mature naive B-lymphocytes, which BM samples from healthy controls were left over samples from
are released from BM to peripheral blood (PB). In additionhealthy children who donated BM for transplantation into a
to the above described changes in rearrangement status agfeased sibling or were collected from patients that had a
expression of Ig molecules, BCP undergo also other maturatio B\ biopsy to rule out other diseases than lymphoid PID. The
associated immunophenotypic changes. Whereas, Pro-B celliter BM samples were considered to be normal when no
express stem cell markers such as CD34 and CD10, later staggslignant cells were detected in combination with a normaFB
start to express B-cell speci ¢ markers such as CD19 and CD2§; erentiation pattern upon standard diagnostic testing. Rati
Additionally, cells that are in their rearrangement procegpress  BM samples were collected for PID-diagnostics. Both normal BM
TdT in two waves, one during the IGH gene rearrangementsamples and patient BM samples in this study were obtained with
and another during the IGL gene rearrangement which ensuregformed consent according to the guidelines of the locatiioal
junctional diversity by random addition of non-templated ethics committee of the Erasmus MC (MEC-2013-026) and the
nucleotides at the joining sites of the V, D, and J geneg.umc (P08.001).
Expression of these markers and the di erent variants of the . .
immunoglobulin (BCR) complex-molecules can be studied witH~low Cytometric Immunophenotyping and
ow-cytometry (15). Repertoire Analysis of Bone Marrow

Most knowledge about B cell development in BM cameFlow cytometric immunophenotyping of BM samples was
from mouse studies; however, detailed insight into normaberformed on a LSR Fortessa (BD Biosciences, San Jose, CA)
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with instrument setting according to EuroFlow SORG6(. on all selected parameters. In a viSNE plot the distance of
Following the EuroFlow bulk-lysis SORG 27), cells were one event to other events represents how similar events
stained for surface membrane (sm) and intracellular markerare, with the most similar events plotting closest to each
in two consecutive steps. The following surface stainingsther (21).
- uorochrome conjugate (clone)- were used: IgM-BV510 For repertoire analysis, two BM samples without malignant
(MHM-88) CD38-BV605 (HIT2) and CD20-PB (2H7) were cells and with normal BCP di erentiation (determined with
all from Biolegend (San Diego, CA); CD34-APC (8G12)tandard diagnostic testing) were enriched for B cells using
and IgD-PeCF594 (IA6) were both from BD Biosciences)a RosetteSepp human B-cell enrichment cocktail (Stem
CD19-PC7 (J3-119) was purchased from Beckman Coulterell Technologies, Vancouver, Canada) according to the
(Fullerton, CA); and CD10-APC-C750 (HI10a) was obtainedmanufacturer's instructions, as described elsewhefd). (
from Cytognos (Salamanca, Spain). Sustained cells weBibsequently, the B-cell enriched samples were frozen irdliqu
xed and permeabilized using the Fix&Perm reagent Kkitnitrogen and thawed prior to sorting. Sorting was done with
(An der Grub, Vienna, Austria) according to manufacturersthe same 10-color antibody combinations as described above
instructions, and further stained for intracellular marker on an FACS Aria-lll ow cytometer (BD Biosciences). After
IgM-PerCPcy5.5 (MHM-88) from Biolegend; TdT-FITC (HT6) sorting, cells were washed and DNA was isolated using a
purchased from (Supertechs, Rockville, MD); and CD79a-PHirect lysis procedure as described elsewhé&@. (From this
(HM47) purchased from Beckman Coulter) (s@able 1 for DNA, IGH rearrangements were amplied in a 2-step PCR
complete panel). and sequenced by NG3GH rearrangements were ampli ed
Patient BM samples were analyzed in parallel with 435 cycles) using the forward VH1-6 FR2 and reverse JH
diagnostic 4-color panel as previously described (8, consensus EuroClonality/BIOMED-2 primers, extended with
for comparison of the new 10-color panel to the 4-colorlllumina P5 and P7 adapter sequencd)( Subsequently, PCR
diagnostic panel (gold standard). Based on the 4-coloproducts were puried by gel extraction (Qiagen, Valencia,
protocol the main precursor B-cell populations wereCA), followed by a nested PCR reaction (12 cycles) to include
dened as follows: pro-B-cells as CD22D19 ; pre-B-l the sample-specic indices and lllumina sequencing adapters
cells as CD1%cylgnm , pre-B-1l cells as CD™&ylgr©IgM ; using primers from the lllumina TruSeq Custom Amplicon
immature cells as CDfagMCIgD and CD1%IgMCIgD®. Index Kit (lllumina, San Diego, CA). The nal PCR product
For calculation the composition of the precursor B-cellconcentration was measured using the Quant-it Picogreen
compartment mature B-cells are excluded, because matudsDNA assay (Invitrogen, Carlsbad, CA). The libraries were
B-cells can also arise from peripheral contamination. Amanalyzed by NGS (221 bp paired-end) on the MiSeq platform
overview of the antibodies used in all panels can be foun@llumina, San Diego, CA, USA) with use of an Illlumina MiSeq
in Table 1 Reagent Kit V3, according to the manufacturer's protocol
For data was analysis with In nicyt (Version 1.8, Cytognos)(lllumina, San Diego, CA, USA). Paired sequences were
and Cytobank (Cytobank, Inc, Santa Clara, CA, USA) softwareligned using paired-end read merger (PEARP)( and the
programs were used. Principle component analysis wdastq les were converted to fasta les3d). Subsequently,
performed with the In nicyt software. This method calculate the sequences were trimmed to remove the primer sequence
the most discriminating projections based on selectednd uploaded in IMGT/High-V-Quest 34); subsequently,
parameters, into a single Automated Population Separatadhe IMGT output les were analyzed using the ARGalaxy
(APS) bi-dimensional graph. Multiple APS graphs (APS1tool (https://bioinf-galaxian.erasmusmc.nl/argalaxydsy For
APS2 etc.) can be generated, depending on which parametemsalysis only a single sequence per clone (de ned as same V
contribute more or less to the principle components on thegene, same J gene and the nucleotide sequence of the CDR3
X-axis and Y-axis. VISNE projectior2{) was calculated using region) were included. In-frame IGH rearrangements were
Cytobank (Cytobank, Inc, Santa Clara, CA, USRB)( This dened to have an in-frame rearrangement without a stop
method generates a 2D dotplot in which the X- and Y-axiscodon. Unproductive IGH rearrangements were either out-
are de ned by virtual parameters called tSNE1 and tSNEXf-frame rearrangements or in-frame rearrangements with a
in which all events are projected integrating informationstop codon.

TABLE 1 | Composition and technical information on reagents of the 1@olor EuroFlow BCP tube.

Target CD20 IgM CD38 TdT CD79a IgD cylgM CD19 CD34 CD10
clone 2H7 MHM-88 HIT2 HT6 HM47 1A6 MHM-88 J3-119 8G12 HI10a
Volsume im 1.3m im 0m 5m 3m 25m 5m 25m 5m
(undiluted)

Shaded elds indicate intracellular markers.
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A
Pro-B Pre-BI Pre-Bll Immature Mature
VA-IA
B
B cell precursors
E (cyCD79a+)
Il All B cell precursors and B cells
1 Bl Pro-B (CD19- TdT+ CD34+)
[ Pre-B-1 (CD19+ cylgu- IgM-)
] [ Pre-B-1l (CD19+ cylgu+ IgM-)
3 I Immature (CD19+ cylgu+ IgM+ IgD-)
§ i EE Mature (CD19+ IgM+ IgD+)
o
CD19
Pro-B Pre-B-1
=
bl
cD19 T
Pre-B- Immature
i ! . .
-~ | Mature ]
i
= 1
=3
I IgM - I I ) I cylgum I I '
c Control RAG deficiency BTK deficiency
4 color panel | .I
10-color tube | .I
0 20 40 60 8 10 0 2 4 6 8 10 0 20 40 60 8 100
% within B-cell precursors % within B-cell precursors % within B-cell precursors
FIGURE 1 | Major BCP subsets in human bone marrow(A) Schematic representation of the BCP subsets in human bone m@ow, the green bars indicate when
recombination processes take place.(B) Population de nition based on BCR-related markers. All cyCD9a expressing cells are considered BCP or B cells. Pro-B
cells are de ned as CD19- TdTC, pre-Bl cells are de ned as CD19C cylgm- IgM-, pre-BlI cells are de ned as CD19C cylgmC IgM-, immature B cells are de ned as
CD19C IgMC IgD- and mature B cells are de ned as CD1¥ IgMC IgDC. (C) BCP subset distribution in the same sample that was acquiredh parallel with two
different panels. Population de nition was in both cases doe as indicated above.
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RESULTS pre-Bll cells, both populations showing progressively higher
. expression levels of CD20, similarly to immature B-lymphosyte
Subset De nition Based on (Figure 28).

BCR-Associated Markers Is Consistent

Between Different Panels _
To study human BM, we designed and validated a 10-coloAsynchronous Expression of

owcytometry antibody combination to be stained in a single Non-BCR-Associated Markers in BCP

tube (Table 1), to make optimal use of available material and _ ;
integrate information about both intracellular and extrla&ar ;;at'?e?‘?lsl:)e hed by BCR-Associated

markers on each individual cell. This 10-color tube wa ) - . . .
tested against a previously validated 4-color diagnostic lpani? Order to gain further insight into the relationship betew

(7, 18 using BM samples from healthy controls and plDthe pattern of expression of non-Ig related markers and kylg
patients. B cells and BCP were de ned as cyCOi798he ve W€ compared BM pre-Bl and pre-BIl cells from controls to
major B-cell populations (pro-B, pre-Bl, preB-II, immature and patients with R_AG-de ciency and BTK-_de ciency. As descidbe
mature B cells) Kigure 1A) were gated based on the stainingabove a fraction of all pre-Bl cells in controls, loses CD34
proles for the BCR-associated markers CD19, nTdT, aylg and/or TdT expression, and some upregulate CDEgre 3.

IgM, and IgD (Figure 1B and Supplementary Materia), as In RAG-de cient patient, TdT expression remains intact, but
de ned by the previously observed subset distribution with!0SS Of CD34 together with some upregulation of CD20 was
the 4-color panel used as gold standard. Since I§Miells ©OPserved. Thus, it appears that BCP can lose CD34 and
(mature B cells) can also be detected in peripheral blooHpreguIate. CDZQ in the absence of a functionally rearranged
(PB), they were not considered as a formal BCP stage. In tdtf@vy chain while they do not loose TdT. In BTK-de ciency
independent 6 D 4 controls and 6 patients) samples both?@ similar prole was observed. In addition, within the pre-

panels revealed the same precursor B-cell subset distriqutioB!! BCP of controls and BTK-de cient patients, some cells
as illustrated by three representative casesigure 1C one retained CD34 and/or TdT expression, although they already

of normal BCP development, a RAG de cient patient and€XPressed cyfg Since RAG de cient patients do not have pre-
a BTK de cient patient. This indicates that gating based orBll cells, we could not compare this subsgt for these patlents.
BCR-associated markers is consistent between both panels ghfie9ether, there results point out the existence of di erent
gives comparable results in both healthy controls and picinetics of expression of BCR-associated and other non-BCR-

patients with defects in BCR signaling or V(D)J recombinatio "¢lateéd markers during normal B-cell maturation. Additiaily,
(Figure 10). RAG or BTK de cient cells can lose CD34 expression, without

downregulating TdT.
B-Cell Populations De ned Based on

BCR-Associated Markers Only Show Dissection of Multiple BCP Maturation
Heterogeneous Intra-Population Pathways in BM
Phenotypes Multivariate analysis of normal BM BCP based on all markers

Based on BCR-associated markers only (cyCD79a, CDlé&valuated simultaneously revealed the existence of up to
cylgm, IgM, and IgD), 4 distinct subsets of BCP werethree (parallel) distinct maturation pathways, where the BCR-
identi ed/de ned as described above. Further analysis ofassociated cylgM and CD20 represent the major discrimimgatin
the expression proles for other markers (i.e. TdT, CD34,markers Supplemental Figure J. Based on a data set of 5
CD10, CD20, and CD38) within these four B-cell populationshealthy control BM samples, a reference BM pro le was built
showed highly heterogeneous patterns, particularly withie-pr using the APS1 view —Principal Component (PCyv4 PC2-

Bl and pre-Bll BCP Figure 2A). Thus, pre-Bl BCP were of the in In nicyt software (36) (Figure 4A), after plotting the
mainly TdTC and CD34C, but some cells had lost one or 2SD lines corresponding to each reference population of normal
both markers, while, at the same time, they were CD10 BCP. Once this reference prole has been built, BCP events
and CD20- ruling out they could be unswitched memoryfrom a sixth, independent healthy donor was plotted against
B-cells. Similarly heterogeneous patterns of expressiore weit (Figure 4B), the events neatly falling within the ranges of
observed for CD10 and CD38 (most cells being positivéhe other 5 healthy controls BM samples. In contrast, when
but a minority negative) and CD20 (most cells CD20- butBM BCP from a patient with RAG-de ciency and another
some were CD2D), pointing out the existence of multiple child with BTK-de ciency were plotted against the reference
subsets of pre-Bl cellsFigure 2A). In turn, pre-BIl cells, prole, proles with a clear blockade appeared with most cells
were cylgnpositive while mostly negative for CD34 and exclusively present within the rst maturation pathway. In
TdT, but with some CD3€ and TdTC pre-B-Il cells. CD20 the BTK de cient patient, a small fraction of the BCP cells
expression was highly heterogeneous within this populatiomeached the pre-B-Il stagearigure 4C). Furthermore, in this
with progressively more CD20 molecules per cEig@re 2A).  representation, some patient cells fell outside the 2SD lines of
Multivariate (e.g., ViSNE) analysis con rmed the presence oboth pre-Bl and pre-Bll suggesting the existence of aberrant
minor subsets of TdT CD34 pre-BlIB-cellsand CD32 TdTC  phenotypic pro les.
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FIGURE 2 | Heterogeneity within BCP subsets(A) Dotplots of a representative normal bone marrow sample, shaing all cyCD79&C B cells in bone marrow.
Populations of interest are highlighted in a different cotopro-B cells in pink, pre-B-I cells in green, pre-B-II cellin blue, immature cells in orange(B) Results of a
VISNE analysis of individual B-cell precursor subsets, regsented by tSNE-1 vs. tSNE-2 plots. The color scale represgs the intensity of the stain for individual
markers: TdT, CD34, CD20, CD10, and CD38.

IGH Gene Rearrangement Pro le of BCP at stages, we can examine how heterogeneous these populations
the pre-Bl and pre-BIl Stage Showing are Figures 5C,D.

Distinct Patterns of Expression of CD34

and TdT Rearrangement Status Classi es the

When we focused on the cells that were neither within the 2SDntermediate Stages

interval of the pre-Bl cells nor in the 2SD interval of pre-Bélls, 1o further dissect this, we sorted the pre-B populations into
we found that they are present in normal BCP di erentiation o populations: pre-BIC/C (CD1SC cylgn- CD34C TdTC),
(between 1 and 3% of all BCP cells), although not as many as B?e-BI—/— (CD1X cylgn CD34- TdT ), pre-Bli—/— (CD1XL

the patient samplesH{gure 5A). These cells are de ned as pre- cylgnC CD34 TdT ) and pre-BIC/C (CD1&C cylgmC

Bl or pre-Bll based on the absence or presence ofmylgit  cp34c TATC). We isolated DNA from these subsets and
the expression of TdT, CD34, CD10, and CD20 is asynchronougsquenced complete IGH rearrangements using next-generation
with their cylgm status Figure 5B). We can divide the pre- sequencing. We found that in the pre-®IC cells, the majority

Bl cells in true pre-Bl cells that are CDI9cylgn- CD34C  of complete rearrangements is non-productive with an in-frame
TdTC (pre-BIC/C) and another, more heterogeneous group thatyon-productive ratio of 1:9, which is in line with the obsetioa

is CD1& cylgn- but where CD34 and or TdT expression is that these cells do not express cylgu, y&g(re 58). In the pre-
negative (pre-Bl-/-). These cells are not switched memory Bj_/_cells, the in-frame: non-productive ratio is 4:1, it 80%
cells coming from peripheral blood, because they all expregg rearrangements in frame, which is in line with the obséiom
both CD10 and CD38. The same split can be made within thenat these cells all express cylgu. In the pre-Bl—/— population,
pre-BlI cells, dividing them in pre-Bll cells that are CDA9  the in-frame: non-productive ratio is 3:1, and in the pre-BIC
cylgnC CD34 TdT (pre-Bll-/-) and a heterogeneous group population, this ratio is also 3:1. In these populations, thetiesa
that is CD1ZL, cylgnC but that still have CD34, TdT or amount of in-frame complete rearrangements is approximately
both these markers (pre-BI/C). In the APS views that are the same, however, in one population the cells do not express
based on all BCPs, these cells end up between pre-Bl and pigdgu, whereas they do in the other populations. This indisate
BIl. If we create an APS view of only the pre-Bl and pre-Bllthat in the pre-Bl—/— cells in-frame rearrangements are pnése
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FIGURE 3 | pre-Bl and pre-BIl marker expression in control and patientamples. (A) Dot plots representing pre-BI cells from a control sample, ad two patient
samples, indicating the uncoupling of expression of cylg and surface markers like CD34, CD20, and CD10. In both the combl and the patients, cells without cylgn
can lose CD34 expression and gain CD20 expression(B) Dot plots representing pre-Bll cells from a control sample, rrd two patient samples. In both the control and
the patients, cells with cylgn expression can still express CD34 and TdT, and CD20 expressi is heterogeneous.

but they are either not productive (i.e., notleading to aftioeal  normal development as found in patients. Unexpectedly, when
protein) or they are not (yet) expressed. The pre-BIC already we included information from additional (non-BCR) markers,
express cylgu, but did not yet downregulate CD34 and TdTwe found heterogeneity, especially within the preB-1 and preB-
In addition, we analyzed the CDR3 lengths of the productivel populations, during which V(D)J recombination takes place
rearrangements as well as proportion of IGH CDR3s witB, with expression of surface markers that seem asynchronous
2, 1, or O positive chargesigures 5F,G. The CDR3 lengths to the expression of cylg NGS analysis of complete IGH
of productive rearrangements of pre-B-I-/— cells were longerearrangements in sorted populations was used to determine the
than the productive rearrangements of pre-B-C and pre-B-Il  rearrangement status at the DNA level.

cells, which could be explained by a lower number of nucleotid We showed that BCR-related marker based population
deletions. The proportions of IGH CDR3 charges did not di er de nition is consistent over samples and dierent panels,

between the four subpopulations. but this results in heterogeneous populations when other
markers, like CD34, TdT, and CD20 are considered. Upon
DISCUSSION more in-depth study of expression patterns of these markers,

we found that in some specic populations, expression
In this study, we designed and validated a 10-color owof these markers is asynchronous to the process of BCR-
cytometry panel, to study human BCP development in BM offormation. This e ect is more visible in patients with defects
immune de cient patients at crucial developmental threst®ld in V(D)J-recombination. Speci cally, we found that CD20
in more detail than was done previously. In our standardizeccan be upregulated in the absence of aylgxpression and
measurements, we could reliably gate populations accordirifyat cells can lose TdT expression and CD34 expression
to BCR-related markers. This allowed us to superimpose PIWithout having expression of heavy chain protein in
samples over healthy controls and describe the deviatiam fr the cytoplasm.
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FIGURE 4 | Supervised APS view of BCP populations in healthy bone mamo (n D 5) indicated by lines at 2SD intervals(A) BCP populations in a pool of 5 healthy
bone marrow samples that were used to create the APS view. Les indicate the 2 SD range of each population, dot indicate mhividual cells. The different populations
are indicated by the different colors(B) 2 SD lines of BCP populations derived from a pool of 5 healthyahors, dots indicate total BCP from a sixth healthy donor, a
RAG de cient patient and a BTK de cient patient, plotted agairst the reference pool.(C) Bars indicate the BCP subset distribution of each sample, copared to age

matched controls 5 years).
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FIGURE 5 | Further dissection of the BCP compartment(A) APS views indicating the cells that are outside the 2SD linesf the pre-B-I and pre-B-Il populations of
healthy controls.(B) Expression of CD34, TdT, CD10, and CD20 within cylig (in green) and cylgnC cells. All cells here are CD1@ CD10C CD38C indicating that
they are bone marrow derived B cells(C) APS views indicating the cells that are outside the 2SD linesf the pre-Bl and pre-Bll populations of healthy controls, clor
coded as in B. (D) APS view supervised on pre-Bl and pre-BlI cells, separatindné transitioning pre-B cells further(E) Distribution of in-frame and out-of-frame
DNA-rearrangements in sorted pre-B subpopulations(F) CDR3 length of productive rearrangements of the four sortegre-B-I and pre-B-II populations.(G) The
proportion of CDR3 regions with 3, 2, 1, or 0 positive charges.

We combined the population-gating based strategy that ifigh CD20 expression in populations that were assumed to
often used in ow cytometry with principle component analysis. be early in B-cell di erentiation. Even though the exact role
We showed that the BCP populations seem to overlap, indicatingf CD20 on B cells is not found yet, it is still a useful
a continuous process rather that a step-wise di erentiatiohisT marker indicating B-cell development and if highly expressed
is in line with asynchronous marker expression that we seeombination with loss of CD10 and CD38, indicating maturity
between surface markers e.g. each cell seems to up-and-dowinthe B cells. CD20 expression does not seem to be related
regulate its phenotype markers at its own pace. Even more, sométh BCR-rearrangement.
phenotype markers that were previously thought to be V(D)J- Both in PID patients and in control samples, we
recombination dependent, seem to progress even in the abseridenti ed cells outside the reference borders of the de ned
of cylgm expression, as indicated by loss of CD34 and gain gfopulations (e.g., pre-Bl and pre-Bll) in the APS plots,
CD20 in patients with genetic defects in V(D)J-recombination although the cell numbers were much lower in control
Some of the cellular phenotypes that we found in controlsamples. Especially in the RAG de cient patient this is
are more common in genetically de ned patient samples. Thistriking, because it seems as if some cells can progress in
indicates that, even though cells cannot successfully asger surface marker expression by expressing CD20 and loosing
their IgH-locus, as is the case in RAG de ciency0(37), CD34, without having a functionally rearranged heavy chain
they will still lose CD34 expression as if they are progressinghis further supports the idea that expression of CD20
to the next stage. In addition to that, we found that CD20and CD34 is not in all cells strictly linked to IGH gene
expression is gradually increasing over the course of Severaarrangement status.
stages. However, CD20 expression is heterogeneous in manyTo further dissect this, we sorted preB-I and preB-ll
populations. Especially in patient samples, we often detectexlls and further divided these populations based on their
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CD34 and TdT expression. DNA extracted from these celimmunode ciency with those of individuals with undisturbleB

populations was used to study complete IGH-rearrangementsell development.

using NGS. In preB&/C cells we showed that close to 90%

of detectable IGH gene rearrangements are non-productiv) ATA AVAILABILITY STATEMENT

Since these cells do not express cylgu yet, we hypothesize

that these cells have not yet obtained an in-frame IGHThe raw data supporting the conclusions of this manuscript will

rearrangement, and thus they still express CD34 and TdT. lbe made available by the authors, without undue reservatmn

preB-Il cells that are CD34- TdT-, around 75% of detectableny quali ed researcher.

IGH rearrangements were in-frame. These cells all expréga,cy

and some have an non-productive rearrangement on one alletETHICS STATEMENT

combined with an in-frame rearrangement on the second ajlel

which explains the 25% of non-productive rearrangements imhe studies involving human participants were reviewed and

this population. The preB-lIC/C cells also contain 75% approved by Normal BM samples and patient BM samples

of in-frame rearrangements. Possibly, these cells havg onh this study were obtained with informed consent according

just completed their in-frame rearrangement, starting atfg to the guidelines of the local medical ethics committee of

expressing cylgu but still need to downregulate CD34 and TdTthe Erasmus MC (MEC-2013-026) and the LUMC (P08.001).

However, our data is not su cient to conclude this. Also, we Written informed consent to participate in this study was

detected around 75% in-frame rearrangements in preB-l-/-provided by the participants' legal guardian/next of kin.

cells. These cells have an in frame IGH rearrangement at

the DNA level, but they do not (yet?) express cylgu proteinAUTHOR CONTRIBUTIONS

To further investigate this, single-cell analysis on DNA, RNA

and protein level might give further insight in how and why MB, TK, AO, and JD: contributed conception and design of the

V(D)J recombination status and phenotypic marker expressiogtudy. MW, TK, MP-A, LM, HI, FK, AL, and QL: performed

are linked. the data acquisition and data analysis. MW and MB wrote the
In conclusion, we have designed and validated a standatdiz@nanuscript. All authors contributed to manuscript, read, and

10-color staining and analytical tools for the analysis ofPBC approved the submitted version.

compartment in human BM. Our data indicate that BCP

di erentiation is not a single linear dierentiation pathway, FUNDING

but rather a complex process of V(D)J recombination-driven

checkpoints, divergence, parallel pathways and convergeng® were supported by Ministry of Education, Youth and

to form a unique and functional BCR. The data alsoSports NPU | no. LO1604 and CZ.2.16/3.1.00/21540. The

support the notion that B cell maturation is asynchronous,EuroFlow meetings and development of the 10-color BCP-

implying that precursor B-cells do not dierentiate as BM tube was supported by the EuroFlow Consortium.

full population between the dierent stages, but ratherThe IGH repertoire studies were supported by the Dutch

transit as a continuum, which can be inuenced in part Organization for Scienti c Research (NWO/ZonMW VIDI grant

by V(D)J recombination-driven checkpoints. Due to this 91712323 to MB).

continuum, small populations of cells are captured as they

transit between stages and, thus, have intermediate patter\ CKNOWLEDGMENTS

of marker expression. Understanding the process of BCP

di erentiation requires an integrated approach of single-cellThe authors would like to thank Ingrid Pico-Knijnenburg and

DNA, RNA and protein analysis, which can be appliedpeter J. M. Valk for help with the NGS runs.

for studying blockades in BCP dierentiation pathways of

genetically de ned immunode cient patients. We propose SUPPLEMENTARY MATERIAL

that our immunophenotyping panel can be used in multi-

center studies with the standardization stringency depetb The Supplementary Material for this article can be found

by the EuroFlow consortium2©), thus allowing to mutually online at: https://www.frontiersin.org/articles/10.388nmu.

compare the data-les generated on patients with primary2019.02680/full#supplementary-material

REFERENCES 3. Loken MR, Shah VO, Dattilio KL, Civin Cl. Flow cytometric
analysis of human bone marrow. Il. Normal B lymphocyte
1. Ghia P, ten Boekel E, Rolink AG, Melchers F. B-cell development: a development Blood (1987) 70:1316-24. doi: 10.1182/blood.V70.5.1
comparison between mouse and mammunol Today (1998) 19:480- 316.1316
5. doi: 10.1016/S0167-5699(98)01330-9 4. Loken MR, Shah VO, Hollander Z, Civin CI. Flow cytometric analysis
2. LeBien TW. Fates of human B-cell precursoBlood (2000) 96:9- normal B lymphoid developmen®athol Immunopathol Re§1988) 7:357—
23. doi: 10.1182/blood.V96.1.9 70. doi: 10.1159/000157129

Frontiers in Immunology | www.frontiersin.org 10 November 2019 | Volume 10 | Article 2680



Wentink et al.

Human Precursor B-Cell Development

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Mere E, Milili M, Blanco-Betancourt C, Antunes H, NussenzweigCM

Busslinger M. Transcriptional control of early B cell developméminu 20.
Rev Immunol(2004) 22:55-79. doi: 10.1146/annurev.immunol.22.012703.1
04807

. Ghia P, ten Boekel E, Sanz E, de la Hera A, Rolink A, Melchers Fridigde

of human bone marrow B lymphocyte precursors by single-cell polymerasgl.
chain reaction analyses of the rearrangement status of the immunalgidt

and L chain gene locil Exp Med(1996) 184:2217-29. doi: 10.1084/jem.184.
6.2217

. van Zelm MC, van der Burg M, de Ridder D, Barendregt BH,22.

de Haas EF, Reinders MJ, et al. Ig gene rearrangement steps are
initiated in early human precursor B cell subsets and correlate
with specic transcription factor expressionJ Immunol (2005)
175:5912-22. doi: 10.4049/jimmunol.175.9.5912

23.
Schi C. Immunoglobulin heavy chain expression shapes the B cell recept
repertoire in human B cell developmend Clin Invest.(2001) 108:879—

86. doi: 10.1172/JCI13051

. Geier JK, Schlissel MS. Pre-BCR signals and the control
of Ig gene rearrangements Semin Immunol (2006) 18:31- 24.
9. doi: 10.1016/j.smim.2005.11.001

Oettinger MA, Schatz DG, Gorka C, Baltimore D. RAG-1

and RAG-2, adjacent genes that synergistically activate J/(D)

recombination Science (1990) 248:1517-23. doi: 10.1126/science.23
60047 25.
van Gent DC, McBlane JF, Ramsden DA, Sadofsky MJ, Hesse JE,

Gellert M. Initiation of V(D)J recombinations in a cell-free systerg b
RAG1 and RAG2 proteinsCurr Top Microbiol Immunol (1996) 217:1—

10. doi: 10.1007/978-3-642-50140-1_1 26.
Herzog S, Reth M, Jumaa H. Regulation of B-cell proliferation and
di erentiation by pre-B-cell receptor signallingNat Rev Immunol (2009)
9:195-205. doi: 10.1038/nri2491

Espeli M, Rossi B, Mancini SJ, Roche P, Gauthier L, Schini@ation of
pre-B cell receptor signaling: common and distinctive features in huma
and mouse Semin Immunol (2006) 18:56—66. doi: 10.1016/j.smim.2005.
11.002

27.

Stadhouders R, de Bruijn MJ, Rother MB, Yuvaraj S, Ribeiro
de Almeida C, Kolovos P, et al. Pre-B cell receptor signaling28.
induces immunoglobulin  kappa locus accessibility by functional
redistribution of enhancer-mediated chromatin interactions
PLoS Biol (2014) 12:e1001791. doi: 10.1371/journal.pbio.10
01791 29.

van Lochem EG, van der Velden VH, Wind HK, te Marvelde JG, Wit

NA, van Dongen JJ. Immunophenotypic di erentiation patterns of notma
hematopoiesis in human bone marrow: reference patterns for age-relateg8D.
changes and disease-induced shi@@gtometry B Clin Cytom(2004) 60:1—

13. doi: 10.1002/cyto.b.20008

Gathmann B, Grimbacher B, Beauté J, Dudoit Y, Mahlaoui N,
Fischer A, et al. The European internet-based patient and researcBl.
database for primary immunode ciencies: results 2006-20G8n Exp

Immunol (2009) 157(Suppl. 1):3-11. doi: 10.1111/j.1365-2249.2009.
03954.x

Schi C, Lemmers B, Deville A, Fougereau M, Me re E. Autosomal primary
immunode ciencies a ecting human bone marrow B-cell di erentiatio
Immunol Rev. (2000) 178:91-8. doi: 10.1034/j.1600-065X.2000.1
7804.x 32.
Noordzij JG, de Bruin-Versteeg S, Comans-Bitter WM, Hartwig

NG, Hendriks RW, de Groot R, et al. Composition of precursor

B-cell compartment in bone marrow from patients with X- 33.
linked agammaglobulinemia compared with  healthy children.

Pediatr Res (2002) 51:159-68. doi: 10.1203/00006450-200202000-
00007

Noordzij JG, Verkaik NS, van der Burg M, van Veelen LR,34.
de Bruin-Versteeg S, Wiegant W, et al. Radiosensitive SCID

patients with Artemis gene mutations show a complete B-cell

di erentiation arrest at the pre-B-cell receptor checkpoint in bone
marrow. Blood. (2003) 101:1446-52. doi: 10.1182/blood-2002-0
1-0187

Pearl ER, Vogler LB, Okos AJ, Crist WM, Lawton AR, Cooper MD. B
lymphocyte precursors in human bone marrow: an analysis of normal
individuals and patients with antibody-de ciency stated. Immunol
(1978) 120:1169-75.

Amir el-AD, Davis KL, Tadmor MD, Simonds EF, Levine JH, Bend@ll S
et al. ViISNE enables visualization of high dimensional sindlede¢a and
reveals phenotypic heterogeneity of leukenNat Biotechnol(2013) 31:545—
52. doi: 10.1038/nbt.2594

Anzilotti C, Kienzler AK, Lopez-Granados E, Gooding S, Davig
Pandit H, et al. Key stages of bone marrow B-cell maturation are
defective in patients with common variable immunode ciency disosde

J Allergy Clin Immunol (2015) 136:487-90 e2. doi: 10.1016/j.jaci.2014.1
2.1943

Dulau Florea AE, Braylan RC, Schafernak KT, Wiliams KW,
Daub J, Goyal RK, et al. Abnormal B-Cell Maturation in the
Bone Marrow of Patients with Germline Mutations in PIK3CDI
Allergy Clin Immunal (2016) 139:1032-5.e6. doi: 10.1016/j.jaci.2016.
08.028

Lougaris V, Baronio M, Masneri S, Lorenzini T, Cattivelli K, Tallgp@, et al.
Correlation of bone marrow abnormalities, peripheral lymphocyte subsets
and clinical features in uncomplicated common variable immunode cienc
(CVID) patients Clin Immunol (2016) 163:10-3. doi: 10.1016/j.clim.2015.
12.006

Kohn LA, Seet CS, Scholes J, Codrea F, Chan R, Zaidi-MérShax al.
Human lymphoid development in the absence of common gamma-chain
receptor signalingd Immunol (2014) 192:5050-8. doi: 10.4049/jimmunol.13
03496

Kalina T, Flores-Montero J, van der Velden VH, Martin-Ayuso Mit&tier

S, Ritgen M, et al. EuroFlow standardization of ow cytometer instent
settings and immunophenotyping protocolteukemia (2012) 26:1986—
2010. doi: 10.1038/leu.2012.122

Flores-Montero J, Sanoja-Flores L, Paiva B, Puig N, Garcia-
Sanchez O, Bottcher S, et al. Next Generation Flow for highly
sensitive and standardized detection of minimal residual disedn
multiple myeloma. Leukemia (2017) 31:2094-2103. doi: 10.1038/leu.
2017.29

Kotecha N, Krutzik PO, Irish JM. Web-based analysis and
publication  of ow cytometry  experiments. Curr  Protoc
Cytom (2010) Chapter:Unit10.17. doi: 10.1002/0471142956.cy10
17s53

Pelék O, Kuilkova D, Thirner D, Kiene ML, Stanar K, Stuchly J,
et al. Lymphocyte enrichment using CD81-targeted immunoa nity matri
Cytometry A(2017) 91:62—72. doi: 10.1002/cyt0.a.22918

van der Burg M, Kreyenberg H, Willasch A, Barendregt BH, Preuner S,
Watzinger F, et al. Standardization of DNA isolation from low celhmbers

for chimerism analysis by PCR of short tandem repebtukemia (2011)
25:1467-70. doi: 10.1038/leu.2011.118

van Dongen JJ, Langerak AW, Briiggemann M, Evans PA, Hummel
M, Lavender FL, et al. Design and standardization of PCR primers

and protocols for detection of clonal immunoglobulin and T-
cell receptor gene recombinations in suspect lymphoproliferations:
report of the BIOMED-2 Concerted Action BMH4-CT98-
3936. Leukemia (2003)  17:2257-317. doi:  10.1038/sj.leu.24
03202

Zhang J, Kobert K, Flouri T, Stamatakis AREAR: a fast and
accurate lllumina Paired-End reAd mergeRBioinformatics (2014)

30:614-20. doi: 10.1093/bioinformatics/btt593

Blankenberg D, Gordon A, Von Kuster G, Coraor N, Taylor J,
Nekrutenko A, et al. Manipulation of FASTQ data with Galaxy.
Bioinformatics  (2010)  26:1783-5.  doi:  10.1093/bioinformatics/
btg281

Alamyar E, Duroux P, Lefranc MP, Giudicelli V, Alamyar E. IMGT{(R)
tools for the nucleotide analysis of immunoglobulin (IG) and T

cell receptor (TR) V-(D)-J repertoires, polymorphisms, and IG
mutations: IMGT/V-QUEST and IMGT/HighV-QUEST for NGS.

Methods Mol Biol (2012) 882:569-604. doi: 10.1007/978-1-61779-
842-9_32

Frontiers in Immunology | www.frontiersin.org

11

November 2019 | Volume 10 | Article 2680



Wentink et al.

Human Precursor B-Cell Development

35. IJspeert H, van Schouwenburg PA, van Zessen D, Pico-Kbijmgn, Stubbs
AP, van der Burg M, et al. antigen receptor galaxy: a user-friemdip;based
tool for analysis and visualization of T and B Cell receptor repertdat.J
Immunol (2017) 198:4156—65. doi: 10.4049/jimmunol.1601921

Con ict of Interest: The authors declare that the research was conducted in the
absence of any commercial or nancial relationships that coulddiestrued as a
potential con ict of interest.

36. Costa ES, Pedreira CE, Barrena S, Lecrevisse Q, Flores Capyright © 2019 Wentink, Kalina, Perez-Andres, del Pino MoliFspeert,

Quijano S, et al. Automated pattern-guided principal component Kavelaars, Lankester, Lecrevisse, van Dongen, Orfao mmgvBurg. This is an
B-open-access article distributed under the terms of théw@r€@mmons Attribution
cell chronic lymphoproliferative disorders: a step forward in the License (CC BY). The use, distribution or reproductiorhierdorums is permitted,

analysis vs expert-based immunophenotypic classication of

standardization of clinical immunophenotyping.Leukemia (2010)
24:1927-33. doi: 10.1038/leu.2010.160

37. Notarangelo LD, Villa A, Schwarz K. RAG and RAG defeCisrr Opin
Immunol.(1999) 11:435-42. doi: 10.1016/S0952-7915(99)80073-9

provided the original author(s) and the copyright ownergseedited and that the
original publication in this journal is cited, in accordaneith accepted academic
practice. No use, distribution or reproduction is permhittdich does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

12

November 2019 | Volume 10 | Article 2680



