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Central B cell tolerance, the process restricting the development of
many newly generated autoreactive B cells, has been intensely
investigated in mouse cells while studies in humans have been
hampered by the inability to phenotypically distinguish autoreac-
tive and nonautoreactive immature B cell clones and the difficulty
in accessing fresh human bone marrow samples. Using a human
immune system mouse model in which all human Igk* B cells un-
dergo central tolerance, we discovered that human autoreactive
immature B cells exhibit a distinctive phenotype that includes
lower activation of ERK and differential expression of CD69,
CD81, CXCR4, and other glycoproteins. Human B cells exhibiting
these characteristics were observed in fresh human bone marrow
tissue biopsy specimens, although differences in marker expres-
sion were smaller than in the humanized mouse model. Further-
more, the expression of these markers was slightly altered in
autoreactive B cells of humanized mice engrafted with some hu-
man immune systems genetically predisposed to autoimmunity.
Finally, by treating mice and human immune system mice with a
pharmacologic antagonist, we show that signaling by CXCR4 is
necessary to prevent both human and mouse autoreactive B cell
clones from egressing the bone marrow, indicating that CXCR4
functionally contributes to central B cell tolerance.
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he bone marrow tissue is the major site of postnatal B cell

development in both mice and humans (1, 2). B lympho-
poiesis begins when hematopoietic stem cells (HSCs) differen-
tiate into common lymphoid progenitors that commit to the
B cell lineage by developing into precursors of B cell progenitors
(3). These precursors undergo a step-by-step differentiation
process that is accompanied by the rearrangement of V, D, and J
gene segments at the immunoglobulin (Ig) heavy chain locus first
and then, after a heavy (H) chain is expressed, of V and J seg-
ments at the Ig light chain loci, Igk and IgA (4). The de novo
synthesized H and L Ig chains pair with the signaling molecules
CD79A and CD79B to form a B cell receptor (BCR) that is
expressed on the cell surface as IgM and that functions as anti-
gen receptor (5). These newly generated IgM™ B cells, which are
identified as immature B cells, undergo further differentiation
into transitional B cells that enter the circulation and complete
their maturation in the spleen (6).

A feature of B cell development is that the assembly of the Ig
H and L chain genes occurs through random reassortment of
numerous V(D)J gene segments, which facilitates the generation
of a vast number of antibody specificities, one per each devel-
oping B cell (4). While this feature is crucial to the development
and maintenance of a B cell population and antibody repertoire
capable of recognizing any pathogen, the disadvantage is that the
majority of these V(D)J gene sequences encode antibodies that
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are self-reactive (7, 8). It is well established that the entry of
newly generated autoreactive B cell clones into the peripheral
tissue is restricted by the physiological process of tolerance, a
process that evolved to reduce the chance of autoantibody re-
sponses and autoimmunity. Indeed, antibody repertoire studies in
mice and humans as well as studies with Ig transgenic and knock-
in mice have amply demonstrated that the transition from the
bone marrow immature B cell stage to the peripheral B cell stage
is accompanied by a significant decrease (about twofold) in the
frequency of autoreactive clones (8, 9), and this is because clones
with BCRs that exhibit high avidity for self-antigens are prevented
from entering the peripheral B cell population (10-12).

The process of central B cell tolerance has been mainly
characterized in mouse models where it operates via the main-
tenance of RAG1/2-mediated VJ recombination at the light chain
loci (i.e., receptor editing) and by inducing cell death (i.e., clonal
deletion) in clones in which receptor editing fails to provide a
nonautoreactive specificity within a few days (13-16). A major
bottleneck in studying central B cell tolerance in humans is the
difficulty of acquiring fresh bone marrow samples and the inability
to identify and distinguish autoreactive from nonautoreactive
B cell clones. Single-cell cloning of Ig genes from newly formed
bone marrow B cells that emigrated into the blood, together with
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the expression and testing of the antibodies they encode, have
provided estimates of the efficiency of central B cell tolerance in
humans (7, 17). These studies have elegantly shown that central
B cell tolerance is significantly less efficient in many autoimmune
patients, and particularly in those with systemic lupus eryth-
ematosus (SLE), rheumatoid arthritis (RA), type-1 diabetes
(T1D), and Sjogren’s syndrome (18-22). These studies have fur-
ther shown that the genetic variant R620W of the PTPN22 protein
tyrosine phosphatase, a variant linked to a higher risk for the
development of autoimmunity, is also associated with higher fre-
quencies of autoreactive/polyreactive clones among the new emi-
grant transitional B cells, revealing a defective central tolerance
checkpoint in individuals carrying this risk allele (23).

To elucidate mechanisms of development and tolerance of
human B cells, our group has investigated human immune sys-
tem humanized mice (HIS hu-mice) in which human B lym-
phocytes develop subsequent to the engraftment of human
umbilical cord blood HSCs (24, 25). With this intent, we have
previously created a HIS hu-mouse model in which all mouse
cells express a synthetic membrane-bound self-antigen (Hck)
that reacts at high avidity with developing human Igx™ B cells
(26). In this model, all human x* B cells are autoreactive and
undergo central tolerance in the bone marrow via a mix of re-
ceptor editing and clonal deletion (26).

In the present study we aimed to exploit this HIS hu-mouse
model to discover markers that distinguish human autoreactive
immature B cells from nonautoreactive cells, as well as to identify
pathways that contribute mechanistically to the enforcement of
central B cell tolerance. Our data show that human autoreactive
immature B cells contrast from nonautoreactive cells by up-
regulating CD69 and CXCR4 while downmodulating the expres-
sion of IgM, CD19, CD81, and BAFFR as well as maintaining
lower ERK activation. Cells with a similar phenotype, although
more subtle, were also observed within the developing immature
B cell population of human bone marrow specimens. Moreover,
small differences in the expression of these markers and in the
amount of sera autoantibodies were found in HIS hu-mice gen-
erated with HSCs from some donors genetically predisposed to
autoimmunity. Finally, our data demonstrate that retention of
human autoreactive B cells in the bone marrow does not rely on
CD69 expression while is critically dependent on CXCR4 signal-
ing, indicating that the CXCR4-CXCL12 pathway enforces
central B cell tolerance.

Results

Differential Expression of Several Markers Distinguishes Autoreactive
from Nonautoreactive Human Immature B Cell Clones. To determine
diagnostic and functional differences between autoreactive and
nonautoreactive newly generated human B cells, we employed
the Hek+ HIS hu-mouse model in which human B cells develop
in the bone marrow of immunodeficient mice following the
transplantation of human cord blood HSCs (26). In these Hek+
hu-mice, all x* immature B cells that emerge at the completion
of the IgL VJ recombination process (about 50% of all human
immature B cells) are de facto high-avidity autoreactive clones
that undergo central tolerance, while A" B cells are non-
autoreactive toward the Hck self-antigen (26).

Groups of Hek+ and Hek— hu-mouse littermates were recon-
stituted with cord blood HSCs obtained from different donors,
and bone marrow cells from these mice were analyzed by flow
cytometry 13 to 15 wk after HSCs engraftment. A flow cytometry
staining panel was developed to exclude unwanted cells and to gate
on hCD45" CD24"CD38" developing human B cells, including
pro-B, pre-B, and immature B cells (27) (Fig. 14 and SI Appendix,
Fig. S14). The bone marrow CD24™CD38" cell population of HIS
hu-mice comprises almost exclusively CD19™ B cells and only few
CD197 cells (SI Appendix, Fig. S14). CD20 is expressed only
by a minority of these cells, as it is up-regulated asynchronously
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between the pre-B and the transitional B cell stages (26). As pre-
viously shown (26), the autoreactive human k* B cells developing in
Hcex+ hu-mice display almost complete internalization of the
autoantigen-bound (IgM) BCR and significant downmodulation of
CD19, characteristics similar to mouse B cells undergoing central
tolerance (28-30). Consequently, we used CD19 surface levels and
intracellular (IC) Igk (corresponding to total surface and IC Igk) to
gate CD19"Y k' autoreactive immature B cells among the
CD24"CD38"-developing B cells in Hek+ hu-mice, and CD19"
«"* nonautoreactive immature B cells in Hex— hu-mice (Fig. 1B).
We additionally analyzed human A* immature B cells and x¥ A~
pro-B/pre-B cells (Fig. 1B, bottom plots) as well as hCD45 Dump™*
mouse cells (Fig. 14) as control populations. These cell populations
were investigated for the expression of some molecules known to
mark developmental changes in human B cells, mouse immature
B cells that engage or do not engage self-antigen, or T cells during
thymic selection.

CD10 and CD20, which are up-regulated either before the
pro-B cell stage or between the pre-B and transitional B cell stages,
respectively (25, 31, 32), were similarly expressed by autoreactive
and nonautoreactive human immature B cells (Fig. 1 C and D and
SI Appendix, Fig. S1B), although there was a slightly higher fre-
quency of CD20* B cells within the autoreactive population
(Fig. 1 D, Left). By contrast, and in accordance with our previous
data (26), IgM was greatly downmodulated from the cell surface of
human x* autoreactive immature B cells (Fig. 1 C and D and SI
Appendix, Fig. S1B). The expression of BAFFR, the main receptor
for the B cell growth hormone BAFF, was also evaluated because it
is lower on mouse autoreactive immature B cells relative to non-
autoreactive cells (33, 34). We similarly observed in hu-mice a di-
minished expression of BAFFR on autoreactive human B cells
compared to nonautoreactive cells (Fig. 1 C and D).

One of the molecules we elected to analyze was CD69, a
transmembrane C-type lectin protein that marks thymocytes
engaging major histocompatibility complex molecules during
positive and negative selection (35-37), but that has not been
previously identified as a marker of B cell tolerance. Surprisingly,
surface expression of CD69 was greatly increased (by about
fourfold) on k* autoreactive cells of Hck+ hu-mice, and this
manifested both as a higher frequency of CD69* cells and higher
amount expressed per cell (Fig. 1 C and D).

As previously indicated, downmodulation of the CD19 cor-
eceptor is a recognized marker of self-antigen engagement dur-
ing central B cell tolerance both in mice and hu-mice (26, 29, 30).
To modulate BCR signaling, CD19 operates in complex with
CD21, CD225, and the tetraspanin CD81 (38, 39). While CD225
and CD21 are only minimally expressed in developing B cells,
CD81 is present throughout B cell development (40). Moreover,
both in mice and humans, the complexing of CD81 and CD19 in
the endoplasmic reticulum (ER) or Golgi is required for their
traffic to the cell surface (41-45). Our analyses show that, similar
to CD19, CD81 was greatly decreased on k" autoreactive B cells
from Hek+ hu-mice relative to the nonautoreactive x* cells
from Hek— animals (Fig. 1 C and D). However, the correlation
between CD81 and CD19 was not present in all cells to the same
extent (SI Appendix, Fig. S1 C, Left). Interestingly, CDS81-
negative cells were more prevalently CD20" (i.e., cells further
along development) compared to CD81'™* cells. CD69 was also
expressed by about 30% of nonautoreactive cells that were, for the
most part, CD20™ (SI Appendix, Fig. S1 C, Center). In addition,
CD81 was highly expressed by most pro-B/pre-B cells, but about
20% of these cells displayed low levels of CD19 and 50 to 70%
expressed CD69 (SI Appendix, Fig. S1 C, Right).

Because expression of CD81 and CD69 has not been explicitly
reported in mouse autoreactive and nonautoreactive immature
B cells, we measured CD19, CD69, and CD81 on bone marrow
immature B cells from the 3-83Igi mouse model of tolerance
(46). CD81 was expressed at lower levels on autoreactive than
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Fig. 1. Analysis of Hck transgenic hu-mice uncovers markers that distinguish human autoreactive from nonautoreactive immature B cells. Bone marrow cells
from Hck— and Hek+ HIS hu-mice were analyzed by flow cytometry 13 to 15 wk after engraftment of hHSCs. (A) Strategy for gating human CD24McD38"
developing B cells in the bone marrow of HIS hu-mice (S/ Appendix, Fig. S1A). The dump channel excludes cells positive for hCD3 (human T cells), hCD14 and
hCD33 (human monocytes and macrophages), mCD45 (mouse hematopoietic cells), and dead cells. (B) Representative analysis of surface CD19 and IC Igk (Top)
and IC Igk and Ig\ (Bottom) in human CD24"CD38" B cells from bone marrow of hu-mice. The top plots display the gating of CD19" ¥* nonautoreactive
(k*NA) B cells in Hck— bone marrow and of CD19'°Y x* autoreactive (k*AUT) B cells in Hck+ bone marrow. The bottom plots show the gating of pro/pre-B cells
(circle gate in the kA", double-negative quadrant). (C) Histogram plots displaying expression of indicated molecules by the following cell populations: mouse
cells (hCD45-Dump*), pro/pre B cells (CD24"'CD38Mk~17), A* immature B cells from Hex+ (CD24MCD38Mk 1), k*NA immature B cells (CD24"'CD38MNCD19"k*
from Hck—), and x*AUT immature B cells (CD24"'CD38MCD19'°%k* from Hck+). Each histogram represents a mouse, and the data are from littermates
transplanted with HSCs from the same cord blood donor. (D) Frequencies of marker-positive cells (Left) and relative MFI of indicated markers (Right) among
the human «*NA or k*AUT CD24"CD38" B cells of Hck+ and Hek— hu-mice generated with different cord bloods. Markers were analyzed as shown in C. (E and
F) Representative flow cytometric analysis of pERK in pervanadate-treated human B cell subsets (E) and relative MFI of pERK in k*NA and x*AUT immature
B cells from Hck+ and Hek— hu-mice generated with different cord bloods (F). The isotype control-stained sample represents CD38" cells from a Hck— hu-
mouse. The MFIs for graphs in D and F were normalized by dividing the MFI values of k*AUT and x*NA cells from individual mice to the average MFI of k*NA
cells from Hck— mice analyzed on the same day. Results in all graphs are expressed as mean and SD. n = 10 Hck+ and 13 Hek— hu-mice generated with three or
four different CBH samples, respectively. Statistical analysis was performed with two-way ANOVA multiple comparison test. *P < 0.05; **P < 0.01; ***P <
0.001; and ****P < 0.0001.

nonautoreactive B cells (SI Appendix, Fig. S2C), but the difference
was smaller than observed in human B cells. In contrast, CD69
was virtually not expressed by mouse immature B cells, although a
closer analysis revealed CD69 mean fluorescence intensity (MFT)
was almost twofold higher on autoreactive B cells (SI Appendix,
Fig. S2C).

We have previously shown that ERK activation, as repre-
sented by the amount of phosphorylated ERK (pERK) in cells
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treated with pervanadate, is higher in nonautoreactive than
autoreactive mouse immature B cells (34, 47). In agreement with
the murine data, human autoreactive immature B cells displayed
less than half the amount of pERK observed in nonautoreactive
cells (Fig. 1 E and F).

In summary, human autoreactive immature B cells that de-
velop in HIS hu-mice display lower levels of IgM, CD19, CDS]1,
BAFFR, and pERK, and higher amounts of CD69 relative to
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nonautoreactive B cells. These differences were consistently ob-
served in animals reconstituted with CD34% cells from separate
cord blood samples (SI Appendix, Fig. S1B), thus representing a
distinctive phenotype that potentially enables the identification of
human autoreactive B cells undergoing central tolerance.

Human CD19'°" Immature B Cells in Wild-Type hu-Mice and Human
Bone Marrow Display a Phenotype Consistent with Self-Reactivity.
Published studies have estimated that about 30% of human and
mouse bone marrow immature B cells produce BCRs with re-
activities for natural self-antigens sufficient to trigger central
tolerance (7, 48). To investigate the presence of these cells in hu-
mice, we compared the eXPression of tolerance markers by (k*
or A") CD19™ and CD19°Y immature B cells from wild-type
(Hek—) hu-mice, assuming that low CD19 marks autoreactive
B cells undergoing central tolerance.

The k* CD19"Y immature B cells from Hek— hu-mice (Fig. 24)
displayed significantly lower expression of surface IgM, CDSI,
BAFFR, and total (IC) Igk compared to CD19" cells (Fig. 2 B and
C). Moreover, the frequency of CD69" cells and the mean ex-
pression of CD69 per cell (i.e., MFT) were significantly higher in the
k* CD19" than the CD19" population (Fig. 2 B and C). In
agreement with the expression of surface markers, CD19'" im-
mature B cells also displayed lower amounts of pERK (Fig. 2 D and
E). Notably, these relative phenotypic differences were consistently
observed in groups of HIS hu-mice generated with different healthy
human cord blood units (SI Appendix, Fig. S34) as well as between
CD19" and CD19'°Y A* B cell populations from the same animals
(SI Appendix, Fig. S3 B-F). However, the differences observed
between CD19" and CD19"¥ cells from Hek— hu-mice were sig-
nificantly smaller than those in Hek+ hu-mice (Fig. 2F).

In order to resolve whether the phenotype observed for hu-
man autoreactive immature B cells occurs physiologically, we
examined B cells from 12 pediatric bone marrow samples iso-
lated from patients ranging in age from 8 mo to 16 y (SI Ap-
pendix, Table S1 and Fig. 34). As shown in Fig. 3B, k*CD19"*"
cells in human bone marrow were about 15% of all x* immature
B cells, on average (range: 7.9 to 22.9%). In addition, these
kTCD19"°% cells expressed up to twofold higher amounts of
CD69 and as much as 1.5-fold lower amounts of CD81 and IgM
relative to CD19™ cells, with variations from sample to sample
(Fig. 3C). Levels of BAFFR were not overall significantly dif-
ferent between CD19'°~ and CD19" k* cells, although they were
lower on CD19"" cells from 8 out of 10 bone marrow biopsy
specimens (Fig. 3C). Furthermore, lower amounts of pERK were
observed in CD19"" relative to CD19" k* cells in the specimens
analyzed for this marker (Fig. 3C).

Overall, these data show the existence of naturally occurring
immature B cells with differential expression of IgM, CD19, CDS],
BAFFR, and CDG69, a phenotype potentially identifying human
immature B cells reacting with natural bone marrow self-antigens.

HSCs from Some Autoimmune-Prone Infants Lead to Differences in
the Expression of B Cell Tolerance Markers. Several autoimmune
diseases manifest with a reduced stringency in central B cell
tolerance (49). Thus, we next used autoimmune-prone cord blood
samples to investigate if these lead to changes in the expression of
the B cell tolerance markers in hu-mice. To this aim, we enrolled
pregnant women with a diagnosis of T1D, SLE, or RA and col-
lected the umbilical cord blood after they gave birth (SI Appendix,
Table S2). Among the 12 autoimmune mothers that donated cord
blood to our study, 8 (66.7%) indicated autoimmunity existed
among consanguineous family members, supporting the existence
of a genetic component in disease onset (50). One of the risk alleles
for autoimmunity is the PTPN22 variant R620W, a variant that
has been linked to defects in central B cell tolerance (23). One
of the cord blood samples was positive for this autoimmune-
related genetic variant (CBA-05; SI Appendix, Table S2) upon
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PCR screening (51). HSCs from the “autoimmune-prone” cord
bloods (CBAs) were used to reconstitute Hek+ and Hex— littermates,
and B lineage cells from these HIS hu-mice were analyzed similar to
those reconstituted with “healthy” (CBH) cord blood.

Our analyses did not reveal any overall significant difference
in the expression of surface markers on bone marrow CD19'%
k" immature B cells when hu-mice were assessed together across
all CBA donors (SI Appendix, Fig. S44). However, we noticed
significant differences when we compared the CD19'Y k* im-
mature B cells of individual “autoimmune” cord blood groups
(for which we had observations from three or more mice) to cells
from the CBH groups. Hu-mice from CBAs 05, 08, 10, and 022
developed B cells with abnormal expression of at least three
markers when compared to CBH B cells (Fig. 44). For CBAs 05,
08, and 10, we also observed abnormal frequencies of CD19*"
cells within the CD20™ cell population (SI Appendix, Fig. S4B), a
parameter with larger intergroup variation in hu-mice generated
with “healthy” samples (26). In addition to these differences,
CD19"" «* cells from some CBA hu-mice groups (CBA 5 and
22 in Hek+ mice and 4, 5, 10, 13, and 22 in Hek— mice) exhibited
significantly higher amounts of pERK compared to cells in CBH
animals (Fig. 4B). Interestingly, cord blood CBA-05, which car-
ried the autoimmune-associated PTPN22 W620 variant, devel-
oped into B cells with altered levels of several markers, such as
IgM, CD69, BAFFR, and pERK MFIs, and the frequency of
CD20" cells with CD19-low expression.

In order to investigate whether a potential genetic predispo-
sition to autoimmunity leads to defects in peripheral tolerance,
we compared secreted Igk in the sera of Hek+ hu-mice. Because
serum Ig is highly variable and often not detected in this model
(26), we normalized the Igk titers to those of Igh. In accordance
with our previous studies (26), tolerance was generally robust, as
we could only measure low amounts of Igk in sera from Hex+
hu-mice. Nevertheless, Hck+ hu-mice generated with “autoim-
mune” cord blood displayed higher Igk serum titers compared to
mice reconstituted with “healthy” cord blood (Fig. 4C).

In summary, these data suggest that HIS hu-mice can reveal
individual variations in central and peripheral B cell tolerance
that may relate to the development of autoimmunity.

CD69 Is Not Necessary to Retain Human Autoreactive B Cells in the
Bone Marrow. It has been shown that CD69 mediates the reten-
tion of developing T cells in the thymus (52-54), and when
overexpressed, it leads to a reduction of immature B cells in the
blood of mice (55). These findings suggested that the elevated
expression of CD69 on autoreactive immature B cells of HIS hu-
mice increased their retention in the bone marrow tissue. To test
this hypothesis, we used an anti-human CD69 monoclonal anti-
body (clone 2.8) that causes CD69 down-regulation and pro-
motes hematopoietic cells to egress from the bone marrow (56).

Cohorts of Hek+ HIS hu-mice were injected with 500 pg of
anti-hCD69 2.8 mAb or phosphate-buffered saline (PBS) as
control, and the blood and spleen of mice were analyzed 2 d
after treatment (Fig. 54), a time selected based on past studies
(56) and to maximize the chance of observing released im-
mature B cells prior to their potential death. The efficacy of
the mAb treatment in causing CD69 down-regulation was
verified by staining for CD69 with a different anti-CD69 Ab
clone, FN50 (Fig. 5B). CD69 was below detection on cells
from hu-mice treated with anti-hCD69 2.8 mAb while it was
readily detected on cells of PBS-treated animals (Fig. 5C). At
both 24 and 48 h after treatment, k* B cells were too scarce in
the blood for a reliable analysis. Thus, we focused our analysis
on spleen cells and, specifically, on CD20* B cells. This was
done to increase the capture of immature B cells released
from the bone marrow and to exclude (CD207) B cells de-
veloping in situ in the spleen (26). CD20* spleen cells were
further discriminated to identify immature CD24MCD38M
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Fig. 2. CD19'°" human immature B cells from wild-type (Hck—) hu-mice show a phenotype consistent with autoreactive k* immature B cells from Hck+ hu-
mice. (A) Gating strategy for CD19'°" and CD19" «* immature B cells within the human CD24"'CD38"" bone marrow cell population of Hck— HIS hu-mice.
CD24"CD38" cells were gated as shown in Fig. 1A. (B) Representative histogram plots comparing the expression of indicated markers by CD19'°" and CD19"
x* immature B cells and control cell populations from Hck— hu-mice. Each histogram represents a mouse from a group of littermates transplanted with the
same cord blood HSCs. (C) Frequencies of marker-positive cells (Left) and relative MFI of indicated markers (Right) among the human CD19"°% and CD19M «*
(CD24McD38") immature B cells from groups of Hck— hu-mice generated with distinct cord blood HSCs. (D and E) Representative flow cytometric histograms
of pERK analysis in pervanadate-treated human B cell subsets from Hck— hu-mice from one cord blood group (D), and statistical analysis of pERK MFI from
Hck— hu-mice from multiple cord blood groups (E). Each histogram in D represents a mouse, and the isotype control shows CD38" cells from one mouse. (F)
Relative MFI of indicated markers expressed by k*AUT (CD19'°%) immature B cells from Heck+ hu-mice (filled circles) and by K*CD19'°Y cells from Hck— hu-mice
(open circles). Each symbol represents a hu-mouse, and colors identify hu-mice generated with different cord blood samples. The MFlIs for graphs in C, E, and F
were normalized by dividing the MFI values of CD19" or CD19"°" k* cells of individual hu-mice to the average MFI of CD19" k* cells from Hck— hu-mice analyzed
on the same day. Results in all graphs are expressed as mean + SD. n = 10 Hck+ and 13 Hck— hu-mice generated with three or four different CBH samples,
respectively. Statistical analysis was performed with two-way ANOVA multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

B cells that were positive for surface IgM or for IC Igk (Fig.
5D). However, despite significant downmodulation of surface
CD69, the frequencies of k* cells among the splenic immature
B cells were similar in PBS and anti-CD69-treated Hek+ hu-
mice (Fig. SE).

CD69 mediates tissue retention of lymphocytes by causing
downmodulation of the sphingosine-1-phosphate receptor SIPR1
(52, 57, 58). In agreement to studies in mice (57, 58), SIPR1
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was expressed reciprocally to surface CD69 on human T cells from
hu-mice (S1 Appendix, Fig. S5 A-C). In addition, the frequency of
k" autoreactive B cells expressing SIPR1 was twofold smaller
than that in the nonautoreactive population (SI Appendix, Fig.
S5 A-D). The proportion of SIPR1* immature B cells was very
small, however, reaching only about 4% of nonautoreactive cells
(8I Appendix, Fig. S5D). Moreover, injection of the anti-CD69 2.8
mAb did not increase the frequency of SIPR1™ cells (or the cell
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Fig. 3. The immature B cell population in human bone marrow samples include immature B cells exhibiting a mild tolerance phenotype. (A) Serial gating
strategy for the analysis of human CD19'°% and CD19" B cells within the immature B cell population of human bone marrow. This analysis is representative of
a total of 12 pediatric bone marrow biopsy specimens (S/ Appendix, Table S1). (B) Frequency of k*CD19'°" cells among all k* cells within the CD24"'CD38-
hilgb~CD10* immature B cell population in human bone marrow biopsy specimens. (C) MFI of indicated molecules in k*CD19'°" cells relative to that of
k*CD19" cells in each human bone marrow sample. Results in graphs are expressed as mean + SD. Statistical analysis was performed with a two-tailed paired
t test. n = 12, except for BAFFR and pERK groups where the n = 10 and 3, respectively. **P < 0.01; ***P < 0.001; ****P < 0.0001; and n.s.= not significant.

level of SIPR1) either among the T or the immature B cells (S/
Appendix, Fig. S5 B, C, and E).

These data indicate that surface downmodulation of CD69
does not promote the egress of autoreactive immature B cells
from the bone marrow of hu-mice, possibly because of a negli-
geable expression of SIPR1 in this process.

CXCR4 Is Key to the Retention of Human and Mouse Autoreactive
B Cells in the Bone Marrow. The chemokine receptor CXCR4
and its CXCL12 chemokine ligand play a major role in the re-
tention of hematopoietic cells in the bone marrow of both mice
and humans (59-61). Mouse developing B cells rely on CXCR4
to navigate through both cell development and bone marrow
niches while their CXCR4 expression decreases from the pre-B
to the immature B cell stage, at which point cells become able to
egress into sinusoid capillaries (62-64). Moreover, and relevant
to this study, immature B cells have higher CXCR4 expression
when engaging antigen (64). Thus, we first questioned whether
CXCRA4 is differentially expressed by human immature B cells that
engage or not self-antigen. Indeed, flow cytometric analysis
showed that autoreactive k" immature B cells from Hck+ HIS hu-
mice expressed CXCR4 at 1.5-fold the levels of nonautoreactive A+
cells in the same animals, or x* cells in Hexk— hu-mice (Fig. 6 4 and
B). In comparison, CXCR4 on (CD19*IgM") pro-B/pre-B cells
was about twofold higher than on nonautoreactive immature
B cells (Fig. 6B). Although these represent small differences in
expression, they are comparable to those described in mouse bone
marrow B cells where they mediate differences in migration to
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CXCLI12 (64-66). Indeed, when tested in a transwell assay, CD19'*"
autoreactive immature B cells from Hek+ hu-mice migrated slightly
better toward CXL12 than CD19"&" nonautoreactive B cells
(Fig. 6C and SI Appendix, Fig. S6A).

To investigate the contribution of CXCR4 to the retention of
newly generated human autoreactive B cells within the bone
marrow tissue, we treated Hek+ HIS hu-mice with AMD3100, a
CXCR4 antagonist effective in both mice and humans and with a
half-life of 2 to 3 h (56, 64, 67). The efficacy of AMD3100 was
first confirmed by replicating previous findings (68) showing it
causes a rapid increase of CD34* cells and B cells in the blood of
wild-type mice within 1 h from injection (S Appendix, Fig. S6B).
Two different approaches were next used to test the effect of
CXCR4 blockade on autoreactive immature B cells of hu-mice
(Fig. 6D). In the first approach, similar to the studies with the
anti-CD69 Ab, Hek+ hu-mice were injected once with AMD3100
or PBS and spleens were analyzed 48 h after treatment. As
shown (Fig. 6 E and F), a single injection of AMD3100 led to an
increase of almost twofold in the frequency of k* autoreactive
B cells within the splenic immature B cell population. In a
second approach, hu-mice were injected five times with either
AMD3100 or PBS over the course of 24 h and analyzed 1 h
after the last injection and, thus, within the window of drug
activity (Fig. 6D). Compared to PBS-injected hu-mice, the fre-
quency of x* autoreactive B cells in AMD3100-treated animals
was twofold and fivefold higher, on average, within the spleen
(Fig. 6G) and blood (Fig. 6H) immature B cell populations,
respectively.
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Fig. 4. HSCs from some autoimmune-prone newborn infants lead to differences in the expression of B cell tolerance markers in hu-mice. HIS hu-mice were
generated with HSCs enriched from cord blood samples collected from newborns of either healthy or autoimmune mothers. (A) Relative MFI of indicated
markers among the CD19"°% x* human immature B cells from Hcx+ hu-mice (Top) or Hck— hu-mice (Bottom) that were generated with cord blood from
newborns of either “healthy” (circles) or distinct “autoimmune” (squares) mothers. CBA-05 was a carrier of the PTPN22 W620 genetic variant. Groups of hu-
mice generated with different CBA samples are separated in the graphs, while those generated with CBH samples are displayed in the same group. Only CBA
groups with 3 or more observations were plotted in the graphs. CD19'° CD24"'CD38" immature B cells were gated as shown in Figs. 1 A and B and 2A. Filled and
empty symbols represent Hck+ and Hck— hu-mice, respectively. (B) Relative MFI of pERK in pervanadate-treated human CD19'°% k* human immature B cells from
Hck+ (Left) and Hex— (Right) hu-mice generated with CBH or CBA cord bloods. Each symbol is a mouse and symbols and colors are the same as in A. The MFls for
graphs in A and B were normalized by dividing the MFI values of CD19'°" k* cells of individual mice to the average MFI of CD19" k* cells from hu-mice analyzed on
the same day. (C) Ratio of secreted Igk to IgA in serum of individual Hck+ hu-mice generated with CBH or CBA cord blood samples. Results in all graphs are expressed
as mean + SD. n = 10 Hck+ and 13 Hck— hu-mice generated with three or four different CBH samples, respectively. n = 53 Hck+ hu-mice and 58 Hck— hu-mice
generated with HSCs from 11 or 12 CBA individual cord blood samples, respectively. Statistical analysis was performed with two-way ANOVA multiple comparison
test. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

Murine immature B cells express higher CXCR4 when they
engage self-antigen (SI Appendix, Fig. S6C) (64, 69). To deter-
mine whether CXCR4 is also important in the bone marrow
retention of mouse autoreactive B cells, 3-83Igi,H-2b mice were
treated with AMD3100 or PBS either once or four times every
few hours, and circulating B cells were analyzed 1 h after the last
injection. Based on past studies, 3-83Ig* autoreactive immature
B cells are generally restricted to the bone marrow and identified
as surface [gM~°%, CD2*CD19'°*CD24"¢" and Igh~IgD~ (47,
69), while B cells in peripheral tissue are virtually all edited cells
that do not express the 3-83 BCR (34, 46, 47, 69). The propor-
tion of blood B220*CD24"€" immature B cells with a phenotype
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corresponding to autoreactive 3-83Ig* B cells increased 6 to
14-fold after injecting AMD3100 when compared to PBS (S/
Appendix, Fig. S6D), which is consistent with augmented release
from the bone marrow tissue. These B cells also displayed lower
expression of CD19 (SI Appendix, Fig. S6D).

Opverall, these data demonstrate that CXCR4 functions to
retain both human and mouse autoreactive B cells within the
bone marrow tissue.

Discussion

By providing models in which B cells have a predetermined an-
tigen specificity, Ig transgenic and knock-in animals have greatly
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Fig. 5. Blocking CD69 does not release human k™ autoreactive immature
B cells from the bone marrow of hu-mice. (A) A schematic of the experiment.
Hek+ HIS hu-mice (13 to 15 wk after birth and HSC engraftment) were in-
jected IP with either PBS or 500 pg of the anti-hCD69 2.8 mAb. After 48 h
following treatment, tissues were harvested for flow cytometric analysis. (B)
Bone marrow cells from an Hcik+ HIS hu-mouse were incubated with different
concentrations of the anti-hCD69 2.8 mAb for 30 min in ice, washed, and then
stained with the anti-hCD69 clone FN50 and other antibodies for flow cyto-
metric detection. The histograms represent CD24"CD38"CD19'"Igk* cells and
show that CD69 FN50 detection is not blocked by the binding of the anti-CD69
2.8 mADb. (C) Representative histogram overlay showing CD69 detection on
bone marrow CD20* B cells from Hck+ HIS hu-mice treated 48 h earlier with
either PBS or the anti-hCD69 2.8 mAb. (D) Representative gating strategy for
the analysis of x* B cells in the spleens of Hck+ HIS hu-mice treated with either
PBS or anti-hCD69 2.8 mAb. The serial gating was performed to gate
CD20*CD24MCD38" surface IgM* or IC Igk* immature/transitional B cells. (E)
Frequency of x* cells among splenic CD20*CD24"CD38" immature/transitional
B cells from Hck+ HIS hu-mice treated 48 h earlier with either PBS or the anti-
hCD69 2.8 mAb. Each symbol represents a mouse, and the bars indicate the
mean and SD. n = 8 Hck+ hu-mice treated with PBS and 6 Hck+ hu-mice treated
with the anti-hCD69 2.8 mAb from three independent experiments. Statistical
analysis was performed with a two-tailed Mann-Whitney U test; ns = not
significant.

aided our understanding of the hallmarks and mechanisms that
define and mediate B cell tolerance in mice. Comparable knowl-
edge of human B cell tolerance has lagged behind. This is par-
ticularly true for central B cell tolerance because this process takes
place in the bone marrow, a tissue that is challenging to procure
and study in humans. Single-cell antibody analyses of recent bone
marrow immature B cell emigrants found in human blood have
established that the central tolerance checkpoint is defective in
many autoimmune patients (49), suggesting aberrant central B cell
tolerance predisposes to autoimmune development. Thus, a better
understanding of how central B cell tolerance operates in human
B cells have implications for the development of future ap-
proaches that reduce bone marrow egress of autoreactive B cell
clones and their burden in circulation. Aided by an established HIS
mouse model of central tolerance (26), in this study we demon-
strate that human autoreactive immature B cells can be discerned
from nonautoreactive cells via a phenotype that includes higher
expression of CXCR4 and CD69 and lower levels of CD19, CD81,
IgM, BAFFR, and pERK. Most importantly we show that the
CXCR4 chemokine receptor functions to prevent the egress of
human and mouse autoreactive B cells from the bone marrow, thus
contributing to our understanding of the mechanisms that regulate
central B cell tolerance.

The underlying hypothesis of our study was that by defining
molecules differentially expressed by autoreactive and nonautoreactive
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human immature B cells, we may discover not only a phenotype
that defines human autoreactive B cell clones but also new path-
ways that contribute to human central B cell tolerance. Two
molecules with decreased expression in human autoreactive im-
mature B cells of HIS hu-mice are BAFFR and pERK. These
molecules are also reduced in mouse autoreactive immature
B cells (33, 34, 47), and we have previously shown that the ex-
pression of BAFFR positively correlates with ERK activation (33,
34). Thus, our finding that human immature B cells that bind self-
antigens exhibit both reduced IgM and BAFFR and generate less
active ERK suggests that a similar relationship exist in mouse and
human developing B cells. Mechanistic studies in mice have shown
that increasing either ERK activation and/or BAFFR expression
does not alter the efficiency of central B cell tolerance (33, 34).
Thus, these molecules may function more as markers than medi-
ators of bone marrow B cell selection both in mice and humans.

Previous studies have demonstrated that both human (in hu-
mice) and mouse autoreactive immature B cells exhibit low ex-
pression of the B cell-restricted molecule CD19 (26, 29). CD19
is known to complex with CD81, a tetraspanin protein expressed
by B cells at all developmental stages. We show that CD19 and
CDS81 are both prominently downmodulated (by fourfold on
average) on human k* autoreactive immature B cells. Reduced
CDS81 could potentially account for CD19 downmodulation, as
surface expression of CD19 depends on its ability to complex
with CDS81 in the ER and/or Golgi (38, 39). However, the cor-
relation between CD19 and CD81 was not precise, as about 20%
of the x™ autoreactive cells were CD81~ although expressing sim-
ilar or slightly higher CD19 amounts. Interestingly, a higher fraction
of the CD81~ than the CD81" cells expressed CD20, a molecule
that marks B cells further along in bone marrow development.
Based on these findings, we infer that lower CD81 expression may
correlate with the time autoreactive immature B cells spend un-
dergoing central tolerance. We were surprised to find that while
CDS81 was also expressed on mouse immature B cells, the level of
expression and the degree of downmodulation on autoreactive cells
were much less compelling than those observed on human cells,
suggesting CD19 downmodulation might be independent on CD81.

Another molecule that we show markedly defined autor-
eactive human B cells undergoing central tolerance in HIS hu-
mice is CD69. CD69 has not been previously described as being
modulated during central B cell tolerance, and it was expressed
by human but not mouse autoreactive B cells. CD69 was also
expressed by about half of human B lineage cells within the pro-
B/pre-B cell fraction and by one-third of CD19" x* immature
B cells of Hck— hu-mice. We suggest these were likely immature
B cells that had previously expressed an autoreactive BCR and
were in the process of, or had successfully terminated, editing
their autoreactive light chain. Alternatively, CD69 expression on
pre-B cells may result from pre-BCR signaling. Nonetheless, the
highest frequency of CD69™ cells as well as the highest degree of
expression was observed on human immature B cells that were
de facto autoreactive (e.g., k* B cells in Hek+ hu-mice). Thus,
CD69 expression during human B cell development likely marks
antigen engagement by the BCR.

Among immature B cells of Hck— hu-mice and human bone
marrow biopsy specimens, we observed cells displaying a profile
similar to that established for autoreactive immature B cells in
Hcex+ hu-mice. Specifically, these cells displayed downmodulation
of CD19, IgM, CD81, BAFFR, and pERK and higher levels of
CD69 than observed on CD19" B cells in the same animal or
biopsy specimen. This suggests these naturally occurring CD19'°%
cells are human immature B cells that react with natural self-
antigen(s). The degree of down or upmodulation of the autor-
eactive markers by CD19'°" immature B cells of Hek— hu-mice
and human bone marrow, was significantly less than that displayed
by CD19"" x* B cells of Hek+ hu-mice, and it was also more
variable from sample to sample. We hypothesize that, similar to
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Fig. 6. CXCR4 blockade leads to the release of human autoreactive immature B cells into the peripheral tissue of hu-mice. (A) Representative analysis of
CXCR4 expression by bone marrow x*AUT (CD19'°%) and k*NA (CD19M9") CD24"CD38" B cells from Hck+ and Hck— hu-mice, respectively. Mouse cells
(hCD45"Dump™), pro/pre-B cells (CD24"'cD38"k A7), and A* B cells are shown for comparison. Cells were gated as shown in Fig. 1 A and B. (B) Relative MFI for
CXCR4 staining of CD24"cD38" k*NA cells from Hck— hu-mice, k*AUT cells from Hek+ hu-mice, A NA cells from Hex+ hu-mice, and pro/pre-B cells from both
Hck+ and Heck— hu-mice. The relative MFIs were calculated by dividing the MFI values of the indicated cell subsets of individual mice to the average MFI of
k*NA cells from hu-mice analyzed on the same day. The graph shows the mean and SD. n = 13 Hck+ and 8 Hck—, analyzed during three independent ex-
periments. (C) Chemotaxis of indicated bone marrow B cell populations from Hck+ HIS hu-mice toward CXCL12 (CXC) or media (-). Autoreactive and non-
autoreactive immature B cells and pro/pre-B cells were gated based on surface marker profile as shown in S/ Appendix, Fig. S6A. The bar graph represents %
migration (mean and SD) of cells from 4 Hck+ hu-mice tested in duplicate wells and over two experiments. Each mouse is identified by a different symbol.
Statistical analysis was performed with a two-tailed paired t test. (D) A scheme depicting the timeline of Hck+ HIS hu-mice treatment with either one injection
(in black) or five injections (in red) of 100 ug of AMD3100 or PBS control. (E and F) Representative gating strategy (E) and analysis (F) of CD20*CD24"cD38"
surface IgM* or IC Igk™ B cells in the spleen of Hck+ HIS hu-mice injected once 48 h earlier with either PBS or AMD3100. Each symbol represents a mouse and
the bars indicate the mean and SD. n = 8 Hck+ hu-mice treated with PBS and 10 Hck+ hu-mice treated with AMD3100 from four independent experiments.
(G and H) Flow plots showing representative IgM and Igx staining of CD20*CD24"'CD38" immature B cells in the spleen (G) and blood (H) of Hck+ hu-mice
injected five times with either AMD3100 or PBS (gated as in E). Graphs display frequencies of k* cells in these populations. Each symbol represents a mouse
and the bars are mean and SD. n = 4 Hck+ hu-mice treated with PBS and 5 Hck+ hu-mice treated with AMD3100 over two independent experiments. Statistical
analysis in B, F, G, and H was performed with an unpaired two-tailed t test with Welch’s correction. *P < 0.05, ***P < 0.001; and ****P < 0.0001.

what is described for IgM (70, 71), the degree of marker modu-
lation may relate to the avidity of the BCR for the self-antigen.
Expression of IgM, CD81, and pERK showed similar trends in
CD19"" cells of Hek— hu-mice and human bone marrow. Other
markers (e.g., CD69 and BAFFR) showed less modulation in bone
marrow biopsy specimens, and this may relate to the cell density
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and length of time at which cells were kept by the pathology lab-
oratory before our analysis. Future studies that include probing the
self-reactivity of antibodies cloned from single cells will be needed
to test if naturally occurring CD19'°Y cells are indeed autoreactive.

There has been a growing interest in using HIS hu-mice as
models of autoimmune responses (reviewed in refs. 72 and 73).
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The reconstituted HIS in HIS hu-mice cannot recapitulate full-
fledged autoimmune diseases (73), but these animal models
could be used to dissect immunological processes that underlie
the development of autoimmunity, including defects in B cell
tolerance (74-76). Here, we used our HIS hu-mouse Hck model
to determine whether HSCs isolated from umbilical cord blood
of infants born from T1D, SLE, or RA autoimmune mothers
developed into B cells with altered modulation of central toler-
ance markers. Although we did not expect that every newborn
from whom we obtained cord blood had inherited a full com-
plement of autoimmune risk alleles, we anticipated that a tan-
gible fraction carried variants related to defects in central B cell
tolerance. Indeed, immature B cells from hu-mice generated
with 4 of the 12 cord blood units (3 from T1D and 1 from RA)
showed small but significant alteration in the expression of
multiple tolerance markers. Of notice, three “autoimmune” cord
blood donors led to the generation of autoreactive B cells with
very low CD69 expression, suggesting a possible defect in BCR
signaling. B cells derived from two of these donors also displayed
higher expression of BAFFR, which could lead to binding more
BAFF and escaping anergy in peripheral tissue (77). Two auto-
immune cord blood units were also associated to defective pe-
ripheral B cell tolerance, as indicated by higher titers of Igk
secreted antibodies detected in Hex+ hu-mice. Notably, among
the four cord blood donors showing altered tolerance profile,
one carried a copy of the PTPN22 W620 variant that, after HLA,
has the strongest association with autoimmune development
(78). Overall, these data support the idea that an altered toler-
ance phenotype of developing B cells may anticipate defects in
central B cell tolerance. However, longitudinal studies that fol-
low the development of autoantibodies and autoimmunity in
cord blood donors are required to extrapolate the full signifi-
cance of data collected in hu-mice.

Our study aimed also to explore B cell tolerance at the
mechanistic level, and specifically to determine whether some of
the autoreactivity markers we revealed represent pathways that
function to enforce human central B cell tolerance. Here, we
tested CD69 and CXCR4 because of their increased expression
by autoreactive cells and their known function in tissue retention.
Via mediating the downmodulation of the sphingosine-1-phos-
phate receptor S1IPR1, CD69 helps to restrain developing thy-
mocytes within the thymus (52-54), mature lymphocytes within
peripheral lymphoid tissues (57), and developing B cells within
the bone marrow parenchyma (55, 56, 79). Mouse studies have
shown that both the CD69-dependent S1P receptors SIPR1 (55,
79) and the CD69-independent S1P receptor SIPR3 (80) pro-
mote entry of immature B cells into the sinusoids, likely facili-
tating their ingress into circulation (62). However, results from
our studies indicate that CD69 surface expression is not neces-
sary for the bone marrow retention of human autoreactive B cell
clones because hu-mice treated or not with downmodulating
anti-CD69 mAbs displayed similar frequencies of autoreactive
B cells in their spleens. Flow cytometric analyses revealed that
only 2 to 5% of immature B cells were SIPR1* in hu-mice, and this
frequency (and the S1PR1 level per cell) was not increased fol-
lowing Ab-mediated downmodulation of CD69. Although this was
surprising based on previous reports (57, 58), it suggests that CD69
and S1PR1 do not play a substantive role in the bone marrow re-
tention of autoreactive immature B cells and the egress of non-
autoreactive cells. This likely extends to mouse autoreactive
immature B cells as they display no meaningful expression of CD69.

Mouse studies have led to propose that downmodulation of
CXCR4 and the subsequent decrease of CXCR4 signaling may
contribute to the bone marrow egress of immature B cells (62,
64). Upon engaging antigen, mouse bone immature B cells up-
regulate CXCR4 (64, 69), but whether variations in CXCR4
signaling are needed to discriminate the ability of nonautoreactive
and autoreactive immature B cells to enter the blood has been
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unclear. Our studies in hu-mice demonstrate that human autor-
eactive immature B cells express 1.5-fold higher CXCR4 than
nonautoreactive cells. By comparison, CXCR4 expression on pre-
B cells was twofold higher than nonautoreactive cells, indicating
CXCR4 is downmodulated when both pre-BCR and antigen-
induced BCR signaling cease. Although these variations in
CXCR4 expression are modest, other studies have demonstrated
that 1.8 to twofold changes in CXCR4 levels on mouse bone
marrow B cells reflect functional differences in chemotaxis toward
CXCL12 (43, 64, 65). Indeed, autoreactive immature B cells from
Hcex+ hu-mice displayed slightly higher chemotaxis to CXCL12
in vitro relative to IgM* nonautoreactive cells from the same
tissue. More importantly, treatment of Heck+ hu-mice with the
CXCR4 inhibitor AMD3100 resulted in a significant elevation of
autoreactive B cell clones in the blood and/or spleen of hu-mice,
depending on the timing of AMD3100 administration and related
analysis. These findings were extended to developing mouse
B cells by showing that AMD3100 treatment of autoreactive
3-831gi,H-2° mice leads to a significant exit of autoreactive im-
mature B cells from the bone marrow. Overall, these data dem-
onstrate that CXCR4 signaling helps to retain (mouse and human)
autoreactive B cell clones within the bone marrow tissue and
functions as one of the gatekeepers of central tolerance. In mice,
CXCR4 signaling also promotes transcription and rearrangements
at the Igx locus and Ragl/2 gene expression (66). Thus, it is also
conceivable that the higher expression of CXCR4 on autoreactive
B cells conduces to secondary Vk-Jk gene rearrangements that,
together with Igl gene rearrangements, are the hallmark of re-
ceptor editing. Future studies in people treated with AMD3100
could determine whether these findings extend to human B cells
that physiologically develop in their natural host.

Overall, our study provides a set of markers that might dis-
tinguish human autoreactive B cell clones within an immature
B cell population and offers evidence that the CXCR4 pathway
contributes to central human and mouse B cell tolerance by
restraining autoreactive immature B cells within the bone mar-
row tissue. Notably, defects in CXCR4 signaling have been im-
plicated in many autoimmune diseases, mainly with a role in cell
trafficking to inflamed tissues (81). Our data suggest the
CXCR4-CXCL12 axis has a multifaceted contribution to auto-
immunity, starting with central B cell selection.

Materials and Methods

Expanded Material and Methods are provided in S/ Appendix, Supporting
Materials and Methods. All data supporting the findings of these studies
(and associated protocols and material) are available within the paper and
SI Appendix.

Human Subjects and Samples. Human studies were approved by the University
of Colorado Institutional Review Board and were performed in accordance
with the Declaration of Helsinki. Pediatric bone marrow biopsy specimens
were provided by the Pathology laboratory of the Children’s Hospital of
Colorado as de-identified samples (SI Appendix, Table S1). Healthy cord
blood samples (CBH) were donated by the University of Colorado Cord Blood
Bank at Clinlmmune Labs (Aurora, CO) as de-identified samples. “Autoim-
mune” cord blood samples (CBA) were obtained after the consent of sub-
jects (pregnant women) with a diagnosis of systemic lupus erythematosus,
rheumatoid arthritis, or type-1 diabetes (described in S/ Appendix, Table S2).
These subjects were recruited at the Colorado University Hospital (UCH) ei-
ther among Rheumatology pregnant patients or directly in the labor ward.
Diagnostic PCR of the PTPN22 alleles encoding the R620 or W620 variants
was performed according to a published protocol (51). CD34* HSCs were
purified from the CB mononuclear cells using the human CD34* MicroBead
Kit (Miltenyi Biotec) and were then expanded in culture for 5 d as previously
described (24, 25). Cells were stored at —80 °C and thawed just before their
injection into mice.

Development and Treatment of HIS hu-Mice. BALB/c-Rag2"""II-2ry""'SirpaN°P
(BRGS) mice (82, 83) and Hck7-Tg/+ (Hck+) BRGS mice (26) were bred to
produce Hck+ and Hck— BRGS littermates. The mice were maintained under
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Specific Pathogen Free conditions in the Vivarium of the University of Col-
orado Denver Anschutz Medical Campus in Aurora, CO. For the generation
of HIS hu-mice, 1- to 3-d-old Hck+ and Hck— BRGS pups were sublethally
irradiated with 300 rad and injected intravenously in the facial vein or, less
frequently, directly into the liver with CD34* cells isolated from either CBH
or CBA human umbilical cord blood samples. The anti-hCD69 2.8 monoclonal
antibody (mAb) was generated, tested, and kindly provided by Dr. Pilar
Lauzurica (84). Hu-mice were treated with a single intraperitoneal (IP) in-
jection of 500 pg of anti-hCD69 2.8 mAb in PBS; a single or multiple IP in-
jections (given few hours apart) of 100 ug of AMD3100 (Calbiochem) in
PBS, or PBS alone. Animal procedures were approved by the University of
Colorado Anschutz Medical Campus Institutional Animal Care and Use
Committee.

Cell Staining, Chemotaxis, and Flow Cytometry. Bone marrow, spleen, and
blood cells from hu-mice were isolated by standard methods. The cell mi-
gration assay (described in detail in S/ Appendix, Supporting Materials and
Methods) was performed in 5 pm pore transwell plates with the bottom
wells containing medium supplemented or not with 0.3 pg/mL of recombi-
nant human CXCL12 (R&D). Cells were stained in staining buffer (PBS, 1%
bovine serum albumin, and 0.1% NaNj3) with antibodies listed in S/ Appen-
dix, Supporting Materials and Methods. For the IC detection of proteins, cells
were first stained for surface molecules, then fixed in 2% formaldehyde and
permeabilized with 0.5% Saponin (Sigma-Aldrich) before staining with an-
tibodies resuspended in 0.5% Saponin. For detection of pERK, cells were first
rested for 1 h at 4 °C in Hanks' Balanced Salt Solution with Ca*? and Mg*?
(Cellgro) with 1% fetal bovine serum. Cells were then treated with 60 uM
sodium pervanadate for 5 min at 37 °C, fixed in 2% formaldehyde, per-
meabilized with 90% methanol, and stained with anti-pERK or isotype
control antibodies. Live/dead cell staining was performed using Zombie
Green Fixable Viability Kit (BioLegend) according to manufacturer’s in-
structions. For data collection, cells were run on a BD LSRFortessa Flow
Cytometer (BD Biosciences), and data were analyzed with FlowJo v10.7.1
software (FlowJo, LLC/BD, formerly Tree Star Inc).
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ELISAs. Total serum Igk and Ig\ of HIS hu-mice were measured by ELISA as
previously described (26) and detailed in S/ Appendix, Supporting Materials
and Methods. Human Igs on plates were detected by incubating for 2 h at
37 °C with alkaline phosphatase (AP)-conjugated mouse anti-human IgM
(UHB) or 1gG (H2) (Southern Biotechnologies Associates) diluted at 1:500.
After washing four times, plates were developed by the addition of AP’s
substrate (Sigma-Aldrich) solubilized in 0.1 M diethanolamine and 0.02%
NaNs. Light absorbance was measured at OD4os multiple times with a Ver-
saMax plate reader (Molecular Devices). Data were analyzed with the Soft-
Max Pro software version 6.4.2.

Statistical Analysis. Statistical significance evaluation was performed with
GraphPad Prism software using two-tailed t test when comparing two
groups or ANOVA when comparing three or more groups/variables. When
ANOVA was used, multiple comparisons between the groups were per-
formed with the uncorrected Fisher's least significant difference test. Data in
graphs is represented as mean + SD.

Data Availability. All study data are included in the article and/or S/ Appendix.
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