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ABSTRACT The chemokine stromal cell-derived factor 1
(SDF-1) stimulates the growth of pre-B cells in vitro, and mice
with a disrupted SDF-1 gene have abnormal fetal liver B cell
lymphopoiesis. The origin of SDF-1 production has not been
determined yet. Using an anti-SDF-1 mAb, we performed
immunohistochemical studies in four human embryos and five
fetuses to define which cells express the SDF-1 protein at sites
of antenatal B cell lymphopoiesis. All mesothelial cells con-
tained SDF-1 at all stages of development, including in the
intraembryonic splanchnopleuric mesoderm early into gesta-
tion. In fetal lungs and kidneys, SDF-1 was expressed by
epithelial cells, and a few B lymphoid precursors, expressing
V pre-B chains, were also detected. In the fetal liver, in
addition to mesothelial cells, biliary epithelial cells were the
only cells to contain SDF-1. Pre-B cells expressing V chains
were abundant and exclusively located around the edge of
portal spaces, in close contact with biliary ductal plate
epithelial cells. They did not colocalize with biliary collecting
ducts. Biliary ductal plate epithelial cells and liver B cell
lymphopoiesis display a parallel development and disappear-
ance during fetal life. These results indicate that early B cell
lymphopoiesis in the splanchnopleura may be triggered by
mesothelial cells producing SDF-1. Later into gestation, bil-
iary ductal plate epithelial cells may support B cell lympho-
poiesis, thus playing a role similar to that of epithelial cells in
the avian bursa of Fabricius, and of thymic epithelial cells for
T cell lymphopoiesis.

B cell lymphopoiesis in embryos starts around coelomic cav-
ities: terminal deoxynucleotidyltransferase-positive B cell pre-
cursors have been detected in early human fetal mesentery (1),
and RAG-1 gene expression in mouse embryos begins in the
paraaortic splanchnopleura on day 9 of gestation, 3 days before
it starts in the liver (2). Later into gestation, the main site of
B cell lymphopoiesis is the liver. The mechanisms initially
triggering B cell lymphopoiesis around coelomic cavities and
subsequently leading to B cell precursor expansion in the fetal
liver remain poorly understood.

Stromal cell-derived factor 1 (SDF-1) is a cytokine with
chemoattractant properties for monocytes, subpopulations of
B and T lymphocytes, hematopoietic CD34" stem cells, and B
lymphoid precursors (3-7). Studies of mice with disrupted
SDF-1 gene have shown that this chemokine plays a key role
early in life. SDF-17/~ mice die either in utero or within 1 h of
birth (8-10). SDF-1"/~ fetuses have impaired liver B cell
lymphopoiesis and bone marrow hematopoiesis and abnormal
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development of mesenteric vessels, cardiac septum, and cer-
ebellum. Some of these abnormalities are presumably related
to cell migration defects, but others may result from functional
properties of SDF-1 other than chemotaxis. For example,
abnormal B cell lymphopoiesis may be related to the ability of
SDF-1 to stimulate the proliferation of pre-B lymphocyte
precursors (11). CXCR4 is the only known receptor for SDF-1,
and SDF-1 is the only known ligand for CXCR4. Mice with
disrupted CXCR4 (9, 10, 12) or SDF-1 genes have similar
abnormalities, supporting a selective partnership between
these two molecules.

SDF-1 differs from other chemokines, as it is extremely
conserved between species: murine and human SDF-1 differ
by only one amino acid (13). Whereas the production of most
other chemokines is associated with inflammation, SDF-1 gene
expression, characterized so far at the mRNA level, is consti-
tutive in a number of tissues in adult mice (11, 14, 15), adult
humans (4), and mouse embryos (8). However, the nature of
the SDF-1-producing cells remains unknown. Using an anti-
SDF-1 mAb directed against the NH, terminus of the chemo-
kine, we performed immunohistochemical studies in humans
to identify and characterize cells expressing the SDF-1 protein.
Given that SDF-1 gene expression is absolutely required for
antenatal B cell lymphopoiesis in mice, this study was focused
on the splanchnopleura of embryos and on the liver, omentum,
lungs, and kidneys of fetuses. SDF-1 expression was compared
with that of the V pre-B chain, a component of the pre-B cell
receptor, to define the respective locations of SDF-1-
expressing cells and B cell precursors.

MATERIALS AND METHODS

Generation of Anti-SDF-1 mAb. Anti-SDF-1 mAb K15Cit
was produced by inoculating BALB/c mice with the 15-amino
acid peptide KPVSLSYRSPSRFFC conjugated via cys-
teine-15 to bovine serum albumin (BSA). Fusions were carried
out as previously described (16). The anti-SDF-1 K15C mAb
has been selected from 2,000 hybridoma supernatants tested by
an indirect ELISA method. Briefly, 96-well plates (Maxisorp,
Nunc) were coated with 100 ul of SDF-1 (1 ug/ml) in 0.05 M
carbonate buffer, pH 9.6, for 16 h at 4°C and then saturated
with 100 ul of PBS containing 0.1% Tween 20 and 0.5% BSA,
for 1 h at 37°C. Then 100 ul of hybridoma supernatant was
added to SDF-1-coated plates for 2 h at 37°C. After washing
of unbound immunoglobulins, goat anti-mouse IgG (H+L)
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labeled with horseradish peroxidase (Diagnostic Pasteur, Mar-
nes la Coquettes, France) was used to reveal antigen-bound
antibodies, using ortho-phenylenediamine (2%j; Sigma) as a
substrate for the enzyme. The reaction was stopped with 50 ul
of 4 M H,SO,, and optical density at 492 nm was read in a
multiscan spectrophotometer. Anti-SDF-1 K15C mAb was
determined to be of IgG2a isotype and was purified from bulk
culture supernatant by affinity chromatography on a protein
A-Sepharose column (Pharmacia Biotech).

Anti-SDF-1 K15C specificity was determined initially by the
same ELISA method, in which SDF-1, previously described
SDF-1 chimeras (17), or irrelevant chemokines were coated on
well-plates. Anti-SDF-1 K15C specificity was further evaluated
by competitive ELISA experiments between SDF-1 coated on
well-plates and SDF-1, SDF-1 chimera proteins, or irrelevant
chemokines (each at 107> M) diluted in RMPI medium
1640/10% FCS previously incubated for 1 h at 37°C with the
K15C mAb (0.05 pg/ml). Antigen—antibody interactions were
quantified by measuring the optical density at 492 nm.

SDF-1 recognition by the K15C mAb was investigated by
Western blot experiments. Fifty nanograms of SDF-1«, SDF-
1B, SDF-1 chimera (SDF-IP-10), or irrelevant chemokines
(IP-10, RANTES, MIP-1pB, IL-8) were separated by electro-
phoresis in SDS/15% polyacrylamide gels, blotted onto nitro-
cellulose membranes, and probed with the K15C mAb (1
pg/ml). Binding of the antibody was revealed by using a
horseradish peroxidase-conjugated anti-mouse Ig antibody
and the ECL kit (Amersham).

Tissues. Four human embryos (nos. 1-4) and five human
fetuses (nos. 5-9) were studied. The embryos were from
voluntary termination of pregnancy. Their stage of develop-
ment was determined with the Carnegie classification (18).
Embryos 1, 2, 3, and 4 were at the Carnegie stage 12, 14, 16,
and 16 of development, respectively, which correspond to days
26, 32, 37, and 37 of pregnancy, respectively. One fetus (no. 5)
was from a post-traumatic abortion. Two (nos. 6 and 9) were
from abortion carried out because of severe neuropsychiatric
disorders of the mother (no. 6) and kidney agenesis (no. 9).
Fetuses 7 and 8 were from miscarriages. Abortion occurred on
weeks 16, 19.5, 20, 22, and 34 of amenorrhea for fetuses 5, 6,
7, 8, and 9, respectively. Informed written consent was ob-
tained from parents for pathology studies, which were per-
formed in accordance with French law and with the approval
of the institutional review board. None of the fetuses displayed
organogenesis abnormality at autopsy, except fetus 9 for
kidneys. There was no chorioamnionitis or history of sepsis in
the mother. Bacterial analysis of fetal lungs and liver showed
no infection in any fetus.

Immunohistochemistry. The anti-SDF-1 K15C (IgG2a), the
anti-CXCR4 mAbs 12G5 (IgG2a)(PharMingen) and 6HS8
(IgG1) (19), the CD19 mAb (clone HD37; Dako), and the
anti-cytokeratin 7 (IgG1; Dako) mAbs were used at a final
concentration of 10 ug/ml. The 4G7 anti-human V pre-B mAb
(a mouse IgG1/k mAb) detects surrogate light (SL) chain at
the cell surface of the pro-B (SL*u ™) and pre-B (SL*u™) cell
lines, and it labels both the CD34*CD19* and CD34~CD19"
normal pro-B and pre-B bone marrow cells (20-22). The
anti-V pre-B mAb was used at a final concentration of 13
png/ml. The isotype-matched mAbs recognized phosphocho-
line (clone A12, IgG1) and Haemophilus influenzae A (IgG2a,
Clonatec, Paris). Binding of mAbs was detected by using
biotinylated anti-mouse antibodies and streptavidin conju-
gated with alkaline phosphatase (Biogenex, San Ramon, CA)
and the fast red substrate (Sigma), or streptavidin conjugated
with peroxidase (Dako) and the diaminobenzidine substrate
(Sigma), as recommended by the manufacturers. The sections
were counterstained with Mayer hematoxylin. For technical
reasons (necessity of treatment with acid for decalcification),
we were unable to perform accurate immunochemical studies
on developing bones.
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For combined detection of SDF-1 and B lymphoid precur-
sors, V pre-B-expressing cells were first detected with the 4G7
mAD, the EnVision+ System, peroxidase, mouse, diamino-
benzidine (Dako). Then SDF-1-containing cells were detected
with biotinylated K15C anti-SDF-1 mAb and the EnVision
System, alkaline phosphatase, rabbit/mouse (Dako) and the
fast red substrate (Sigma).

RESULTS

Specificity of SDF-1 Recognition by the Anti-SDF-1 K15C
mAb. The specificity of SDF1 recognition by the K15C anti-
SDF-1 mAb was demonstrated by ELISA and Western blot
analysis. Both experiments showed that K15C mAb recognizes
the two isoforms (« and B) of SDF-1 but fails to interact with
other chemokines such as IP-10, IL-8, MIP-1p, eotaxin, MDC,
and RANTES (Fig. 1 a and c¢). The ability of K15C to react
with the SDF-IP-10 chimera expressing the first eight amino
acids (KPVSLSRY) of SDF-1 fused to the NH, terminus of
IP-10 (Fig. 1 a and c¢) shows that this sequence is part of the
epitope recognized by the antibody in wild-type SDF-1. This
conclusion was confirmed by competitive ELISA studies,
which showed that only SDF-1 or chimeras bearing the
KPVSLSRY motif of SDF-1 (SDF-IP-10 or SDF-GRO«) were
able to block the binding of K15C mAb to SDF-1a-coated
plates (Fig. 1b).

SDF-1 Expression by Mesothelial Cells. The anti-SDF-1
K15C mAb was used in immunohistochemical experiments to
study SDF-1 expression in human embryonic and fetal tissues.
In all cases, the specificity of the labeling was confirmed by
comparison with the isotype-matched control mAb. No mes-
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FiG. 1. Specificity of the anti-SDF-1 K15C mAb. (a) SDF-1a,
SDF-18, SDF-IP10 chimera, and irrelevant CXC and CC chemokines
(IP-10, IL-8, MDC, MIP-1B, eotaxin, and RANTES) were coated on
well-plates and incubated with anti-SDF-1 mAb K15C (0.05 pg/ml).
(b) Competition experiment between SDF-la coated onto plastic
plates and different chemokines or SDF-1 chimeras preincubated with
the antibody. Inhibition of antibody—antigen interaction determined by
ELISA is shown. (c¢) Specific recognition of SDF-1 by the K15C mAb
in Western blot analysis.
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enchymal, lymphoid, muscular, nervous, or endothelial cells in
any tissue were found to contain SDF-1 (data not shown).

All mesothelial cells were labeled by the anti-SDF-1 K15C
mADb, in all tissue sections in which they were present, regard-
less of their location, and regardless of the stage of develop-
ment. Cells from the splanchnopleuric mesoderm thus con-
tained SDF-1 in the four embryos (Fig. 2), as well as pleural,
pericardial, and peritoneal cells in the five fetuses (Fig. 3b, Fig.
4a, and data not shown).

Expression of SDF-1 by Biliary Epithelial Cells in the Fetal
Liver. The pattern of SDF-1 expression in fetal livers was also
analyzed. In the center of portal spaces, in close contact with
portal vessels, biliary duct epithelial cells were strongly labeled
with the anti-SDF-1 K15C mAb. Epithelial cells from the
biliary ductal plates were also labeled, forming a layer of
SDF-1-producing cells at the border between the portal spaces
and hepatic lobules (Fig. 3a). This pattern of SDF-1 expression
was identical to that of cytokeratin 7, a specific marker of
biliary epithelial cells (23) (data not shown). SDF-1 was also
detected in peritoneal cells, which formed a continuous layer
separating the liver parenchyma from the peritoneal cavity
(Fig. 3b). Similar findings were observed for the four 16- to
22-week fetuses. In the 34-week fetus, SDF-1-expressing ductal
plates were less abundant, consistent with the progressive
decline of ductal plates from week 25 of gestation (23). No
SDF-1 was detected in the primitive liver in embryos (Fig. 2),
consistent with the absence of biliary epithelial cells at this
stage of development.

In addition to isotype-matched controls, we used other
controls to assess the specificity of SDF-1 detection in the liver.
We neutralized the anti-SDF-1 K15C mAb with a 100-fold
molar excess of recombinant SDF-1 before incubation with
tissue sections. Neutralization of the antibody abolished label-
ing of both biliary epithelial cells (Fig. 3c) and peritoneal cells.
In contrast, an identical molar excess (100-fold) of SDF-1
mutant protein (SDF-1 9-67), lacking the first 8 amino acids,
which contain the epitope recognized by the K15C mAD, failed
to inhibit labeling of biliary epithelial cells and peritoneal cells
by K15C (data not shown).

Colocalization of SDF-1-Expressing Biliary Ductal Plate
Cells and B Lymphoid Precursors in Human Fetal Liver. We
studied in detail the distributions of SDF-1-expressing cells
and B lymphoid precursors in the fetal liver. We hypothesized
that areas containing SDF-1-expressing cells could represent
foci of B cell lymphopoiesis.

F1G. 2. SDF-1 expression in mesodermal cells from the splanch-
nopleura. Cells containing SDF-1 were labeled by immunochemistry
with the K15C anti-SDF-1 mAb. In the four embryos studied, meso-
dermal cells from the splanchnopleura contained SDF-1. Results
shown are from embryo 4 (day 37 of gestation). Note that at this stage
of development, the primitive liver (L) contains neither SDF-1-
expressing cells nor portal spaces and biliary epithelial cells. (Original
magnification: 40X.)
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Identification of B lymphoid precursors was performed by
immunohistochemical experiments using an anti-V pre-B
mADb. Cells producing the V pre-B chain were abundant in the
four 16- to 22-week fetuses but rare in the 34-week fetus. In all
cases, positive cells were exclusively located around the edge
of the portal spaces (Fig. 3d). In the two fetuses (nos. 3 and 4)
studied for CD19 expression, CD19" cells and V pre-B™ cells
had a similar distribution in the liver (data not shown).
Therefore, B lymphoid precursors were concentrated in the
areas of the fetal liver containing the biliary ductal plate
epithelial cells. No B lymphoid precursors were detected in the
liver in contact with intrahepatic biliary ducts or with perito-
neal cells.

Direct evidence for colocalization of B lymphoid precursors
and SDF-1-expressing biliary ductal plate cells was obtained by
immunohistochemical experiments combining the anti-SDF-1
and the anti-V pre-B mAbs. These experiments unambiguously
showed that most B lymphoid precursors were in close contact
with SDF-1-containing biliary ductal plates (Fig. 3e).

We then tested by immunohistochemistry with an anti-
CXCR4 mAb whether cell targets of SDF-1 other than B
lymphoid precursors had a similar distribution in the liver.
CXCR4-expressing cells all had the morphological features of
hematopoietic cells. They were clustered, but these clusters
were randomly distributed throughout the livers, in both the
hepatic lobules and portal spaces, with no enrichment at the
periphery of portal spaces (Fig. 3f).

Thus, the close association between SDF-1-expressing bili-
ary ductal plates and B lymphoid precursors is a specific
feature. It is not observed with SDF-1-expressing biliary duct
cells. It is also not observed with other CXCR4-positive cells
of the hematopoietic lineage.

SDF-1 Expression and B Lymphoid Precursors in Fetal
Lungs, Kidneys, and Omentum. We analyzed the expression of
SDF-1 in the lungs and kidneys. In the lungs, in addition to
pleural cells, all bronchial and alveolar epithelial cells were
labeled (Fig. 4a). In the kidneys, the distal tubules, the Bellini
collecting ducts, and the urothelium were also labeled with the
anti-SDF-1 mAb. Not all epithelial cells expressed SDF-1, as
the glomerular epithelial cells and the proximal tubules were
negative (Fig. 4b). In the omentum, SDF-1 was expressed only
by peritoneal cells (data not shown).

We also looked for the presence of B cell precursors in these
tissues. This search was done in two fetuses (nos. 3 and 4). In
the lungs, a few V pre-B* cells were found scattered within the
interstitium (Fig. 4¢). In the kidneys, a few positive cells were
also found in the interstitium, but only in the renal cortex (Fig.
4d). There was no V pre-B* cells in the medulla. Both in lungs
and in the renal cortex, V pre-B* cells were close to epithelial
cells, but considering the large number of epithelial cells in
these organs and the absence of tissue compartmentalization,
it was not possible to determine whether this reflected a
selective colocalization or a random distribution of B cell
precursors. In the omentum, a few V pre-B* cells were also
found. They were clustered in the connective tissue and were
all distant from peritoneal cells (data not shown).

DISCUSSION

SDF-1 was originally identified as a growth factor for pre-B
lymphocyte precursors in vitro (11), and studies of mice with
disrupted SDF-1 genes have confirmed the critical role played
by this chemokine in B cell lymphopoiesis in vivo during the
fetal life (8—10). To extend these previous studies, we analyzed
the expression of the SDF-1 protein in human embryos and
fetuses, to define which type of cells support B cell lympho-
poiesis. We focused our study on the splanchnopleura in the
embryos and on the liver, lungs, kidneys, and omentum in the
fetuses. We found that mesothelial cells and epithelial cells
were the only cells containing SDF-1 at these sites of antenatal
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FiG. 3. Immunohistochemical studies of fetal liver. Presence of cells expressing SDF-1 (a and b), the V pre-B chain (d), or CXCR4 (f) was
analyzed by immunohistochemistry. SDF-1 labeling was abolished by neutralization of the anti-SDF-1 mAb with an excess of SDF-1 before
incubation with tissues sections (c). (¢) Combined analysis of SDF-1- and V pre-B-expressing cells; SDF-1-expressing cells appear in red and V
pre-B-expressing cells in brown. ps, Portal spaces; hl, hepatic lobules; small arrowhead, ductal plates; arrow, biliary duct; large arrowheads, V pre-B
cells. (Original magnification: 100X in a and ¢; 200X in d and f; 400X in b; and 1000X in e.)

B cell lymphopoiesis. However, not all epithelial cells ex-
pressed SDF-1, as hepatocytes and glomerular and proximal
tubule cells did not.

In contrast to epithelial cells, all mesothelial cells examined
contained SDF-1. This was true for mesothelial cells covering
the splanchnopleuric mesoderm in embryos and for pleural,
pericardial, and peritoneal cells in the fetuses. Our results are
consistent with a role of SDF-1 and mesothelial cells in the
initial triggering of B cell lymphopoiesis around coelomic
cavities, the first site of B cell lymphopoiesis in humans (1) and
in mice (2). As SDF-1 was detected as early as on week 5 of
gestation, its expression precedes the initiation of B cell
lymphopoiesis. In adult mice, there is a B lymphocyte sub-
population, the B1 cells, which are closely associated with the

peritoneal cavity and the omentum, where they proliferate
(24). SDF-1 production by mesothelial cells, which persists in
adults (data not shown), may account for the ability of B1 cells
to target themselves and to divide at this site.

Fetal liver hematopoiesis is decreased but not abolished in
SDF-17/~ or CXCR4~/~ mice (8-10). The different distribu-
tions of CXCR4-positive hematopoietic cells and SDF-1 ex-
pression that we observed in the liver are consistent with such
a limited role of SDF-1 in fetal liver hematopoiesis. Therefore,
although SDF-1 acts as a chemoattractant in vitro for CD34"
hematopoietic stem cells (6), other chemoattractants substi-
tute for it in vivo, at least in the fetal liver. In contrast, SDF-1
production is clearly a key event for the commitment to and
differentiation of hematopoietic progenitors of the B lympho-
cyte lineage in this organ.
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F1G. 4. SDF-1 expression and presence of V pre-B* cells in fetal lungs and kidneys. Presence of cells expressing SDF-1 (a and b) or V pre-B
(c and d) was analyzed by immunohistochemistry in fetal lung (2 and ¢) and kidney (b and d). Results shown are from fetus 4. (Original magnification:

200%.)

In addition to the liver and the bone marrow, lungs, kidneys,
and omentum support B cell lymphopoiesis in fetuses (25, 26).
We indeed observed a few pre-B V* cells at these sites.
Interestingly, SDF-1 is expressed by epithelial cells in lungs and
kidneys, suggesting that it may contribute to the local B cell
lymphopoiesis. In the kidneys, despite the presence of SDF-
1-expressing cells in the medulla, no B cell precursors were
found at this site, indicating that SDF-1 expression per se may
not be sufficient to trigger B cell lymphopoiesis. A similar
finding was observed in the liver. Although biliary duct cells
expressed SDF-1 in the center of portal spaces, B cell precur-
sors were located exclusively at the edge of portal spaces, in
direct contact with SDF-1-expressing ductal plates.

The expression of SDF-1 by biliary ductal plate cells may
provide insight into the role of the liver in the development of
the B lymphocyte lineage. B lymphopoiesis in the liver starts
before week 8 of gestation in humans (27), and it persists until
a few weeks after birth. It is, however, less intense beyond week
34 of gestation than earlier (28). The development of liver B
cell lymphopoiesis follows a pattern similar to that of biliary
ductal plates. Biliary ductal plates differentiate from primitive
hepatocytes 6 to 9 weeks into gestation, first appearing around
large portal vein branches close to the hilum, and subsequently
extending to more peripheral branches. They gradually disap-
pear from week 25 of gestation onwards, and on week 40, only
the smallest portal spaces are still surrounded by discontinuous
ductal plates (23).

The similar distributions of liver B lymphoid precursors and
SDF-1-expressing ductal plates, and their parallel develop-
ment in the fetus and regression around birth, indicate that
biliary ductal plates may have a key role in fetal B cell
lymphopoiesis. The close contact between the two cell popu-
lations is consistent with SDF-1 attracting early B lymphocyte

precursors (5). B lymphocyte precursors also require SDF-1
for their commitment and/or proliferation (11). Factors other
than SDF-1 production are likely to be required for liver B cell
lymphopoiesis, such as production of other growth factors or
membrane interactions. It is unknown whether biliary ductal
plates or other liver cells provide these additional signals, but
absence of such signals may explain why close colocalization
with B cell precursors is not observed for all SDF-1-expressing
cells.

There is in the avian bursa of Fabricius a close association
between B lymphocyte progenitors and digestive epithelial
cells, which are required for B lymphocyte development (29).
Our data suggest that there is in the fetal liver of mammals a
parallel partnership between epithelial cells and B lymphoid
precursors, involving biliary ductal plate epithelial cells. If this
is the case, then the involvement of epithelial cells in mam-
malian lymphocyte development, already demonstrated for T
lymphocytes in the thymus and digestive tract, would also apply
to B lymphocytes in the fetal liver. This interaction could be
based largely on the ability of SDF-1 expressed by biliary
ductal plates to attract and stimulate B lymphocyte precursors.
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