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CD19 is a B-cell-specific member of the immunoglobulin superfamily expressed from early pre-B-cell
development until plasma cell differentiation. In vitro studies demonstrate that the CD19 signal transduction
molecule can serve as a costimulatory molecule for activation through other B-lymphocyte cell surface
molecules. However, much remains to be known regarding how CD19 functions in vivo and whether CD19 has
different roles at particular stages of B-cell differentiation. Therefore, transgenic mice overexpressing the
human CD19 (hCD19) gene were generated to determine whether this transgene would be expressed in a
B-lineage-specific fashion and to dissect the in vivo role of CD19 in B-cell development and activation.
Expression of the human transgene product was specifically restricted to all B-lineage cells and appeared early
in development as occurs with hCD19. In addition, expression of hCD19 severely impaired the development of
immature B cells in the bone marrow, with dramatically fewer B cells found in the spleen, peripheral
circulation, and peritoneal cavity. The level of hCD19 expressed on the cell surface correlated directly with the
severity of the defect in different transgenic lines. These results demonstrate that the hCD19 gene is expressed
in a lineage-specific fashion in mice, indicating that the hCD19 gene may be useful for mediating
B-lineage-specific expression of other transgene products. In addition, these results indicate an important role
for the lineage-specific CD19 molecule during early B-cell development before antigen-dependent activation.

B lymphocytes develop from multipotential stem cells and
mature into antibody-secreting plasma cells after passing
through multiple differentiation stages (reviewed in references
11 and 39). Pre-B cells express cytoplasmic ,u heavy-chain
protein before developing into immature B cells that express
surface immunoglobulin M (IgM). This highly regulated pro-
cess of early B-cell development is stromal cell dependent and
antigen independent and occurs primarily in the bone marrow.
Immediately prior to leaving the bone marrow, B cells mature
to acquire surface IgM and IgD expression and the ability to
respond to antigen. B cells also express other surface mole-
cules important for B-cell development, proliferation, and
differentiation (reviewed in reference 8). CD19 is a lineage-
specific 95,000Mr glycoprotein expressed by early pre-B cells
from about the time of Ig heavy-chain rearrangement until
plasma cell differentiation (27, 28). CD19 has two extracellular
Ig-like domains, a membrane-spanning domain and a highly
charged -240-amino-acid cytoplasmic tail that has been well
conserved during recent mammalian evolution (45, 53). CD19
is also a component of a multimeric cell surface signal trans-
duction complex expressed by mature B cells which includes
CD21 (CR2, C3d/Epstein-Barr virus receptor), CD81 (TAPA-
1), and Leu-13 (5, 25).
CD19-mediated signal transduction initiates a series of

biological responses that are likely to be of central importance
to B-cell signaling and/or growth regulation (4, 6, 34, 36) and
the development of a humoral immune response (15). Cross-
linking of CD19 with a monoclonal antibody (MAb) induces an
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increase in the intracellular calcium ion concentration
([Ca2+]i) of B cells and some B-cell lines (5, 34, 49) and
induces tyrosine kinase activity (7, 18). CD19 and surface Ig
are functionally linked, because MAb binding to CD19 inhibits
the increase in [Ca2+]i that follows mitogen stimulation and
subsequent B-cell activation and proliferation (34). On the
other hand, ligation of surface Ig also leads to inactivation of
normal calcium mobilization by cross-linked CD19 (37), and
comodulation studies indicate that CD19 can cocap with cell
surface Ig (33). CD19 MAb binding may also provide a
proliferative signal for early IgM-negative precursor B cells
(49). Furthermore, the Lyn, Lck, and Fyn protein tyrosine
kinases may associated with CD19 (48, 50), and the cytoplas-
mic domain of CD19 contains kinase insert regions that when
phosphorylated mediate the binding and activation of phos-
phatidylinositol 3-kinase (47). Thus, although the precise in
vivo function of CD19 has not been definitively elucidated,
these studies support the hypothesis that the CD19 complex
can serve an accessory role in conjunction with surface Ig to
enhance antigen-driven B-cell activation (6).
Although CD19 is one of the first lineage-specific surface

molecules expressed during early pre-B-cell development, little
is known about the functional importance of this molecule
during early B-cell differentiation or the role of CD19 in vivo.
However, the expression of cloned genes in transgenic mice
can provide a direct readout of biological consequences of
receptor function rather than the effects evoked following
cross-linking of a receptor with MAb as has primarily been the
approach for examining CD19 function. Further, the mouse
model allows an analysis of the complex signaling pathways
that occur during early B-cell hematopoiesis for which satis-
factory tissue culture models do not exist. Therefore, the
human CD19 (hCD19) gene was microinjected into mouse

3884



IMPAIRED B-CELL DEVELOPMENT IN CD19 TRANSGENIC MICE 3885

I

A.

B.

C0.

I I _
L-t In. An IIn I n RADII A aL

I Liu u u I u uuii

EXONS 1 4 5

0 l
y

hB4G-7

hB4G-10

III I
I i

u no
15

-
r

4.5 kb 4.7 kb6.8 kb

FIG. 1. Structure of the hCD19 transgene. (A) DNA fragments from human genomic DNA clones hB4G-7 (HindIII to KpnI and KpnI to XhoI)
and hB4G-10 (XhoI to HindIll) were linearly assembled to produce the transgene. The Hindlll site in hB4G-7 enclosed in parentheses was located
in the polylinker of the DNA clone. (B) Intron-exon organization of the transgene containing exons 1 through 15 with 4.5 kb of 5' flanking and
4.7 kb of 3' flanking sequence. Exons are indicated by rectangles; speckled rectangles indicate translated sequence.

eggs to determine whether appropriate expression of this gene
would occur in mice and to produce mice with augmented
overall CD19 expression. Since MAb reagents are available
only for hCD19, use of the hCD19 gene also allowed the direct
analysis of transgene expression which could be assessed
independently of endogenous mouse CD19 (mCD19). These
studies revealed that expression of the hCD19 gene in mice
was completely B cell restricted. In addition, examination of
the effect of hCD19 expression on mouse B-cell function
revealed that the hCD19 gene product severely altered normal
B-cell development, demonstrating that CD19 is an important
factor in regulating early B-cell generation and maturation.

MATERIALS AND METHODS

CD19 transgene construction. The hCD19 transgene was
constructed in the SP65 plasmid by the sequential insertion of
fragments of genomic DNA containing the CD19 gene and
flanking sequences (Fig. 1). Two DNA fragments from the
genomic clone hB4G-7 (52), from the 5' end of the clone to the
unique internal KpnI site and from the KpnI site to the XhoI
site, were subcloned into a plasmid with the XhoI-HindIII
fragment of the 3' end of the gene from genomic clone
hB4G-10. The total length of the transgene was -16 kb, with
-4.5 kb of 5' flanking sequence and -4.7 kb of 3' flanking
sequence. Unique HindIlI restriction sites flanked the trans-
gene, allowing linearization and separation from the vector.
Linearized transgene was first purified by electrophoresis on
agarose gels followed by ion-exchange column chromatogra-
phy using Qiagen columns (Qiagen, Inc., Chatsworth, Calif.) or
Elutip-D columns (Schleicher & Schuell, Keene, N.H.). The
purified linear hCD19 gene DNA was microinjected into the
male pronucleus of fertilized mouse eggs obtained from B6SJL
female mice mated to males of the same cross. The eggs were
reimplanted into pseudopregnant mice as described previously
(17). Transgenic founder mice were mated with C57BL/6J
mice to propagate the transgenic lines. All progeny were
identified as heterozygous or homozygous for the hCD19 gene
by examining the gene copy number relative to the parental
transgenic mice and human DNA.

Southern and Northern (RNA) blot analyses. Mouse
genomic DNA was extracted from the distal 1 to 1.5 cm of tails
from 3-week-old mice as described previously (17). Southern

blot analysis was performed as described elsewhere (43, 46).
Ten micrograms of restriction endonuclease-digested DNA
was electrophoresed in horizontal 0.8% agarose gels and
transferred to nitrocellulose (51). Human DNA was isolated
from Epstein-Barr virus-transformed blood lymphocytes.
hCD19 cDNA inserts were isolated from plasmids, twice
purified by agarose gel electrophoresis, 32p labeled by nick
translation (35), and hybridized with the filters as described
previously (43). Hybridization was performed at 42°C in the
presence of 50% (vol/vol) formamide, and the filters were
washed with 0.2x SSC (I x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) with 0.1% (wt/vol) sodium dodecyl sulfate at
65°C. DNA fragment size was determined by coelectrophoresis
of a 1-kb ladder (Bethesda Research Laboratories, Gaithers-
burg, Md.). The hCD19 cDNA probe, pB4-17, was similar to
the published pB4-19 cDNA (45) except that it begins with the
G of the translation initiation codon and terminates 22 nucle-
otides 3' of the poly(A) attachment signal sequence and has 17
3' A's attached. Three discontinuous mCD19 cDNAs, mB4-
211A1, mB4-30, mB4-503.1, that span from nucleotide position
98 to the poly(A) tail as shown previously (53) were used as
probes for Southern analysis.
RNA was extracted from tissues dissociated with a homog-

enizer (Konet Glass Co., Vineland, N.J.) in the presence of 4
M guanidine isothiocyanate as described previously (42).
Northern blot analysis was carried out with formaldehyde as a
denaturing reagent. Ten micrograms of total cellular RNA was
run in each lane, and intact RNA was visualized in the agarose
gel by using ethidium bromide. pB4-17 was used as the probe,
with hybridization at 42°C in the presence of 50% formamide.
The nitrocellulose filter was washed in 0.2x SSC at 65°C after
hybridization. mRNA size was determined by comparison with
28S and 18S rRNAs.

Determination of transgene copy number. Transgene copy
number was determined by quantifying the level of hybridiza-
tion of a hCD19 cDNA (AP17-1) probe with the same amount
of genomic DNA from the human Namalwa B-cell line, normal
mice, and transgenic mice blotted onto nitrocellulose. The
counts per minute obtained for triplicate dot blot determina-
tions was compared with the counts per minute obtained with
human DNA which contains two copies of the CD19 gene.

Antibodies and serum Ig determinations. The following
MAbs were used in the flow cytometry analysis: phycoerythrin
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(PE)-conjugated B4 (anti-hCD19; Coulter Corp., Hialeah,
Fla.) and M1/69 (anti-mouse heat-stable antigen; Pharmingen,
San Diego, Calif.); fluorescein isothiocyanate (FITC)-conju-
gated RA3-6B2 (anti-CD45R/B220) (9), B4 (anti-hCD19;
Coulter), 145-2C11 (anti-mCD3) (22), H013.4 (anti-Thyl.2)
(24), Ig(5a)7.2 (anti-mouse IgDa allotype) (30), Ig(5b)6.3
(anti-mouse IgDb allotype) (31), S7 (anti-mCD43) (9), and
53-7.8 (anti-Ly-1; Pharmingen); and biotin-conjugated M1/70
(anti-Mac-1) (40), 6C3 (anti-BP-1; Pharmingen), S7, and RA3-
6B2. Cyanine 5.18-conjugated RA3-6B2 and Texas red-conju-
gated goat anti-mouse IgM (Southern Biotechnology Associ-
ates, Birmingham, Ala.) were used in three- or four-color
staining experiments. Polyclonal antisera, FITC-conjugated
goat anti-mouse IgM (Southern Biotechnology Associates),
and biotinylated goat anti-mouse IgM (Vector Laboratories,
Burlingame, Calif.) were also used. Unconjugated HB12b
(anti-hCD19) (5) and goat anti-mouse IgM (Southern Biotech-
nology Associates) were used in calcium flux experiments.

Ig levels in sera were determined by using an enzyme-linked
immunosorbent assay (ELISA). Briefly, ELISA plates (Co-
star, Cambridge, Mass.) were coated with 100 ,ul (10 pLg/ml) of
goat anti-mouse IgG1, IgG2a, IgM, and IgA antibodies (South-
ern Biotechnology Associates) at 4°C overnight. After three
washes with phosphate-buffered saline (PBS) containing 0.1%
bovine serum albumin (BSA), the plates were blocked by PBS
with 1% fetal calf serum and 0.02% sodium azide for 1 h at
37°C. The plates were washed three times, and diluted mouse
serum was incubated at 37°C for 2 h. Affinity-purified mouse
Igs of all isotypes (Southern Biotechnology Associates) were
used as standards in the assay. Plates were washed four times
with PBS-0.1% BSA and further incubated with alkaline
phosphatase-conjugated isotype-specific goat anti-mouse Ig (2
,ug/ml; Southern Biotechnology Associates) for 2 h at 37°C.
Finally, alkaline phosphatase substrate p-nitrophenyl phos-
phate (Sigma, St. Louis, Mo.) was added to the plates at 1
mg/ml to visualize positive reactions. Optical density values
were collected by using a spectrophotometer (Titertek Multi-
skan MC; Flow Laboratories, McLean, Va.) at a 405-nm
wavelength.

Cells and immunofluorescence analysis. Single-cell suspen-
sions of mouse peripheral blood leukocytes, splenocytes, thy-
mocytes, bone marrow cells, and peritoneal cavity cells were
isolated and examined immediately by immunofluorescence
analysis. One-color direct immunofluorescence analysis was
performed as described previously (9) by using FITC-conju-
gated B220 (RA3-6B2) and an anti-B4 MAb. Two-color im-
munofluorescence staining was performed by using FITC-
conjugated antibodies in combination with biotinylated
antibodies. Streptavidin-PE (Fisher Scientific, Fair Lawn, N.J.)
was used to reveal biotin-coupled antibody staining. Cells were
washed and analyzed on an EPICS Profile flow cytometer
(Coulter). Ten thousand cells were analyzed for each sample.
For three- and four-color staining, cells were incubated with
FITC-, cyanine-, Texas red-, and biotin-conjugated antibodies
for 20 min on ice, washed, and incubated with PE-avidin
(Vector Laboratories). Anti-FcyR II antibody (2.4G2; 25 ,g)
and normal rat serum (10%, final volume) were added in the
first step to eliminate nonspecific staining. Cells were analyzed
on a modified dual-laser Becton Dickinson FACS 440 flow
cytometer (Becton Dickinson Immunocytometry Systems, San
Jose, Calif.), with a minimum of 30,000 cells collected per
sample. The data were processed on a VAXstation 3200
computer equipped with FACS/DESK software (kindly sup-
plied by Wayne Moore, Stanford University, Stanford, Calif.).

Cell cycle analysis. Single-cell suspensions of bone marrow
cells were stained with B220-FITC and biotinylated anti-IgM

antibody. Streptavidin-PE was used to visualize IgM staining.
After being fixed with 4% formaldehyde (Fisher Scientific), the
cells were incubated with the DNA dye DAPI (4',6-diamidino-
2-phenylindole; 5 ,uM; Molecular Probes, Eugene, Oreg.) in
0.4 M sodium phosphate buffer for 5 min on ice and then
analyzed on a EPICS Elite flow cytometer (Coulter) as de-
scribed previously (32). The DNA content of B220duII IgM-
(pro- and pre-B cells) and B220+ IgM+ (immature and mature
B cells) was quantified, and the variability of DNA content was
then analyzed mathematically.

Tissues and immunohistochemistry. Normal tissues were
obtained from transgenic mice and their littermates and kept
in liquid nitrogen until use. Frozen tissue sections were air
dried overnight and subsequently fixed in acetone for 10 min.
The sections were incubated with a biotinylated primary
anti-CD19 MAb (HB12) for 30 min, washed with Tris-buffered
saline (pH 7.8), and processed as described previously (12).
Measurement of [Ca2]1. Mouse spleen cells were isolated

as a single-cell suspension, treated with anti-CD3 and anti-
Thy-1.2 MAbs, and incubated with baby rabbit serum (Pel-
Freeze, Brown Deer, Wis.) to lyse T cells. Spleen B cells (10 x
106 to 30 x 106) in 1 to 2 ml of RPMI 1640 medium were
loaded with 1 pM indo-1-acetoxymethyl (indo-1-AM) ester
(Molecular Probes) at 37°C for 30 min, washed, and then
resuspended at 0.5 x 106 cells per ml in RPMI 1640. For
analysis, the ratio of fluorescence (525/405 nm) of cells (5 x
105 cells in 1-ml samples) was determined in an EPICS Elite
flow cytometer. Baseline fluorescence ratios were collected for
30 s before specific MAbs were added. The CD19 MAb was
added at a 1/200 final dilution of ascites fluid, and goat
anti-mouse IgM antiserum (Southern Biotechnology Associ-
ates) was added at a 1/500 final dilution of the antiserum
supplied by the manufacturer. A decrease in the fluorescence
ratio indicates an increase in [Ca2+]i.

Statistics. All statistical comparisons were carried out by
using the one- or two-tailed Student's t test.

RESULTS

Production of hCD19 transgenic mice. To determine
whether the regulatory elements necessary for lineage-specific
expression of CD19 were proximal to known exons (52), a
transgene including all hCD19 exons, 4.5 kb of 5' upstream
DNA, and 4.7 kb of 3' DNA (Fig. 1) was injected into mouse
eggs. Eight of thirty-seven mice, termed h19-1 through h19-8,
carried the hCD19 gene, and seven of the founder lines
expressed hCD19 on the cell surface at high (hCD19-1) to low
(hCD19-7) levels (Table 1). Although the founder mice were
chimeric for the transgene, 40 to 80% of the B220+ B cells
were hCD19+ (Table 1; Fig. 2). Four of the founder mice
generated offspring with germ line transmission frequencies of
67, 10, 67, and 25% for the h19-1, -4, -5, and -7 lines,
respectively. Transgene copy number varied from - 1 to - 14 in
the different lines, with a positive correlation between gene
dosage and the intensity of hCD19 expression (Table 1; Fig. 2).
In homozygous transgenic mice, cell surface hCD19 expression
was -2-fold higher than that of the heterozygous mice, and all
hCD19+ cells expressed B220 (Fig. 2). Thus, the regulatory
elements necessary to mediate hCD19 expression in murine
cells were present in the transgene.

Expression of the hCD19 transgene is limited to B cells.
Northern blot analysis of RNA isolated from various organs of
heterozygous h19-1 mice and control littermates revealed
hCD19 expression only in the spleens of transgenic mice (Fig.
3). The predominant mRNA species was -2.4 kb, with addi-
tional species of 2.8, 3.1, and 3.7 kb, as seen in human B cells
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TABLE 1. Characteristics of blood lymphocytes from hCDl9 transgenic mice

% Positive cells"
Line Gene Founder mice Heterozygous mice Homozygous mice

copy no. __

Sex" CDl9+ B220+ CDI9+ B220+ CD19+ B220)'

Control 0 M + F 0 60 13 0 60 12 0 60 12
h19-1 9-14 M 13 3 26+ 5 23 2 23 ± 6 7 2 7 42"
h19-2 ND` F 11±7 25 gf
h19-3 1-2 F 12 1 40 4
h19-4 2-3 M 12 4 53 15 46 1 46 1 30 3 30 ± 3"
h19-5 1-2 F 17 14 30 13f 41 2 41 if 30 2 30+ 2
h19-6 ND F 7 3 37 15
h19-7 1-2 M 3 2 52 ±2 45 1 45 1 49 1 49 1
h19-8 ND M 1 1 61 7

" Values represent percentages of positive cells for a given surface antigen obtained from blood lymphocytes (based on side-angle and forward light scatter) and
represent results obtained on at least three different occasions for the founder mice and results from at least three heterozygous and homozygous mice. In all instances,
the background percentages of cells that were positive (<3%) were subtracted from the values presented. The frequency of fluorescence-positive cells was determined
by single-color analysis using a Coulter Profile flow cytometer.

h M, male; F, female.
Significantly less than in control littermates (P < 0.01).

"Significantly less than in control littermates (P < 0.002).
"ND, not determined.
f Significantly less than in control littermates (P < 0.05).

(45). When the same Northern blot was probed with an
mCD19 cDNA probe under high-stringency conditions, only
RNA from the spleens of transgenic and control mice hybrid-
ized (data not shown). The levels of hybridization were iden-
tical between transgenic and control mice, indicating that
expression of the hCD19 gene had no obvious effect on
endogenous mCD19 expression.

Cells from bone marrow, spleens, thymuses, peripheral
blood, and peritoneal cavities of transgenic mice were exam-
ined for hCD19 expression by immunofluorescence staining.
Only B220+ cells from these tissues expressed the hCD19
transgene (Fig. 2 and 4). In all cell populations examined,
CD3+ or Thyl.2+ T cells, monocytes, granulocytes, or other
hematopoietic cells failed to express hCD19. Similar results
were obtained for all founder mice and for their heterozygous
and homozygous offspring. Among bone marrow cells, all
surface IgM+ cells were hCD19+ (Fig. 4). However, consistent
with the very early appearance of B220 in B-cell development,
not all B220+ cells were hCD19+. Nonetheless, a substantial
proportion of hCD19+ cells were pro- or pre-B cells, since only
50% of hCD19+ cells expressed surface IgM. Furthermore,
-10% of hCD19+ cells expressed CD43 (S7), which identified
early pro-B cells, and 20% of the hCD19+ cells expressed the
BP-1/6C3 marker present on late pro-B or pre-B cells (Fig. 5).
Also, it was very obvious that hCD19 expression increased
while pro-B cells matured from S7+ B220+ to BP-1 + B220+ to
B220+ IgM+ B cells (Fig. 5). Therefore, hCD19 transgene
expression was restricted to the B lineage, and the transgene
was expressed during early pro- and pre-B-cell development as
occurs in humans.

Immunohistochemical staining of mouse spleen, lymph
node, thymus, brain, heart, kidney, liver, lung, stomach, small
intestine, uterus, and skin tissue sections of transgenic mice
revealed that expression of hCD19 was restricted to B-lineage
cells (Fig. 6). Expression of hCD19 was not detected in normal
mouse tissues. hCD19+ cells were found in the B-cell areas of
lymph nodes and in the white pulp and red pulp of spleens in
both heterozygous and homozygous h19-1 animals. It was not
possible to determine whether follicular dendritic cells within
germinal centers expressed CD19 as occurs in humans (41).
Some hCD19+ lymphocytes were found in the small intestine

and the thymus medulla, consistent with the rare presence of B
cells in these tissues.

B-cell development is impaired in hCDl9 transgenic mice.
Expression of the hCD19 transgene correlated inversely with
the number of circulating B220+ cells: high levels of hCD19
expression resulted in decreased numbers of circulating B cells
(Fig. 2; Table 1). This effect was particularly apparent in
homozygous and heterozygous transgenic mice (Table 1).
Heterozygous h19-1 mice had only 22% of control numbers of
circulating B cells (P < 0.001), while homozygous mice had
only 4% of normal numbers (P < 0.001) (Fig. 7). Similarly,
spleen weight in 2- to 3-month-old homozygous transgenic
mice was reduced by 30 to 40%, and the h19-1 transgenic mice
had only 65% as many spleen B cells (P = 0.016), while
homozygous mice had only 18% of the normal number (P <
0.001). In contrast, the numbers of circulating and spleen T
cells in the transgenic mice were not significantly different from
those in control mice (Fig. 7).

B-cell development in hCD19 transgenic mice was signifi-
cantly impaired. Most noticeable was that the B220bright IgM+
(Fig. 4A) or IgM+ IgD+ (data not shown) mature B-cell
population in bone marrow was either significantly reduced or
absent (P < 0.001) compared with the level in control litter-
mates. On average, the frequency of B220bright IgM+ cells was
reduced by 54% in 2- to 3-month-old heterozygous mice and by
73% in homozygous animals (Fig. 8). The h19-1 transgenic
mice also had significantly fewer newly generated B220dut'
IgM+ B cells in the bone marrow, with a 35% reduction (P =
0.007) in heterozygous mice and 64% reduction (P < 0.001) in
homozygous mice. However, the percentage of IgM- B220+
cells was not apparently changed in 2-month-old mice, suggest-
ing no accumulation of pre-B cells in the bone marrow despite
the decrease in B-cell frequency. Consistent with this finding,
the frequencies of CD43+ B220+ cells were similar in control
(3.6% ± 2.0%, n = 3) and homozygous (5.2% + 2.5%, n = 5)
littermates (Fig. 5). Also, the frequencies of BP-1/6C3-positive
cells were 4.0% + 2.8% (n = 5) in homozygous transgenic
mice and 5.4% ± 0.6% (n = 3) in control littermates (Fig. 5).
Thus, early pro-B- and pre-B-cell development was not signif-
icantly impaired, while the generation of immature B cells
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FIG. 2. hCD19 expression by blood leukocytes from control and transgenic mice. All studies were carried out at the same time by two-color analysis using
the CD19 MAb (B4) conjugated to PE and the B220 MAb labeled with FITC. Fluorescence analysis was on a Coulter Elite flow cytometer. Founder mice were
14 months old and the heterozygous and homozygous progeny were 2 months old at the time of analysis. Values for each histogram represent the percentages
ofCD19+ B220+ cells in the total lymphocyte population gated on forward and side-angle light scatter. Horizontal and vertical lines which divide the figures into
four quadrants delineate negative and positive populations of cells as determined by using an unreactive control MAb. Fluorescence intensity is shown on a
four-decade log scale. These values differ from results obtained for single-color analysis (Table 1) because of the requirement for compensation during two-color
analysis, which lowers the fluorescence intensity of hCD19 staining.

(B220dulI IgM+) and mature B cells (B220bright IgM+) was
dramatically reduced.

Similar results were obtained with 2-week-old h19-1 trans-
genic mice (Fig. 4B) except that the proportion of IgM+
B-lineage cells in the bone marrow was more sharply reduced:
66% in heterozygous mice and 88% in homozygous mice. The
frequency of B220+ cells was also lower: 52% reduced in
heterozygous mice and 69% reduced in homozygous mice.
However, the frequency of IgM- B220+ cells was not dramat-
ically reduced between control (20%, n = 2), heterozygous
(16%, n = 2), or homozygous (14%, n = 2) littermates. The
frequency of B cells in the spleen of 2-week-old transgenic
mice was also significantly decreased. In the 19-1 line, control
littermates had 23 x 106 (±3 x 106, n = 2) splenic B cells,
compared with 17 x 106 (+5 x 106, n = 2) for heterozygous
mice and 2 x 106 (+1 x 106, n = 2) for homozygous mice.
These results indicate that the bone marrow of transgenic mice
might produce normal numbers of IgM- B220+ pre-B cells
and that the apparent block in B-cell development induced by
hCD19 expression occurred during the late stages of pre-B-cell
development or at the time of surface IgM expression.
The frequency of bone marrow pre-B and B cells in the cell

cycle was determined in 2-month-old littermates to determine
whether the defect in B-cell development resulted from an
arrest of cell proliferation. In two experiments, the frequencies

Control littermate Heterozygous transgene

~~~~~~~~~~0) 0->~~~~~~~~~~~~~C)CD O -> Bc a O

28S

-18S

FIG. 3. The hCD19 transgene is expressed in the spleens of trans-
genic mice but not in other tissues. A Northern blot of RNA from
tissues of a heterozygous h19-1 mouse and a control littermate was
probed with labeled pB4-17 hCD19 cDNA. Nitrocellulose filters were
washed under high-stringency conditions so that the hCD19 cDNA
does not bind to mCD19 mRNA. rRNA was run in parallel as an
indicator of size and to verify that the RNA was intact. Autoradiog-
raphy was for 1 week with an intensifying screen.
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FIG. 4. Expression of hCD19 by bone marrow cells from h19-1 mice. (A) Results are representative of those obtained from 2-month-old control
(-/-; n = 7), heterozygous (+/-; n = 4), or homozygous (+/+; n = 6) littermates. (B) Results are representative of those obtained from
2-week-old control (-/-; n = 2), heterozygous (+/-; n = 2), or homozygous (+/+; n = 2) littermates. Data are presented as in Fig. 2.

of IgM- B220+ pre-B cells in G1, S, and G2/M were 80 to 85,
15 to 20, and <1%, respectively, in control mice and 75 to 86,
14 to 25, and <1%, respectively, in homozygous h19-1 mice. In
the IgM+ B220+ B-cell compartment, the frequencies of cells
in G1, S, and G2/M were 96 to 98, 0 to 1.4, and 0.5 to 4.2%,
respectively, in control mice and 95 to 99, 0 to 5.3, and 0 to
0.4%, respectively, in homozygous h19-1 mice. Therefore, cell
cycle progression was not appreciably affected by hCD19
expression.
Although unlikely, one explanation for the decrease in

peripheral B-cell numbers in the hCD19 transgenic mice could
be the production of antibodies or cytotoxic T cells reactive
with hCD19, leading to removal of the B cells through
immune-effector mechanisms. However, antibody specific for
hCD19 was not detected in serum from five homozygous h19-1
mice (data not shown). Further, since hCD19 would be an

endogenous protein in the transgenic mice, there is no reason

to suspect that cytotoxic T cells should be generated against

this molecule, and there was no evidence of abnormal T-cell
infiltrates into tissues in which hCD19 was expressed (Fig. 6).

Signal transduction through hCD19. Spleen B cells isolated
from homozygous h19-1 mice increased [Ca2"]I in response to
binding of the anti-human CD19 MAb alone (Fig. 9). Spleen
cells from control and h19-1 mice also increased [Ca2]i to
equivalent levels in response to optimal doses of anti-mouse Ig
antibodies, demonstrating that the calcium signaling pathway
in the transgenic mice was functional (Fig. 9). The addition of
the anti-hCD19 MAb in combination with a suboptimal con-

centration of anti-mouse Ig antibody also resulted in an

increase in the percentage of h19-1 spleen cells which in-
creased [Ca2"]i (data not shown). The addition of the anti-
hCDl9 MAb alone or with suboptimal amounts of anti-mouse
Ig antibodies to spleen cells from control littermates did not
alter [Ca2"]i levels, consistent with these cells not expressing
hCD19 (Fig. 2). Thus, hCD19 expressed in mouse cells is
capable of signal transduction.
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FIG. 5. B-cell development in homozygous hCD19 transgenic mice. Early pro-B- and pre-B-cell development is not significantly altered in the
transgenic mice, whereas immature (B220du" IgM+) and mature (B220bright IgM+) B-cell numbers decreased dramatically, as revealed by two-,
three-, and four-color fluorescence staining and flow cytometry analysis of bone marrow with antibodies to S7, BP-1, B220, and IgM. hCD19
expression increased as B cells matured from S7+ B220+ to BP-1 + B220+ to IgM+ B220+ stages.

The abilities of B cells to mature into Ig-producing plasma
cells were compared in four 2- to 3-month-old homozygous
h19-1 transgenic mice and control littermates. IgM (1.3 + 0.4
mg/ml [control] versus 5.0 ± 5.0 mg/ml [transgenic]), IgGl (1.6
± 0.8 versus 3.1 ± 0.3), IgG2a (0.28 ± 0.08 versus 0.22 ± 0.8),
and IgA (3.4 ± 1.7 versus 3.6 ± 1.5) levels were not signifi-
cantly different. Therefore, the hCD19 transgenic mice were
not notably immunocompromised.

DISCUSSION

The pattern of hCD19 gene expression in transgenic mice
demonstrated that all necessary B-cell-specific regulatory ele-
ments were contained within the transgene (Fig. 1). Among
blood and bone marrow leukocytes, only B lymphocytes ex-
pressed the transgene product (Fig. 2 and 4). In addition,
hCD19 mRNA was found only in hematopoietic tissues (Fig.
3), and only the B-cell areas in spleen, lymph nodes, and other
tissues contained hCD19 protein (Fig. 6). Regulation of
hCD19 expression during B-cell development in transgenic
mice was similar to that observed in humans, with expression
starting at the early pro- and pre-B-cell stages of differentiation
(Fig. 4 and 5) and continuing through B-cell maturation. Like
CD19, the endogenous promoter and enhancer regions of the

Ig light- and heavy-chain genes are active early in the lympho-
cyte lineage, but expression of the Ig heavy-chain promoter is
not completely B cell restricted in transgenic mice (14, 21, 29).
Therefore, the CD19 gene may be similar to the K light-chain
gene, which can initiate B-cell-specific expression of foreign
gene products (44). Although the K light-chain gene shares no

significant homology with the CD19 gene, the CD19 gene
contains sequences similar to the NFKB and ,uB motifs (52).
Binding sites for the B-cell-specific activator protein/Pax-5
transcription regulatory factor have also been identified in the
CD19 promoter region (2, 20), although B-cell-specific activa-
tor protein/Pax-5 is found in the central nervous system and
testis (2, 3). In contrast to many other transgenes, there was a

positive correlation between the number of hCD19 transgene
copies and the surface expression of hCD19, with homozygous
transgenic mice expressing -2-fold-higher levels of hCD19
than heterozygous mice (Fig. 2). The CD19 regulatory ele-
ments thus provide a model of lineage-specific gene regulation
and may also provide a promoter element useful for manipu-
lation, since expression of the hCD19 gene was B cell specific
and without obvious insertional effects.

Expression of hCD19 inhibited the early development of
mouse B-lineage cells. The number of immature IgM+
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41

FIG. 6. Immunohistochemical analysis of hCD19 transgene expression in heterozygous transgenic hCD19-1 mice (B and D) and control
littermates (A and C). Follicular B-cell areas in spleen (A and B [magnification, X200]) and lymph node (C [magnification, X200] and D
[magnification, X400]) were hCD19+ in transgenic mice, while no cells in control mice were hCD19+ as determined by the APAAP (mouse
anti-alkaline phosphatase antibody previously reacted with alkaline phosphatase) staining technique.

B220dull B cells and mature B220bright IgM+ IgD+ B cells in
the bone marrow of transgenic mice was significantly reduced
(Fig. 4, 5, and 8). In contrast, the percentage of pro- and pre-B
cells in the bone marrow did not change dramatically, indicat-
ing that early B-cell development was not significantly inhib-
ited and that pro- and pre-B cells did not accumulate (Fig. 4,
5, and 8). Expression of hCD19 did not completely obstruct
B-cell maturation, since B cells were found in blood, lymphoid
organs, and the peritoneal cavity, but at significantly lower
frequencies (Fig. 2 and 7). Although the presence of B cells
presumably reflects the peripheral expansion of mature B
lymphocytes, the accumulation of peripheral B cells did not
compensate for the effect of the hCD19 transgene, since old
mice had a comparable deficit in B-cell numbers (Fig. 2).
Similar results were obtained in all transgenic lines, with the
severity of the defect correlating with the level of hCD19
expression (Table 1; Fig. 2). This dose-response effect in
independent lines of mice directly implicates hCD19 as the
cause of impaired B-cell development rather than an indirect
effect resulting from inappropriate insertion of the transgene
into the genome.
Whereas impairment of B-cell development was correlated

with the number of cell surface hCD19 molecules expressed
(Fig. 5), this increase in receptor number may translate into
the overproduction of a necessary signal which results in
altered regulation of B-cell development. It is also possible
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FIG. 7. hCD19 expression in transgenic mice alters the frequency
of B lymphocytes in blood and spleen. The numbers of lymphocytes
were based on the determined number of blood leukocytes per unit
volume and the total number of mononuclear cells isolated from
spleens of 2- to 3-month-old mice. The percentage of B220+ B cells
and CD3+ T cells was then determined by flow cytometry. Results
represent mean values (+ standard deviations) obtained for blood
isolated from 12 control, 10 heterozygous, and 9 homozygous litter-
mates and with spleen cells isolated from 6 control, 6 heterozygous,
and 4 homozygous littermates.
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hCD19+ hCD1 9/B220 B220+
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FIG. 8. Lymphocyte populations present in bone marrow of hCD19 transgenic mice. These data are a summary (means ± standard deviations)
of results similar to those shown in Fig. 4 for 2-month-old h19-1 mice: control littermates (-/-; n = 7), heterozygous mice (+/-; n = 4), and
homozygous mice (+/+; n = 6). Values represent percentages of lymphocytes expressing the indicated cell surface markers and were determined
by two-color immunofluorescence staining with flow cytometry analysis. For example, hCD19/B220 represents the percentage of B220+ cells that
are hCD19+. *, significant difference relative to control littermates (P c 0.007); **, P c 0.001.

that intracellular kinases or other members of the mCD19
complex bind the human molecule and are thereby not avail-
able for proper signal transduction through mCD19, since the
amino acid sequence homology between mCD19 and hCD19 is
high (45). The paucity of B cells in CD19 transgenic mice does
not result from blocking B-cell activation, since B cells from
transgenic and control littermates were equivalent in their
early responses to IgM cross-linking (Fig. 9), and h19-1
transgenic mice had normal levels of serum Ig of all isotypes.
Further, increased CD19 numbers did not result in desensiti-
zation of other signal transduction pathways, since cross-
linking of hCD19 or IgM in the transgenic mice induced a
potent change in [Ca2+]J (Fig. 9). Increased turnover of pre-B
and B cells in the bone marrow did not account for the
differences in B-cell numbers, since cell cycle differences
between transgenic and control littermates were not observed
and the pre-B-cell population was normal in size. The hCD19-
induced defect did not result from significant alterations in
endogenous mCD19 mRNA levels, since they were not af-
fected by expression of the hCD19 gene. These findings
demonstrate that hCD19 is functional in mouse B cells and
that the inhibition of early B-cell development may result from
the generation of inappropriate signals rather than secondary
effects resulting from expression of a nonfunctional hCD19
receptor. Thus, it is likely that the extracellular domain of
hCD19 binds to a putative mCD19 receptor or generates the
appropriate functional cell surface receptor complex and that

the cytoplasmic portion of hCD19 interacts with mouse intra-
cellular signaling molecules.
The phenotype of the hCD19 transgenic mice is similar to

that of mice expressing pu or 8 heavy-chain transgenes which
have a decrease in the total pool of peripheral B cells (13, 16,
26). This is presumed to result from the premature expression
of a heavy-chain product resulting in a shorter transit time in
the bone marrow maturation pathway and eventually resulting
in the decreased expansion of the B-cell pool. The phenotype
of the hCD19 transgenic mice is more likely to reflect a
disruption of normal mCD19 function, thereby providing a
toxic or suppressive signal during early B-cell development.
Similarly, doubling the steady-state level of p56"ck in transgenic
mice impairs thymocyte development (1). Overexpression of
CD8 in T cells impairs thymus development as a result of
increased negative selection of thymocytes (38). It is therefore
possible that CD19 plays a similar role in the selection of B
cells during early development. Expression of the hCD19
transgene also mimics the effects of dominant negative muta-
tions which disrupt normal signal transduction in other exper-
imental situations. In this respect, expression of a catalytically
inactive p561ck transgene blocks early T-cell development in the
thymus (23), while expression of a catalytically inactive version
of p59fn disrupts T-cell receptor-induced signaling without
affecting thymocyte development (10). Interestingly however,
the phenotype of the hCD19 transgenic mice was similar to
that of mice in which the A5 gene is inactivated by targeted
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FIG. 9. Signal transduction through hCD19 in homozygous h19-1
spleen B cells. B cells were isolated from the spleens of homozygous
h19-1 mice or control littermates. These cells were then loaded with
indo-1 and treated with the anti-hCD19 (HB-12b) MAb, an optimal
amount of anti-mouse IgM antibody, or medium alone. An increase in
[Ca2+]i over time is shown as a decrease in the ratio of indo-1
fluorescence. The gap in the histogram represents the time point at
which the MAb was added.

disruption (9). Nonetheless, the results from this study suggest
an important biological role for CD19 in the regulation of
B-cell development in vivo and implicate CD19 in the regula-
tion of both the incidence and rate of B-cell generation.

Since the defect in B-lymphocyte development occurred
initially in the bone marrow microenvironment, a site of
antigen-independent B-cell development (39), CD19 may

function in regulating antigen-independent B-cell activation or

survival during the late pre-B-cell stage or the period of
transition from a pre-B cell into an immature B cell. While it
is also likely that the CD19 complex is involved in B-cell
function at later stages of maturation, understanding the
functional role of the diverse groups of cell surface signal
transduction molecules expressed early in B-cell development
will provide a clear insight into the molecular mechanisms
which direct B-cell differentiation. Also, several members of
the CD19 cell surface complex are expressed by nonhemato-
poietic tissues, suggesting that similar regulatory processes may

occur in other tissues involving receptors similar to CD19.
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