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CD 19: Lowering the Threshold for Antigen 
Receptor Stimulation of B Lymphocytes 

Robert H. Carter* and Douglas T. Fearon 
Lymphocytes must proliferate and differentiate in response to low concentrations of a vast 
array of antigens. The requirements of broad specificity and sensitivity conflict because the 
former is met by low-affinity antigen receptors, which precludes achieving the latter with 
high-affinity receptors. Coligation of the membrane protein CD19 with the antigen receptor 
of B lymphocytes decreased the threshold for antigen receptor-dependent stimulation by 
two orders of magnitude. B lymphocytes proliferated when approximately 100 antigen 
receptors per cell, 0.03 percent of the total, were coligated with CD19. The B cell resolves 
its dilemma by having an accessory protein that enables activation when few antigen 
receptors are occupied. 

T h e  immune svstem must res~ond to low 
concentrations of antigen for the efficient 
elimination of infections. The growth and " 
differentiation of lymphocytes are mediated 
by antigen receptors that have low affinity 
for their ligands because they are products 
of recombinatorial gene rearrangement that 
takes place in the absence of selection by 
antigen. Therefore, lymphocytes must have 
mechanisms that enable them to be stimu- 
lated when relatively few receptors have 
bound antigen. The T lymphocyte has the 
accessory membrane proteins CD4 and 
CD8, which, when coligated with the T 
cell antigen receptor (TCR) by the major 
histocompatibility complex (MHC)-pep- 
tide complex, decrease the number of TCRs 
that must be ligated (I).  No membrane 
protein of the B lymphocyte that is analo- 
gous to CD4 and CD8 has been identified. 

The CD19 membrane  rotei in. a mem- 
ber of the immunoglobulin (Ig) superfam- 
ilv. is B cell-s~ecific and is ex~ressed at 
eadh developmeAtal stage except ;hat of the 
terminally differentiated plasma cell (2). It 
is a component of a complex that contains 
at least two other membrane proteins, com- 
plement receptor type 2 (CR2, also called 
CD2 1) and TAPA- 1 (3). The CR2 protein 
mediates the capacity of the complement 
system to enhance the production of anti- 
body in response to low concentrations of 

Division of Molecular and Clinical Rheumatology, De- 
partment of Medicine, and the Graduate Program in 
Immunology, Johns Hopkins University School of 
Medicine. Baltimore. MD 21205. 

'To whom correspondence should be addressed. 

antigen in vivo (4). Both CD19 and CR2 
augment activation of phospholipase C in B 
cells when coligated with membrane Ig 
(mIg), but independent ligation of CD19 
suppresses B cell activation (5, 6). 

To determine whether ligating CD19 al- 
ters the capacity of mIgM to induce DNA 
synthesis, replicate samples of human B cells 
and mitomycin-treated murine L cells that 
express human Fc,RII (Fc,RII-L cells) (7) 
were cultured for 2.5 days in the presence of 
incremental concentrations of a monoclonal 
antibody (MAb) to IgM, a saturating con- 
centration of MAb to CD19, or an equal 
concentration of an irrelevant MAb, 
MOPC-2 1, and interleukin-4 (IL-4). In the 
absence of anti-CD19, the lowest concen- 
tration of anti-IgM that induced incorpo- 

U ' ' ' ' ' ~ ~ - -  
10-14 10-12 10-10 10-8 10-6 

Anti-igM (M) 

ration of ['Hlthymidine by B cells above the 
background incorporation was 6.7 x lo-" 
M. In the presence of anti-CD19, this was 
reduced to 6.7 x lo-'' M (Fig. 1) (8, 9). At 
higher concentrations of anti-IgM, anti- 
CD19 also increased the magnitude of 
[ '~lth~midine incorporation to twice that 
induced by anti-IgM alone. Anti-CD19 
alone did not induce proliferation. The liga- 
tion of CD19 both lowered the threshold for 
B cell activation by mIgM and increased the 
magnitude of the B cell response to optimal 
levels of mIgM stimulation. 

In a parallel experiment to assess the 
binding characteristics of the monoclonal 
anti-IgM, replicate samples of B cells and 
Fc,RII-L cells were incubated with incre- 
mental concentrations of lZ5I-labeled anti- 
IgM in the presence or absence of 2 x 
M unlabeled anti-IgM. Cell-bound and free 
antibody were separated, and specific bind- 
ing was calculated. The L cells alone did not 
specifically bind the radiolabeled antibody. 
Scatchard analysis showed that the anti-IgM 
bound to the mixture of B cells and L cells 
with a dissociation constant (Kd) of 1.8 x 

M, and to 2.7 x lo5 sites per cell at 
saturation. The presence of anti-CD19 did 
not alter the Kd of the anti-IgM for B cells in 
the presence of Fc,RII-L cells (1 0). There- 
fore, in Fig. 1, the threshold concentration 
of anti-IgM that induced B cell proliferation 
in the presence of anti-CD19 bound to only 
92 mIgM molecules per cell, or 0.03% of the 
total mIgM expressed per cell. 

We measured the fraction of CD19 that 
must be ligated to augment B cell prolifer- 
ation by incubating replicate samples of B 
cells and Fc,RII-L cells in the presence of 
suboptimal anti-mIgM, IL-4, and incre- 
mental concentrations of anti-CD19 for 2.5 
days, after which incorporation of ['H]thy- 
midine was assayed. The enhancing effect 
of anti-CD19 increased incrementally from 
6.7 x lo-'' M, which bound <0.2% of 
CD19, up to a saturating concentration of 
6.7 x M (Fig. 2A). To determine 

Fig. 1. Enhancement of DNA synthesis in B 
lymphocytes by the coaggregation of mlgM 
and CD19. Replicate samples of 5 x l o 4  pe- 
ripheral blood B cells (8) were cultured in 0.2 
ml of RPMI-1640 with 10% fetal calf serum in 
flat-bottom culture plates with 2 x l o 4  mitomy- 
cin-treated fibroblastic L cells expressing hu- 
man CDw32/Fc,RII and recombinant IL-4 (200 
unitslml, Genzyme). The B cells were stimulat- 
ed with a range of concentrations of MAb 
DA4.4 anti-lgM (9) together with either control 
antibody MOPC-21 (0) or HD37 anti-CD19 (0). 
Cells were pulsed with [3H]thymidine for the 
last 16 hours of a 60-hour culture. Results are 
means 2 SD of triplicates. Cells cultured with 
either control antibody or anti-CD19 alone in- 
corporated 2726 + 256 and 2475 + 255 counts 
per minute (cpm), respectively. Representative 
of four experiments. 
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whether coaggregation of CD19 with mIgM 
on the B cells was necessary for augmented 
cellular proliferation, in replicate samples 
of cells, F(abf)2 anti-CD19 was substituted 
for IgG anti-CD19. The F(abf)2 form of 
anti-CD19, which could not interact with 
the Fc,RII, suppressed rather than en- 
hanced mIgM-induced B cell proliferation 
(Fig. 2B). Thus, CD19 augments signaling 
by mIgM only when the two membrane 
proteins are coaggregated, probably reflect- 
ing a requirement for their proximity. 

Anti-CD19 enhanced mIgM-dependent 
stimulation both in the absence and pres- 
ence of IL-4 and did not alter the dose 
response characteristics of the B cells to 
IL-4. Anti-CD19 also did not induce long- 
term proliferation of B cells stimulated with 
anti-IgM or change the time at which peak 
synthesis occurred (1 0). 

To determine whether ligation of other 
members of the CD19 complex also enhanc- 
es mIgM signaling, we incubated B cells with 
the Fc,RII-L cells in the presence of satu- 
rating concentrations of anti-CD19, anti- 
TAPA-1, anti-CR2, or control MOPC an- 
tibody in combination with IL-4 and incre- 
mental concentrations of anti-IgM, and we 
assessed the cells for ['~lthymidine incorpo- 
ration after 2.5 days. The anti-CD19 again 
decreased the concentration of anti-IgM re- 
quired for B cell proliferation by approxi- 
mately two orders of magnitude (Fig. 3). 

Anti-TAPA-I, an antibody selected for its 
capacity to suppress the growth of a human B 
cell lymphoma (I I), augmented prolifera- 
tion when coligated with higher concentra- 
tions of anti-IgM, and anti-CR2 modestly 

Table 1. Comparison of the effect of anti-CD19 
with that of antibodies to other B cell surface 
proteins. B cells were cultured with mitomycin- 
treated Fc,RII-L cells, 200 unitslml 11-4, and 5 
pglml of each IgG1 monoclonal antibody either 
alone or together with 10 nglml of DA4.4 anti- 
IgM, and they were assessed for incorporation 
of [3H]thymidine. Anti-lgM at 1.0 kg/ml induced 
19,835 2 732 cpm. Replicate samples of B 
cells were incubated with the same antibody 
preparations at 0°C for 30 min, stained with 
fluorescein-labeled anti-mouse IgG, and ana- 
lyzed for fluorescence by flow cytometry. The 
mean fluorescence channel (MFC) for each 
population is given. 

[3H]Thymidine 
incorporation 

MAb CD (1 O3 cpm) MFC 

Anti-lgM 
Alone added 

None 
MHM24 
HD37 
L27 
4KB128 
BU38 
Yz-1 
BU25p 

2.6k0.2 
l l a  2.3k0.2 
19 3.920.7 
20 2.1 20.8 
22 2.5k0.2 
23 3.0k0.3 
35 2.5k0.1 
CI II* 3.1 20.8 

'MHC class II. 
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Fig. 2. The requirement for coligation of CD19 
with mlgM. B cells were cultured with mitomy- 
cin-treated Fc,RII-L cells and IL-4 (200 units/ 
ml), were stimulated with a range of concentra- 
tions of either (A) IgG or (B) F(abl), HD37 
anti-CD19 alone (@) or in combination with 10 
nglml of IgG DA4.4 anti-lgM (O), and were 
assessed for their capacity to incorporate 
[3H]thymidine. Representative of three inde- 
pendent replications of the experiment. 

- 
Fig. 3. Enhancement of DNA synthesis induced 
in B cells by the coaggregation of CD19, CR2, 
or TAPA-1 with mlgM. B cells were cultured with 
mitomycin-treated Fc,RII-L cells and 11-4 (200 
unitslml) and were stimulated with incremental 
concentrations of DA4.4 anti-lgM alone (0) or 
together with 1 pg/ml of HD37 anti-CD19 (@), 
BU32 anti-CR2 (W), or 5A6 anti-TAPA-1 (A). 
Cells cultured without added antibody or stim- 
ulated with antibodies to CD19, CR2, or TAPA-1 
alone incorporated 2450 2 155, 2556 k 180, 
2205 k 103, and 1776 k 329 cpm, respective- 
ly. Representative of three experiments. 
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augmented the B cell response. The greater 
activity of anti-CD19 relative to that of 
anti-TAPA-1 or anti-CR2 suggests that, 
among the components of the complex, 
CD19 is the primary mediator of augmented 
signaling through the mIgM complex. The 
other components may be less effective be- 
cause they are reversibly associated with 
CD19, as demonstrated for CR2, which also 
forms a complex with CD35 (12). 

We assessed the role of CD19 in aug- 
menting mIgM signaling when coligated 
with the antigen receptor by determining 
the capacity of saturating concentrations of 
isotypically matched MAbs specific for six 
other membrane proteins on B cells to aug- 
ment cellular proliferation in the presence of 
limited anti-IgM, Fc,RII-L cells, and IL-4. 
Among these antibodies, only anti-MHC 
class I1 significantly increased ['Hlthymidine 
incorporation (Table 1). In an additional 
experiment, anti-MHC class I1 was exam- 
ined for its effect on proliferation induced by 
a range of concentrations of anti-IgM and 
was found not to decrease the threshold for 
proliferation in response to anti-IgM (1 0). 

These data show that CD19 participates 
in a fundamental problem of the immune 
system, the competing requirements for 
sensitivity and broad specificity. Coligation 
of CD19 with mIgM lowered the threshold 
for effective mIgM signaling so that ligation 
of only 0.03% of antigen receptors was 
sufficient to induce cellular proliferation. 
This function was unique to CD19 and was 
dependent on coligation with mIgM, link- 
ing CD19 with antigen-specific stimulation 
of the B cell. 

This function of CD19 is consistent with 
its large, conserved cytoplasmic domain 
and the cocapping of CD19 with mIg (1 3). 
The enhancing effect of CD19 also parallels 
the function of the T cell accessory pro- 
teins, CD4 and CD8. Each is a member of 
the Ig superfamily, each is physically or 
functionally coupled to a protein tyrosine 
kinase, and each decreases the threshold for 
antigen receptor-mediated increases in free 
intracellular Ca2+ concentration and for 
lymphocyte proliferation when coligated 
with the antigen receptor; moreover, inde- 
pendent ligation of CD19, CD4, or CD8 
suppresses signaling through the antigen 
receptors of B and T cells (1, 6, 14) (Fig. 
2). This analogy predicts that there is a 
ligand for CD19 to permit complement- 
independent stimulation of the complex 
and that an antigen-presenting cell for B 
cells exists on which both antigen and the 
CD19 ligand reside. 
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Participation of Non-Zinc Finger Residues in DNA 
Binding by Two Nuclear Orphan Receptors 

Thomas E. Wilson, Ragnhild E. Paulsen, Kerstien A. Padgett, 
Jeffrey Milbrandt* 

Steroid-thyroid hormone receptors typically bind as dimers to DNA sequences that contain 
repeated elements termed half-sites. NGFI-B, an early response protein and orphan 
member of this receptor superfamily, binds to a DNA sequence that contains only one 
half-site (5'-AAAGGTCA-3'). A domain separate from the NGFI-B zinc fingers, termed 
the A box, was identified and is required for recognition of the two adenine-thymidine (A-T) 
base pairs at the 5' end of the NGFI-B DNA binding element. In addition, a domain 
downstream of the zinc fingers of the orphan receptor H-2 region II binding protein, termed 
the T box, determined binding to tandem repeats of the estrogen receptor half-site (5'- 
AGGTCA-3'). 

T h e  steroid-thyroid hormone receptor su- 
perfamily is a class of ligand-activated tran- 
scription factors that mediates cellular re- 
sponse to hydrophobic ligands (1). Much of 
our knowledge concerning the DNA bind- 
ing function of these nuclear receptors 
comes from studies of the estrogen and 
glucocorticoid receptors. The DNA recog- 
nition sites of these proteins contain two 
copies of protein-specific six-base sequences 
termed half-sites that are oriented as invert- 
ed repeats (2, 3). Mutagenesis (4, 5), nu- 
clear magnetic resonance (6), and x-ray 

Division of Laboratory Medicine. Departments of Pa- 
thology and Internal Medicine, Washington University 
School of Medicine, St. Louis, MO 631 10. 

'To whom correspondence should be addressed 

crystallography (7) studies show that char- 
acteristic residues within the CysZ-Cysz Zn 
finger domains of these receptors make 
base-specific contacts with the half-sites. 
High binding affinity and a further degree of 
sequence specificity based on half-site spac- 
ing are achieved by dimerization of two 
protein monomers, which is a function of 
the Zn finger (4, 7) and COOH-terminal 
(2, 8) domains. This model is generally 
applicable, except that several receptors 
bind preferentially to promoter elements 
that contain direct rather than inverted 
repeats of half-site sequences (9, lo), with 
the specificity of binding determined by the 
nucleotide spacing between half-sites (1 1, 
12). 

The mammalian protein NGFI-B [(I 3), 

also called nur77 (14)] is an orphan recep- 
tor because it shares the structural features 
of nuclear receptors but has no known 
ligand specificity. An NGFI-B response el- 
ement (NBRE) has been identified by ge- 
netic selection in yeast (15) that confers 
NGFI-B-dependent transcriptional activity 
to a heterologous promoter and consists of 
the 9-nucleotide sequence 5'-AAAAG- 
GTCA-3'. The NBRE contains an estrogen 
receptor element-thyroid hormone recep- 
tor element (ERE-TRE) half-site (5'-AG- 
GTCA-3'). It is likely that the NGFI-B Zn 
fingers recognize the ERE-TRE half-site like 
an estrogen or thyroid hormone receptor 
monomer through the conserved base-con- 
tacting residues in these proteins (4, 13). 
The precise mechanism of binding must be 
distinct, however, because there is no half- 
site repeat in the NBRE and nucleotides 
outside of the half-site are required for 
binding (1 5). 

To characterize nucleotide requirements 
in the sequence adjacent to the half-site in 
the NBRE, we synthesized three oligonu- 
cleotide pools in which each of the three 
positions nearest the 5' end of the sequence 
5'-AAAAGGTCA-3' were replaced with 
equimolar mixtures of C, G, and T (1 6). 
These oligonucleotide pools were then used 
as probes in an electrophoretic mobility 
shift assay with NGFI-B protein synthesized 
in Chinese hamster ovary (CHO) cells 
(1 5). NGFI-B recognized the oligonucleo- 
tide pool with C,  G, and T at position 1 
and the NBRE itself with approximately 
equal affinity (Fig. 1A). In contrast, re- 
placement of the A at either position 2 or 3 
resulted in a reduction of the shifted com- 
plex, suggesting that NGFI-B makes base- 
specific contacts at these nucleotides. To 
assess the magnitude of this effect, we used 
the electrophoretic mobility shift assay to 
perform a Scatchard binding analysis (1 7). 
NGFI-B bound to a probe that contained 
the NBRE sequence with a dissociation 
constant (Kd) of 1.0 nM (Fig. IB), a 
physiologically relevant affinity similar to 
that of estrogen and thyroid hormone re- 
ceptors for their DNA elements (8, 18). In 
contrast, a probe that had a substitution of 
G for A at position 2 of the NBRE was 
bound by NGFI-B with a Kd of 3.3 nM (Fig. 
1B). 

Most nuclear receptors do not bind with 
high affinity to DNA sequences that con- 
tain a single half-site because the interac- 
tion of one monomer with one half-site 
does not provide suficient free energy to 
stabilize the protein-DNA complex. In 
contrast, three results support the model 
that NGFI-B binds to the NBRE as a 
monomer. (i) The high-affinity NBRE is 
limited to eight contiguous nucleotides 
with a single half-site [(15); Fig. 11. (ii) 
When full-length and truncated NGFI-B 
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