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ABSTRACT The ST6Gal sialyltransferase controls produc-
tion of the Siaa2-6Galb1-4GlcNAc (Sia6LacNAc) trisaccharide,
which is the ligand for the lectin CD22. Binding of CD22 to
Sia6LacNAc is implicated in regulating lymphocyte adhesion
and activation. We have investigated mice that lack ST6Gal and
report that they are viable, yet exhibit hallmarks of severe
immunosuppression unlike CD22-deficient mice. Notably,
Sia6LacNAc-deficient mice display reduced serum IgM levels,
impaired B cell proliferation in response to IgM and CD40
crosslinking, and attenuated antibody production to T-
independent and T-dependent antigens. Deficiency of ST6Gal
was further found to alter phosphotyrosine accumulation during
signal transduction from the B lymphocyte antigen receptor.
These studies reveal that the ST6Gal sialyltransferase and
corresponding production of the Sia6LacNAc oligosaccharide
are essential in promoting B lymphocyte activation and immune
function.

Sialyltransferases are a family of glycosyltransferase enzymes that
add sialic acid residues during oligosaccharide diversification
(reviewed in ref. 1). Sialic acid addition occurs in the Golgi
apparatus and generally terminates further oligosaccharide chain
elongation. The outer position of sialic acid linkages places these
residues in a location to provide key structural determinants in
ligand formation for endogenous and pathogenic lectins. Three
sialic acid linkage types commonly exist among vertebrates and
the corresponding sialyltransferase genes have been previously
isolated. The most abundant sialic acid linkage found among
mammalian cell surface oligosaccharides is of the a2-3 variety and
can be produced independently by four sialyltransferases that
each, nonetheless, bear unique substrate preferences among
glycolipids, asparagine (N)-linked glycans, and serineythreonine
(O)-linked glycans (2). Sialyltransferases have also been found to
be developmentally regulated and differentially expressed among
various cell types (1–6). For example, expression of a2-8 linked
sialic acids is much less common than a2-3 linkages and appears
restricted to a small subset of glycoproteins (7–10).

a2-6-linked sialic acids are also less abundant than a2-3-linked
forms and are generated by at least four distinct gene products.
However, the ST6Gal sialyltransferase appears solely responsible
for producing the Siaa2-6Galb1-4GlcNAc (Sia6LacNAc) termi-
nus on various N glycans, and perhaps on some O glycans (1, 11).
High levels of ST6Gal RNA have been found to preferentially
accumulate in hematopoietic cells, as well as in the liver (3–5).
Moreover, ST6Gal gene transcription is regulated by multiple
promoters and altered by glucocorticoids and cytokines (12–14).
Although the physiologic role of the ST6Gal sialyltransferase has
not been defined previously by available genetic approaches, it
has been shown to be unique in producing the ligand for the CD22
lectin molecule expressed on B lymphocytes.

CD22 is a transmembrane glycoprotein lectin found exclusively
on B lymphocytes and is known to play a role in the immunologic

activation of these cells (15–17). CD22 has been found associated
with the antigen receptor and is a target for tyrosine kinase
phosphorylation on the cytoplasmic domain, which thereby re-
cruits various signal transduction molecules (18, 19). The extra-
cellular domain of CD22 specifically binds the Sia6LacNAc
trisaccharide (20–22). This trisaccharide ligand exists on several
lymphoid molecules. Lymphocyte interactions involving CD22
binding to CD45 have been reported (23). As CD22 itself carries
Sia6LacNAc, homotypic binding interactions have been shown to
occur and may play a regulatory role in immune function (24, 25).
These results suggest that CD22 and Sia6LacNAc are a lectin–
ligand pair with the potential to control immune cell surface
interactions. However, a relatively simple model for CD22 func-
tion has not developed from analyses of CD22 null mice by several
laboratories (26–29). Results obtained have inferred both positive
and negative roles for CD22 in B lymphocyte immune function,
suggesting that CD22 may modulate threshold signaling re-
sponses from the antigen-receptor complex.

To investigate ST6Gal-dependent physiology we have chosen
a complementary approach involving the generation of mice
deficient in the carbohydrate ligand for CD22 by inactivating the
ST6Gal sialyltransferase gene implicated in it’s synthesis. We
report that such mice develop normally but harbor an immuno-
deficient phenotype that is distinct from CD22 null mice. These
studies describe an essential role for the ST6Gal sialyltransferase
in B lymphocyte immune responses.

MATERIALS AND METHODS
ST6Gal Gene Targeting. The ST6Gal targeting vector was

assembled from a 129ySv genomic clone by inserting the 1.9-kb
AccI–BamHI fragment containing exon 2 of ST6Gal encoding
the first 200 amino acids into the BamHI site of the pflox vector
as described (30). Adjacent 129ySv ST6Gal genomic sequences
were added by subcloning the 1.8-kb NheI–AccI fragment into the
SalI site and the BamHI–BamHI 12-kb fragment into the HindIII
site of pflox, respectively. Ten micrograms of NotI-linearized
targeting vector were electroporated into R1 embryonic stem
(ES) cells (31) and G418 resistant transfectants (120 mgyml),
positive by PCR for homologous recombination and retaining all
three loxP sites were transfected with pCreHygro expression
vector. Following 4 days of gancyclovir (2 mM) selection, sub-
clones were isolated and those bearing either the ST6GalF allele
(B3) or the ST6GalD allele (B9) were resolved by Southern
blotting with loxP and HindIII–HindIII genomic probes. B3 and
B9 ES cells were used to generate chimeric mice in C57BLy6 host
embryos. Offspring were genotyped by Southern blotting with
BglII-digested tail DNA hybridized to the HindIII–HindIII
500-bp genomic probe. Heterozygous offspring were mated to
C57BLy6 mates and the mutations were propagated in this strain
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for at least two generations before crosses to produce homozy-
gotes for experimentation. The phenotypes described were found
linked to mice bearing the homozygous ST6GalD mutant geno-
type in subsequent studies involving more than four generations.
Mice homozygous for the ST6GalF genotype did not display any
phenotypic consequences and as expected contained normal
levels of Sia6LacNAc (data not shown and D.C. and J.D.M.,
unpublished work).

Fluorescence-Activated Cell Sorter (FACS) Analysis. Single
cell suspensions from the spleen, thymus, lymph node, and bone
marrow were subjected to lysis of red blood cells by ammonium
chloride. Cells were counted with a hemocytometer and 500,000
cells were labeled in a final volume of 100 ml with either
SNA–fluorescein isothiocyanate (FITC) lectin (5 mgyml; Vector
Laboratories) or MAL II–FITC lectin (5 mgyml; Vector Labo-
ratories), andyor 1 ml of mAb or CD22–Ig chimera for 10 min. All
incubations and washes were performed on ice in FACS buffer
[2% fetal calf serum (FCS) in PBS]. Cells were analyzed using a
FACScan flow cytometer and CELLQUEST software (Becton
Dickinson). Serum isotype-specific antibody titers were deter-
mined by ELISA using plates coated with anti-mouse isotype-
specific antibodies. A standard curve was generated using puri-
fied mouse IgM, IgA (Sigma), and IgG1 (PharMingen) to convert
OD values to micrograms per milliliter. Antibodies and lectins
used in the course of these and other studies included here were
from PharMingen unless otherwise noted): anti-CD3 (2C11),
anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD19 (1D3), anti-
CD21/35 (7G6), anti-CD23 (B3B4), anti-CD22 (Cy34.1), anti-
CD43 (S7), anti-B220 (RA3-6B2), anti-mouse IgM (II/41), anti-
mouse IgD (11-26c.2a), anti-CD24 (HSA; heat-stable antigen)
(M1/69 and J11d), anti-CD40 (HM40-3), anti-CD44 (IM7), anti
B7.2 (GL1), anti-major histocompatibility complex class II I-Ab

(AF6[hyphen120.1), anti-erythroid (Ter-119), anti-Ly-6G (Gr-1)
(RB6-8C5), and SNA–FITC (Vector Laboratories). In FACS
analyses, biotinylated antibodies were detected using Streptavi-
din-Tri-Color (Caltag, South San Francisco, CA). The CD22–hIg
fusion chimera (23) was provided by A. Varki (University of
California, San Diego).

ST6Gal Sialyltransferase Activity Measurements. Tissue sam-
ples were homogenized in 3 ml of 500 mM sucrose, 1 mM MgCl2,
1% dextran, 5 mM 2-mercaptoethanol. After removal of cell
debris at 10,000 3 g, membranes were isolated by centrifugation
at 40,000 rpm in a Beckman SW50.1 rotor for 1 hr. Membranes
were solubilized in 25 mM cacodylate buffer (pH 6.8)y2% Triton
X-100 for 15 min on ice. The membrane and cytosolic fractions
(12.5 ml) were analyzed for sialyltransferase activity in 25-ml
assays with 25 mM cacodylate (pH 6.8), 0.4 mM CMP–sialic acid
(Sigma), 105 cpm of CMP–[14C]sialic acid (170 pmol) (Amer-
sham), and 1 mM LacNAc–octyl (provided by R. Ohrlein,
Novartis, Switzerland). Reactions were incubated at 37°C for 1 hr.
Products were separated from unincorporated sialic acid by
chromatography on Sep-Pak C18 cartridges (Waters), dried by
centrifugal evaporation, redissolved in 50 ml of 50 mM sodium
citrate buffer (pH 6.0), and incubated for 1 hr at 37°C after the
addition of 2 units Salmonella typhimurium LT2 sialidase (New
England Biolabs). The digestion products were applied on Sep-
Pak C18 cartridges, washed with 15 ml of H2O, and eluted with 5
ml of methanol. The amount of [14C]sialic acid in the methanol
eluates was measured in a liquid scintillation counter (RackBeta,
Pharmacia). Separately, a recombinant soluble form of the
human ST6Gal enzyme produced in Pichia pastoris (provided M.
Malissard, University of Zurich, Switzerland) was used in sialic
acid transfer to the LacNAc–octyl acceptor and followed by the
sialidase treatment described above. No significant cleavage was
observed by loss of radiolabeling, thereby confirming the speci-
ficity of the LT2 sialidase for the a2-3 linkage when used in the
above conditions. ST6Gal activity measurements undertaken
with cytosolic fractions did not reveal any significant activity in
either wild-type (wt) or mutant extracts (data not shown).

B Cell Proliferation Assays. B lymphocyte isolation was ac-
complished by subjecting splenocytes or lymph node cell suspen-
sions to complement mediated lysis with anti-Thy1.2 (Becton
Dickinson), anti-Ly-6G (Gr-1), and rabbit complement (Accu-
rate Chemicals), followed by a cushion centrifugation onto Ny-
coPrep (Life Technologies, Gaithersburg, MD) to remove debris
and dead cells. Viable cells were identified by FACS as .90% B
lymphocytes using anti-B220. Equivalent numbers of B cells of
each genotype (1 3 105) were cultured in complete RPMI 1640
medium containing 2-mercaptoethanol (0.1 mM), 10% FCS, and
L-glutamine with the indicated concentrations of goat F(ab9)2
anti-mouse IgM antiserum (Jackson, West Grove, PA), anti-
CD40 with or without IL-4 (Genzyme), or lipopolysaccharide
(LPS) (Sigma). Proliferation was measured by [3H]thymidine
incorporation (2.5 mCi per well) during the last 16 hr of a 64-hr
assay period.

Calcium Measurements. Single cell suspensions of splenocytes
were isolated and subjected to ammonium chloride red cell lysis.
Cells were then counted using a hemocytometer and 107 cells
were incubated with 10 mM Indo-1 AM ester (Molecular Probes)
at 37°C for 30 min in 1 ml of complete RPMI 1640 medium. Cells
were washed in FACS buffer and stained with FITC-conjugated
anti-B220 (PharMingen) for 10 min at room temperature, washed
again and resuspended in 1 ml of complete RPMI 1640 medium
containing 10 mM Hepes (pH 7.4). Two hundred microliters of
this suspension was added to 750 ml of RPMI–Hepes medium and
B2201 cells were analyzed by FACS using a Coulter Elite
(Coulter) with MULTITIME software (Phoenix Flow Systems, San
Diego). Baseline fluorescence ratios (525y405 nm) were collected
for 1 min before the addition of antibodies. The final concentra-
tions of goat F(ab9)2 anti-mouse IgM used were 10 mgyml and 30
mgyml.

Protein Phosphotyrosine Analyses. Splenic B cells were iso-
lated by complement-mediated lysis (see above) and 5 3 105

isolated B cells were resuspended in 50 ml of RPMI 1640 medium
with 0.5% FCS. Cells were warmed to 37°C before stimulation
with 10 ml of goat F(ab9)2 anti-mouse IgM (120 mgyml). At the
indicated times, 15 ml of lysis buffer was added to give a final
concentration of 1% Triton X-100, 50 mM TriszHCl (pH 8.0), 150
mM NaCl, 1 mM EDTA, 10 mM NaF, 1 mM Na3VO4, 1 mM
Na2MoO4, 2 mgyml leupeptin, 2 mgyml pepstatin, 2 mgyml
aprotinin, 5 mgyml soybean trypsin inhibitor, and 40 mgyml
phenylmethylsulfonyl fluoride. Whole cell extracts representing
1 3 105 splenic B cells were run on a SDSy10% PAGE gel and
transferred to nitrocellulose. Proteins phosphorylated on tyrosine
were detected with monoclonal anti-phosphotyrosine antibody
4G10 (Upstate Biotechnology, Lake Placid, NY) by immuno-
blotting.

Immunizations and Serum Antibody Assays. Mice were
prebled to obtain preimmune sera and subsequently immunized
by i.p. injection of either 10 mg or 100 mg of dinitrophenyl
(DNP)–keyhole limpet hemocyanin (KLH) (Calbiochem) in
Freund’s complete adjuvant, or 0.1 mg or 10 mg of DNP–Ficoll
(Biosearch) in PBS. Serum was collected at the indicated times
and anti-DNP titers were determined by ELISA using plates
coated with 20 mg of DNP–BSA and blocked with 10% FCS in
PBS. Mice receiving the DNP–KLH antigen were boosted at the
indicated times with the same amount of antigen in Freund’s
incomplete adjuvant. Sera were diluted to various concentrations
and analyzed using anti-mouse isotype-specific antibodies conju-
gated to alkaline phosphatase (for IgM, Sigma; for IgG1, Caltag;
for IgG3, Southern Biotechnology Associates). OD405 values were
obtained using a microplate reader (Molecular Devices). Results
shown in Fig. 4 comprise the indicated sera dilution in the linear
range for OD405 values obtained.

RESULTS
ST6Gal alleles were mutagenized in embryonic stem cells by
homologous recombination and Cre recombinase action (Fig. 1
A and B). To achieve a systemic mutation, exon 2 was chosen for
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deletion. This exon contains the N-terminal 200 amino acids and
over 50% of the ST6Gal coding sequence. Deletion of exon 2
results in loss of cytoplasmic, transmembrane, and considerable
catalytic domain sequences, such that any resulting stably trans-
lated, truncated, and active enzyme would be incapable of entry
into the lumen of the endoplasmic reticulum and Golgi apparatus.
Mice homozygous for the deleted ST6GalD allele were born at
normal frequency, were fertile, and did not exhibit abnormalities
in weight or overt behavior (Fig. 1B and data not shown).
Histologic studies of various tissues including liver, brain, kidney,

spleen, and thymus were unremarkable. Additionally, a normal
hematologic profile involving leukocytes, erythrocytes, and plate-
lets was observed among peripheral blood samples (data not
shown). Enzymatic studies of liver and splenocyte extracts using
the Galb1-4GlcNAc–octyl acceptor (see Materials and Methods)
revealed that mice homozygous for the ST6GalD allele were
deficient in ST6Gal activity (Table 1), indicating that the exon 2
deletion produced a null mutation.

Expression of the ST6Gal product was assessed using the
Sambucus nigra-derived lectin SNA and a recombinant soluble
CD22-Ig lectin chimera, which both bind the Sia6LacNAc trisac-
charide with high specificity (20–22). In contrast to erythroid and
myeloid cells analyzed, lymphocytes were found to highly express
cell surface Sia6LacNAc (Fig. 1C). Lymphocytes from mice
homozygous for the ST6GalD mutation were deficient in binding
to SNA and CD22-Ig, whereas mice homozygous for the loxP-
flanked ST6GalF allele expressed normal levels of Sia6LacNAc
on their cell surfaces (Fig. 1C and data not shown). Levels of
a2-3-linked sialic acids were visualized using the Maackia amu-
rensis-derived lectin MAL II. No significant changes in a2-3-
linked sialic acid levels were thereby observed among lymphoid
cells isolated from mice homozygous for the ST6GalD allele (Fig.
1C). Residual or low-level SNA and CD22-Ig binding may reflect
the presence of Siaa2-6GalNAc on O glycans (25), although it
also remains possible that additional enzymes exist that produce
low levels of Sia6LacNAc. Nevertheless, the deletion generated in
the ST6Gal locus results in loss of ST6Gal activity and a defi-
ciency in Sia6LacNAc production at the cell surface, consistent
with the described biochemical role of ST6Gal and its’ inactiva-
tion in mice homozygous for the ST6GalD allele.

Sia6LacNAc-deficient mice contained normal numbers of
Gr-11 myeloid, Ter-1191 erythroid, B2201 B lymphoid, and T
lymphoid (CD31, CD41, CD81) cells in the thymus, spleen,
lymph nodes, and bone marrow (data not shown). B lymphocyte
development in the bone marrow of ST6Gal-deficient mice was
unaltered. The percentage of pro-B cells in the ST6Gal-deficient
bone marrow (B220lo CD431, ref. 32) was normal (Fig. 2A, gate
a). Furthermore, the frequency of immature B cells (B220lo

IgMint, ref. 33) was not affected by ST6Gal inactivation (Fig. 2A,
gates b and c). Similarly, no statistically significant changes were
found in the abundance of mature B cells in the marrow (B220hi

IgMint and B220hi HSAlo, ref. 33; Fig. 2A, gates e and f) or in the
previously defined transitional B cell population undergoing
maturation and negative selection (B220lo-hi IgMhi, ref. 33; Fig.
2A, gate d).

Although B lymphocyte abundance and development ap-
peared unaltered in Sia6LacNAc-deficient mice, their B cells
invariably exhibited reductions in cell surface IgM and CD22.
Although HSA levels were unaffected, ST6Gal deficiency re-
sulted in peak IgM levels at 65% of controls and CD22 levels 38%
of normal (Fig, 2A, Right). However, no evidence for B lympho-
cyte activation was found in analyses of cell surface activation
markers CD44, B7.2, and major histocompatibility complex class
II (I-Ab) (Fig. 2B). Additionally, CD40 expression was unaltered
with ST6Gal deficiency (Fig. 2B). Additional analyses of splenic
B cells from Sia6LacNAc-deficient mice revealed normal expres-

FIG. 1. ST6Gal gene mutagenesis and function. (A) A partial
ST6Gal genomic structure (ST6Galwt) was cloned and used with pflox
in constructing a targeting vector (thick line) shown recombined at the
ST6Gal locus (ST6GalF[tkneo] locus in ES cell clone 4.8). Following Cre
recombinase expression and gancyclovir selection, ES cell subclones
B3 and B9, bearing the ST6GalF allele or the ST6GalD allele, respec-
tively, were isolated and used in generating chimeric mice. (B)
Genomic Southern blots of ST6Gal alleleic structure in wt ES cells,
targeted ES cell clone 4.8 (ST6GalF[tkneo]), 4.8 ES cell subclone B3
(ST6GalF), and 4.8 ES cell subclone B9 (ST6GalD) using either a
genomic probe outside the targeting vector (Left) or a loxP probe
(Center). (Right) A genomic Southern blot analysis of offspring derived
from matings of mice heterozygous for the ST6GalD allele. Genotypes
include the presence of mice homozygous for the exon 2 deletion
(ST6GalD allele). (C) Using SNA and CD22-Ig lectins in FACS
analyses, splenic CD31 and B2201 lymphocytes normally express high
levels of Sia6LacNAc in comparison with Gr-11 myeloid and Ter-1191

erythroid cells. Lymphocytes from mice homozygous for the B9-
derived ST6GalD allele were deficient in Sia6LacNAc (n 5 7).
a2-3-linked sialic acids were detected using the MAL II lectin and
were found to be expressed at low levels normally and unaltered among
cells from mice homozygous for the ST6GalD allele (n 5 7). Mice
homozygous for the B3-derived ST6GalF allele displayed wt profiles in
these lectin-based analyses (data not shown). Similar results were
obtained with mesenteric lymph node-derived lymphocytes (data not
shown). Fluorescence signal intensity using an anti-human IgG–FITC
conjugate is shown (2° and dotted line, Lower Left).

Table 1. ST6Gal activity levels in membranes derived from
wild-type (wtywt) and homozygous-mutant (DyD) ST6Gal genotypes

Genotype

ST6Gal activity, pmoly
min per mg of protein

Liver Splenocytes

wtywt 13.4 6 1.0 33.1 6 9.5
DyD 0.3 6 0.1 0.3 6 0.2

Results are mean 6 SD determined using three distinct mice of the
indicated genotypes. ST6Gal activity is defined as detailed in Materials
and Methods. Activity observed in DyD samples is not significantly
distinct from background and is at the level of assay sensitivity.
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sion of cell surface CD19, CD21, CD23, and CD45RA1 (B220)
(data not shown).

Reductions observed in cell surface IgM and CD22 prompted
analyses of serum Ig levels to initially assess B cell function in
unimmunized mice. Sia6LacNAc-deficient mice exhibited signif-
icant decreases in IgM levels to a median value of 37% of normal
while statistically unaltered levels of IgA and IgG were observed
(Fig. 2C). Although Sia6LacNAc deficiency does not impede
lymphocyte development or trafficking, dysfunctional B lympho-
cytes might reside in mice homozygous for the ST6GalD allele.

B lymphocyte immune activation proceeds by increased ty-
rosine phosphorylation and Ca21 mobilization leading to gene
activation and proliferation as necessary for effective humoral

immunity (34–37). B lymphocytes from control and ST6Gal-
deficient mice were isolated from the spleen or lymph nodes and
activated by crosslinking cell surface IgM, CD40, or by addition
of LPS. Proliferation of ST6Gal-deficient B lymphocytes in
response to these stimuli was found to be significantly reduced
(Fig. 3A). Interestingly, normal responsiveness was observed
when interleukin-4 (IL-4) was present during the stimulation at
various and suboptimal concentrations of stimulatory anti-IgM or
anti-CD40 antibodies. IL-4 promotes Ig class switching from IgM
to IgG and IgE (38, 39) and can synergize with suboptimal
antigen-receptor activation likely through coactivation of ‘‘down-
stream’’ cytosolic and nuclear signal transduction events. Results
observed with IL-4 reveal the intrinsic ability of ST6Gal-deficient
B lymphocytes to respond normally in some conditions; however,
activation of B lymphocytes through the antigen-receptor com-
plex and following CD40 ligation is adversely affected.

The efficacy of early signal transduction events was assessed by
measuring Ca21 mobilization and phosphotyrosine accumulation
immediately following anti-IgM stimulation. Cytosolic mobiliza-
tion of Ca21 from intracellular compartments occurs rapidly upon
IgM crosslinking by hydrolysis of inositol phospholipids (36, 37).
B lymphocytes from ST6Gal null mice failed to mobilize Ca21 as
efficiently as controls with a decrease in both the rate of Ca21

mobilization and the amount of Ca21 mobilized (Fig. 3B).
ST6Gal-deficient B lymphocytes were next analyzed for their
ability to accumulate phosphotyrosine on cellular proteins in
response to anti-IgM stimulation. CD22 is among those proteins
phosphorylated on tyrosine following B cell antigen-receptor
activation, and this phosphorylation is reported to recruit the
SHP tyrosine phosphatase and other effector molecules to the
antigen-receptor complex by SH2 binding interactions (40, 41).
Phosphotyrosine accumulation on CD22 was observed following
anti-IgM stimulation of ST6Gal-deficient B cells (data not
shown); however, reduced levels of cell surface CD22 (Fig. 2)
necessitate additional quantitative studies on CD22 localization
and relative phosphorylation potential. Nevertheless, among total
cellular proteins analyzed following anti-IgM stimulation, a re-
duction in phosphotyrosine accumulation was noted on a protein
migrating at approximately 42 kDa, with varied alterations on
proteins of approximately 37 kDa (Fig. 3C).

The potential physiologic relevance of these alterations was
addressed by analyzing the ability of ST6Gal-deficient mice to
mount an immune response to T-independent and T-dependent
antigens as judged by antibody production. Control and ST6Gal-
deficient mice were immunized with either DNP–Ficoll (T-
independent antigen) or DNP conjugated to (KLH) (T-
dependent antigen). Anti-DNP antibody titers were measured at
various times after immunization. Mice deficient in Sia6LacNAc
consistently failed to generate high titers of anti-DNP antibody
following immunization with the T-independent antigen DNP–
Ficoll (Fig. 4A). Control mice produced high anti-DNP IgM titers
within 7–10 days of immunization, whereas mice lacking a
functional ST6Gal allele were deficient in anti-DNP IgM and
IgG1 antibodies, and a reduced response was evident involving
anti-DNP IgG3 antibody production. In response to immuniza-
tion with the T-dependent antigen DNP–KLH, ST6Gal-deficient
mice were again severely impaired in their ability to generate an
anti-DNP IgM antibody (Fig. 4B). Following a second ‘‘boost’’
immunization with DNP–KLH, Sia6LacNAc-deficient B cells
still yielded reduced anti-DNP IgG1 antibody levels and did not
generate significant anti-DNP IgG3 antibody. From these studies
it is clear that mice deficient in the Sia6LacNAc trisaccharide are
impaired in their ability to mount immune responses.

DISCUSSION
The effector role of the ST6Gal sialyltransferase in B lymphocyte
activation discloses a mechanism of biologic control operating at
the immune cell surface through oligosaccharide variation. Pro-
duction of the Sia6LacNAc trisaccharide does not appear to be
necessary for B lymphocyte development but is required for

FIG. 2. B lymphocyte characterization and serum immunogloblin
analyses. (A Left) Bone marrow lymphocytes were analyzed for cell
surface expression of IgM, CD24 (HSA), CD43 (S7), and B220 by flow
cytometry. No deviations were observed in ST6Gal-deficient mice
among the percentages (denoted in parentheses) of pro-B cells (B220lo

CD43(S7)1, gate a; ref. 32), pre-B cells (B220lo HSAhi, gate b; ref. 33),
immature B cells (B220lo IgMint, gates b and c; ref. 33), transitional B
cells (B220lo-hi IgMhi, gate d; ref. 33), and mature B cells (B220hi

IgMint, gate e, and B220 hi HSAlo, gate f; ref. 33). Percentages shown
are the mean of four different analyses with calculated Student’s t test,
P . 4 for all genotypic comparisons indicating no significant variations.
(A Right) ST6Gal-deficient splenic B cells exhibited reductions in cell
surface CD22 and IgM, but not in HSA. Reductions in cell surface IgM
levels were found to be at 65 6 20% of controls (Student’s t test; P ,
0.001) and CD22 levels at 38 6 9% of controls (P , 0.001) as
determined by comparisons of peak fluorescence (n 5 8). (B)
Sia6LacNAc-deficient splenic B cells expressed normal levels of
activation markers (CD44, B7.2, and I-Ab) and CD40. Dotted lines
represents fluorescence of cells stained using an isotype control
antibody (n 5 8). (C) Serum Ig levels were measured in 4–6-month-
old unimmunized mice of indicated genotypes. The median Ig levels
are depicted as horizontal bars. Results revealed a 63% reduction (P ,
0.001) in circulating IgM and no statistically significant reduction in
IgA or IgG. Genotypes of 4–6-month-old mice are provided on the
x-axis. Points represent measurements from individual animals.
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efficacious immune responses. Although B cells from ST6Gal-
deficient mice display a significant reduction in CD22 cell surface
levels, this is unlikely to account for the immune deficiencies
observed because reduced CD22 expression in mice bearing a
heterozygous CD22 null allele did not affect B cell immune

function (26–29). Moreover, ST6Gal-deficient mice present a
severe and widespread immunodeficiency much unlike that re-
ported for CD22-deficient mice. Our results indicate that the
function of ST6Gal encompasses distinct and unique activities in
regulating immune responsiveness that may only partially overlap
with the function of CD22.

B cell activation and acquisition of an anergic state reduces cell
surface IgM levels, and activation is also reported to down-
regulate CD22 (42, 43). Sia6LacNAc-deficient B cells exhibit
characteristics that may reflect prior aberrant antigen-receptor
signal transduction leading to an anergic phenotype. Reduced
IgM levels on ST6Gal-deficient B lymphocytes is similar to the
anergic phenotype that develops following naive B cell stimula-
tion by endogenous transgenic antigen production (44). Never-
theless, Sia6LacNAc-deficient B cells do not exhibit an activated
phenotype. Hypotheses as to how Sia6LacNAc may normally
function in mature B lymphocytes requires knowledge of
Sia6LacNAc expression.

A subset of secreted or cell surface lymphoid glycoproteins
carries the Sia6LacNAc ligand of CD22. Some of these have been
identified and include IgM, CD45, and CD22 itself (23–25,
45–47). Although selective high-affinity binding of CD22 to
soluble IgM has been reported (25), the stoichiometry of cell
surface CD22–IgM interaction is reported to be low both before
and after B cell stimulation (19, 48, 49). Because conditions
employed in the latter type of experiment can dissociate lectin
binding, homotypic and heterotypic cell interactions involving
antigen receptors of B and T lymphocytes may normally occur by
CD22–CD22 or CD22–CD45 Sia6LacNAc-dependent binding.
Within B cells, loss of Sia6LacNAc on IgM and CD22 may
thereby lead to aberrant antigen-receptor complex assembly at
the cell surface. Perhaps Sia6LacNAc plays a role in the structural
stabilization of one or more B lymphocyte membrane molecules
that participate in antigen-receptor signal transduction. The
observed reductions in serum IgM and cell surface CD22 levels
could reflect a destabilizing effect of Sia6LacNAc deficiency,
including increased clearance of serum glycoproteins.

Altered protein phosphotyrosine accumulation following
ST6Gal-deficient B cell activation nevertheless implies the dys-
function of signal transduction events emanating from the B cell

FIG. 4. Deficient antibody production following immunization of
Sia6LacNAc-deficient mice. (A) T-independent antigen immunization
(10 mg of DNP–Ficoll) was followed by analysis of anti-DNP antibody
levels in sera at indicated times. (B) T-dependent antigen DNP–KLH
immunization (10 mg and 100 mg) was accomplished. Anti-DNP antibody
levels were measured before and subsequent to a second boost immuni-
zation (arrow). Results obtained with 10 mg of DNP–KLH antigen were
essentially identical to those depicted with 100 mg (data not shown).
Multiple dilutions of sera were assayed to find the linear range of response
by OD405 measurements (not shown). Sera dilution factors for results
depicted are as follows: IgM (1y200), IgG1 against T-independent antigen
(1y200), IgG3 against T-independent antigen (1y800), IgG1 against
T-dependent antigen (1y1,000), and IgG3 against T-dependent antigen
(1y200). Data are presented as the mean 6 SEM from three mice of the
indicated genotypes. Use of 0.1 mg of DNP–Ficoll in immunizations
resulted in the absence of anti-DNP antibody production specifically in
ST6Gal deficient mice, whereas low levels of anti-DNP antibodies were
observed in wt mice (data not shown).

FIG. 3. Attenuated B cell activation responses in mice
deficient in ST6Gal function. (A) B lymphocytes were
isolated and stimulated by LPS or by crosslinking IgM or
CD40 in the absence and presence of IL-4. Reduced pro-
liferation of Sia6LacNAc-deficient B cells was observed in
all experiments in the absence of IL-4. The addition of IL-4
as indicated rescued the defective proliferation response to
IgM and CD40 ligation. Proliferation is shown as triplicate
measurements of [3H]thymidine incorporation indicating
the mean and SD. Results shown are representative of three
different experiments (P , 0.005 for IgM crosslinking, P ,
0.025 for CD40 crosslinking, and P , 0.001 for LPS stimu-
lation). (B) B lymphocytes were analyzed for Ca21 mobili-
zation in response to IgM crosslinking (arrow). Sia6LacNAc-
deficient B cells exhibited a reduction in amount of cytosolic
Ca21 mobilization (63 6 4% of control value, P , 0.01, n 5
4) (C) Phosphotyrosine accumulation following IgM
crosslinking is altered in Sia6LacNAc-deficient B lympho-
cytes. Splenic B lymphocytes were isolated and stimulated
with anti-IgM antibody. At indicated times, cells were lysed
and extracts were subsequently analyzed by SDSyPAGE and
immunoblotting with anti-phosphotyrosine antibody (n 5
6). Positions of proteins exhibiting continuously altered
levels of phosphotyrosine are denoted by asterisks.
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antigen-receptor complex. The identification of altered phospho-
proteins would further define the mechanisms by which ST6Gal
acts in B cell activation. Such uncertainties are common and
presently exist regarding the mechanism of CD22 function (50).
It is of importance to understand how molecules that collaborate
in signal transduction are able to associate with the B cell
antigen-receptor complex in a normal membrane milieu without
covalent binding interactions.

The position of oligosaccharides such as Sia6LacNAc at the
extracellular side of the plasma membrane indicates that such
molecules have evolved to function in cell–cell and receptor
subunit interactions (51, 52). Additionally, the functions of gly-
cosyltransferases and glycosidases have been found in some cases
to be focused to a particular cell lineage (53). In these studies, we
have observed the preferential accumulation of Sia6LacNAc on
lymphoid cell surfaces among hematopoietic cell types. We have
further observed what appears to be a cell-type specific role for
ST6Gal and Sia6LacNAc in regulating B lymphocyte immune
function. No evidence for T cell dysfunction using in vitro
anti-CD3 activation methods has been found thus far (data not
shown). Further research in understanding the B lymphoid role
of Sia6LacNAc should illuminate the reason for the more severe
and widespread immune deficiency in ST6Gal-deficient mice
than is noted in studies of CD22 null mice. It is possible that the
presence of CD22 in the absence of its ligand may be especially
deleterious to B lymphocyte function by inappropriate localiza-
tion and sequestration of intracellular signaling molecules. Al-
ternatively, a redundancy in CD22 function may be invoked with
the presence of yet unidentified Sia6LacNAc-binding lectins
operating at the B lymphocyte cell surface. This latter hypothesis
reflects the biologic paradigm exemplified by the sialyl-Lewis X
oligosaccharide and the E-, L-, and P-selectins in the inflamma-
tory response involving leukocyte intravasation (54, 55). While
these possibilities can be tested, the immunodeficient phenotype
of mice lacking Sia6LacNAc provides strong rationale for inves-
tigating ST6Gal-dependent signal transduction in B cell activa-
tion and Sia6LacNAc expression in syndromes of immune dys-
function.
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