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CD8� T-cell apoptosis is essential for the contraction phase of the immune response, yet the initiating
signals and precise pathways involved are unresolved. The ST3Gal-I sialyltransferase is a candidate mecha-
nistic component and catalyzes sialic acid addition to core 1 O-glycans during protein O glycosylation.
ST3Gal-I inactivation or enzymatic removal of its product renders CD8� T cells, but not CD4� T cells,
susceptible to apoptosis by differential cross-linking of O-glycoproteins in the absence of interleukin-2 and
T-cell receptor (TCR) signaling. This results in caspase activation, DNA fragmentation, and phosphatidylser-
ine externalization prior to cell death. We further show that ST3Gal-I function is regulated by a posttran-
scriptional mechanism operating distal to Golgi core 2 O glycosylation and is invariably linked to CD8� T-cell
contraction following viral (lymphocytic choriomeningitis virus) infection and bacterial (staphylococcal en-
terotoxin B) antigen immunization. The mechanism does not involve the ST3Gal-I substrate CD43 or core 2
O-glycan induction and overcomes the ability of Bcl-2 to inhibit the contraction phase in vivo. Loss of ST3Gal-I
function further reduces Bim-deficient CD8� T-cell accumulation without diminishing apoptotic sensitivity.
We propose that an endogenous lectin activates an apoptotic pathway constructed in CD8� T cells following
TCR stimulation and enables contraction upon attenuation of immune signaling.

Cellular homeostasis within the adaptive immune system
reflects a balance between the production and turnover of
lymphocytes. The burst of CD8� T-cell numbers that occurs
following an immune stimulus precedes an almost equally large
reduction in cellularity to near preimmune levels during the
contraction phase and resolution of the immune response
when antigen abundance has been substantially reduced. This
post-immune contraction in CD8� T-cell number is linked to
cell death by apoptosis; however, the mechanism(s) controlling
this process remain to be elucidated (15, 19). There is reason
to believe that different types of lymphocytes undergo apopto-
sis by different mechanisms, and recent studies have found
that this includes the Th1 and Th2 CD4� T-cell subtypes
(11, 52, 53).

Current concepts of CD8� T-cell apoptosis include the ex-
trinsic or death receptor-mediated pathway and the intrinsic or
mitochondrial death pathway (57). The extrinsic pathway is
thought to depend on extracellular receptor-ligand binding to
directly activate a death signal, which has been described as
mediated by members of the tumor necrosis factor receptor
family. Some studies have implicated a role for Fas and tumor
necrosis factor signaling (28). These ligand-receptor systems
have also been found to induce nonapoptotic signals, such as
costimulation, depending on culture conditions (54). Impor-
tantly, mice deficient in these receptors and their ligands ex-

hibit normal CD8� T-cell apoptotic contraction following im-
mune stimulation in vivo (21, 30, 39, 45, 49, 50).

In contrast, the intrinsic pathway of CD8� T-cell apoptosis is
thought to depend upon signals arising in a cell-autonomous
manner which tip the balance of intracellular pro- and anti-
apoptotic proteins that include the Bcl-2 family, which regulate
mitochondrial membrane permeability (17, 33). Indeed, T cells
in mice overexpressing Bcl-2 are more resistant to apoptotic
death and display prolonged survival in vivo in response to
immunization with the superantigen Staphylococcus aureus en-
terotoxin B (SEB) (21, 56). The proapoptotic Bcl-2 family
member Bim also appears to be a key intracellular factor
regulating the death of mature T cells. Interestingly, in contrast
to Bcl-2 overexpression, Bim-deficient mice accumulate pe-
ripheral T and B lymphocytes in vivo, and their thymocytes are
resistant to apoptotic stimuli in vitro (5). Peripheral CD4� and
CD8� T cells lacking Bim display prolonged survival in re-
sponse to SEB immunization as well as following infection with
herpes simplex virus (21, 45).

Mediators of CD8� T-cell apoptosis include, but are not
limited to, perforin, gamma interferon, granzyme B, and reac-
tive oxygen species. Nevertheless, perforin-deficient mice ex-
hibit normal contraction of CD8� T cells in response to an
attenuated strain of Listeria monocytogenes, while chronic lym-
phocytic choriomeningitis virus (LCMV) infection in these
mice leads to accumulation of virus-specific CD8� T cells (2,
34, 63). Gamma interferon-deficient mice display delayed T-
cell contraction after bacterial and viral infection, which could
be due to hyperproliferation with failure to effectively clear
pathogen (2, 4, 31, 44). Gamma interferon-dependent inflam-
mation early in the immune response does appear to regulate
the initial expansion phase that makes CD8� T-cell contrac-
tion possible (3). Apoptosis may also be mediated by reactive
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oxygen species, as reduction using the superoxide dismutase
mimetic (MnTBAP) protected T cells from death in vitro (20).
In addition, the role of serine protease inhibitor 6 has been
recently described in protecting against CD8� T-cell death
caused by granzyme B-mediated breakdown of intracellular
cytotoxic granules (62).

It is evident that the apoptotic death of postactivated CD8�

T cells can be modulated by multiple factors, although the
potential remains for the existence of an apoptotic signaling
network that is enabled and perhaps activated by one type or
a few types of cell surface molecules. In this case, the attributes
of such a cell surface molecule or modification might include
its induction or activation at the cell surface following immune
stimulation and perhaps at later stages of activation. A second
expectation would be that the function of such a molecule
among naive CD8� T cells should induce caspase-dependent
apoptotic signals that result in a decrease in peripheral CD8�

T-cell homeostasis in the absence of immune stimulation.
A candidate cell surface alteration that fits this profile of an

apoptotic regulator operating in post-immune CD8� T-cell
contraction has been identified as a change in protein O gly-
cosylation involving the ST3Gal-I sialyltransferase (48). A sig-
nificant reduction in the sialic acid linkage on core 1 O-glycans
indicative of ST3Gal-I deficiency marks activated and effector
CD8� T cells that are destined either for apoptosis or differ-
entiation into memory CD8� T cells, the latter of which appear
with increased levels of sialylated core 1 O-glycans due to
ST3Gal-I activity (14, 48). The unsialylated core 1 O-glycan
structure is detected by the peanut agglutinin (PNA) lectin,
and ST3Gal-I deficiency is also permissive for an increase of
1B11 antibody-reactive core 2 O-glycans (Fig. 1A). When this
postactivated cell surface O glycotype is produced on naive
CD8� T cells, apoptosis occurs by caspase-dependent mecha-
nisms that vastly reduce the pool of peripheral naive CD8� T
cells (48).

We have investigated the structure-function relationship of
these O-glycan changes as they normally occur in vivo and have
characterized this form of O-glycoprotein regulation in mod-
ulating CD8� T-cell apoptosis among primary CD8� T cells.
By constitutively expressing ST3Gal-I, we have sought to in-
hibit this apoptotic signaling, and by breeding ST3Gal-I defi-
ciency into mice bearing antiapoptotic phenotypes afforded by
altered Bcl-2 and Bim expression, we have discerned novel
mechanistic attributes regarding how altered protein O glyco-
sylation enables CD8� T-cell apoptosis in the contraction
phase of the immune response.

FIG. 1. O-glycan structures and sialidase treatment sensitize wild-
type CD8� T cells to apoptotic death in vitro. (A) ST3Gal-I-dependent
sialylation of the core 1 O-glycan Gal�1-3GalNAc-Ser/Thr can by
monitored by differential PNA binding. Immature CD4/CD8 double-
positive thymocytes and activated peripheral CD8� T cells, as well as
ST3Gal-I�/� CD8� T cells, express the unsialylated core 1 O-glycan
Gal�1-3GalNAc-Ser/Thr, which is the ligand for PNA lectin, whereas
this structure is predominantly sialylated among wild-type naive and
memory cells. The position of the core 2 branch and possible extension
is indicated by an arrow. (B) Flow cytometric analysis of PNA and
ECA ligand levels among live (7-AAD�) wild-type CD8� T cells
treated with Vibrio cholerae sialidase, along with nontreated ST3Gal-
I�/� CD8� T cells. Mean fluorescence intensity values are indicated by

the corresponding colored numbers. These cells were subsequently
cultured for 24 h with PNA (C) or ECA (D) at the indicated concen-
trations. Cell counts are presented as percentages of live CD8� T cells
compared to control cultures not treated with sialidase or lectin. The
percentage of cells among the live (7-AAD�) cell population in culture
0, 3, and 6 h after addition of 1,000 ng/ml PNA positive for annexin V
(E), active caspases, assessed by 6-carboxyfluorescein (FAM)-VAD-
FMK cleavage (F), and DNA fragmentation, assessed by terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) assay was measured by flow cytometry (G). Data are pre-
sented as means � standard errors of the means (n � 4).
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MATERIALS AND METHODS

Mice. The ST3Gal-I transgene used in generating ST3Gal-I transgenic
(ST3Gal-ITg) mice was constructed by inserting the 2-kb EcoRI fragment of
human ST3Gal-I cDNA (24) (GenBank accession no. L29555) into the VA
human CD2 (hCD2) minigene cassette (64). The resulting 13.2-kb transgene
(liberated from plasmid with KpnI and XbaI) was microinjected into the pronu-
clei of zygotes from hybrid strain CB6 (F1 generation of a BALB/c � C57BL/6
mating). Embryos were then transferred to the oviducts of pseudopregnant
females, and the genotype of pups was verified by PCR using transgene-specific
primers. Of eight founder lines established with decreased PNA binding to T-cell
surfaces, two founder lines were backcrossed to wild-type C57BL/6 mice for
at least six generations before further analysis. E�-Bcl-2 transgenic [Bcl-2Tg;
strain B6.Cg-Tg(BCL2)25Wehi/J] (56), Bim null (Bim�/�; strain B6.129-
Bcl2l11tm1.1Ast/J) (5), and RAG-1 null (Rag�/�; strain B6.129S7-Rag1tm1Mom/J)
(35) mice were obtained from The Jackson Laboratory (Bar Harbor, ME).
GM2/GD2 synthase null (Galgt1�/�) mice have been described previously (29)
and were provided by the Consortium for Functional Glycomics, grant number
GM2116. CD43 null (CD43�/�) mice have been described previously (7, 32) and
were kindly provided by H. Ziltener (Biomedical Research Centre, University of
British Columbia, Vancouver, British Columbia, Canada). Mice lacking core 2
GlcNAcT-1 (C2GNT1�/�) and ST3Gal-I (ST3Gal-I �/�) have also been previ-
ously reported (12, 48). Animals were used between 8 to 12 weeks of age and in
compliance with standards and procedures approved by the UCSD Institutional
Animal Care and Use Committee.

Cell preparation. Single-cell suspensions were prepared from isolated lym-
phoid tissues in phosphate-buffered saline (PBS) containing 2% heat-inactivated
fetal bovine serum (FBS) after red blood cells lysis with ammonium chloride
solution (BD PharM Lyse; BD Biosciences, San Jose, CA). For enrichment of
CD8� T cells, negative depletion using magnetic beads was performed. Briefly,
mixed cell suspensions from lymph nodes (pooled from axillary, brachial, cervi-
cal, inguinal, and mesenteric lymph nodes) and spleen were incubated with
biotinylated antibodies to CD4, B220, Mac-1, NK1.1, and Gr-1 (BD Biosciences)
and washed with PBS, and labeled cells were depleted with Dynabeads M-280
streptavidin (Invitrogen Co., Carlsbad, CA) according to the manufacturer’s
recommendations. Resulting cell preparations had a purity of �90% CD8� T
cells.

Antibodies, lectins, and flow cytometry. Cells were labeled for flow cytometry
using annexin V-allophycocyanin (APC) according to the manufacturer’s recom-
mendations (Caltag Laboratories, Burlingame, CA) and in combination with
7-amino-actinomycin D (7-AAD), phycoerythrin (PE)-1B11, PE-CD25 (3C7),
PE-CD122 (5H4), PE-CD127 (SB/199), PE- or fluorescein isothiocyanate
(FITC)-conjugated anti-CD4 (RM4-5), PE- or APC-conjugated anti-CD8	 (53-
6.7) (BD Biosciences), or PNA-FITC (Vector Laboratories, Burlingame, CA).
Mouse V� T-cell receptor (TCR) repertoire analysis was performed with FITC-
conjugated antibodies to TCR V� 2, 3, 4, 5.1 and 5.2, 6, 7, 8.1 and 8.2, 8.3, 9, 10b,
11, 12, 13, 14, and 17a (BD Biosciences). All antibody incubations for flow
cytometry were performed on ice for 10 min. In some experiments, cell surface
analyses were supplemented by intracellular labeling with PE-conjugated anti-
bodies to either human Bcl-2 (6C8) or Armenian hamster immunoglobulin G
isotype control (Ha4/8) using Cytofix/Cytoperm buffer (BD Biosciences) to per-
meabilize and fix the cells. Data were acquired with a FACSCalibur flow cytom-
eter and analyzed with CellQuest software (BD Biosciences). Polyclonal rabbit
anti-Bim antibody (BD Biosciences) was used in Western blotting of total thy-
mocyte lysates.

PCR. ST3Gal-ITg CD8� T cells from the lymph node and spleen (purified by
negative depletion) were cultured at 37°C with 5% CO2, and aliquots were
removed at 0, 24, 48, and 72 h postactivation (for 24 h) with immobilized
anti-CD3 (145-2C11, 1 �g/ml; BD Biosciences) in RPMI 1640 media containing
10% heat-inactivated FBS, 1� penicillin–streptomycin–L-glutamine, and 2-mer-
captoethanol (Invitrogen). Total RNA was extracted using TRIzol reagent (In-
vitrogen) and treated with DNase I (DNA-free; Ambion, Austin, TX) to remove
any genomic DNA contamination. Reverse transcription was performed using
100 ng total RNA with 40 U Moloney murine leukemia virus (M-MLV) reverse
transcriptase containing either oligo(dT)15 or random hexamer primers (Pro-
mega, Madison, WI) in a final volume of 20 �l. Control reactions lacking reverse
transcriptase were performed in parallel. Resulting cDNA from reverse tran-
scription (1 �l) was amplified by PCR using primers specific for the ST3Gal-I
transgene or 18s rRNA (QuantumRNA 18s internal standards; Ambion). PCR
products were separated on 2% agarose gels, stained with ethidium bromide, and
quantified by densitometry.

In vitro T-cell activation. For in vitro apoptosis analysis, cells from lymph
nodes or spleen were prepared as described, resuspended in RPMI 1640 media

containing 10% FBS, 1� penicillin–streptomycin–L-glutamine, and 2-mercapto-
ethanol, and stimulated with immobilized anti-CD3 (145-2C11, 1 �g/ml; BD
Biosciences) or ionomycin (0.5 �M)–phorbol myristate acetate (PMA, 10 ng/ml)
(Sigma-Aldrich Co., St. Louis, MO) for 24 h in culture at 37°C with 5% CO2. The
cells were then removed from activation stimuli, resuspended in fresh media, and
further incubated without stimulus for the next 48 h. At this time (72 h postac-
tivation), cells were removed from culture, labeled, and analyzed by flow cytom-
etry. Where indicated, interleukin-2 (50 U/ml; R & D Systems, Minneapolis,
MN) was added to the cultures after removal of anti-CD3 at 24 h.

Neuraminidase and lectin application. Lymph node cells (5 � 106) from
C57BL/6 mice were isolated as described and treated with or without 3 mU
protease-free neuraminidase (sialidase) from Vibrio cholerae (EC 3.2.1.18;
Roche Diagnostics, Indianapolis, IN) in RPMI 1640 media for 25 min at 37°C.
After washing with PBS, cells were resuspended at 1 � 106 cells/ml in RPMI 1640
media containing PNA, Erythrina cristagalli agglutinin (ECA) (Vector Labora-
tories), or media alone. Where indicated, lectin addition was preceded by a 6-h
incubation with immobilized anti-CD3 (145-2C11, 1 �g/ml) or accompanied by
D-galactose (25 mM; Sigma-Aldrich). Using live (7-AAD�) CD8� T cells, an-
nexin V-APC detected phosphatidylserine externalization and caspase activity
was assessed by 6-carboxyfluorescein (FAM)–VAD–FMK (Invitrogen) cleavage.
DNA fragmentation was measured by terminal deoxynucleotidyltransferase-me-
diated dUTP-biotin nick end labeling assay (Promega), all according to the
manufacturer’s recommendations. After 24 h in culture at 37°C with 5% CO2,
cells were counted using a hemacytometer and trypan blue exclusion to identify
live cells. The proportion of CD8� T cells in culture was determined by flow
cytometry and used in calculating the total CD8� T-cell count.

LCMV infection. ST3Gal-ITg, ST3Gal-I�/�, and wild-type littermate mice were
inoculated with an intraperitoneal injection of 2 � 105 PFU of LCMV-Arm-
strong in 0.2 ml sterile PBS. On days 0, 8, 15, and 30 postinoculation, mice were
euthanized, the spleen and lymph nodes were harvested, and cell suspensions
were prepared for counting and flow cytometry as described. LCMV-specific T
cells were defined by labeling with PE-conjugated Db gp33-41 major histocom-
patibility complex (MHC) class I tetramers (Beckman Coulter, Fullerton, CA)
and in combination with other markers as described above.

SEB immunization. Mice were injected intravenously on day 0 with 150 �g
SEB from Staphylococcus aureus (Sigma-Aldrich) in 0.2 ml sterile PBS. On days
0, 2, and 10 postinjection, mice were euthanized, the spleen and lymph nodes
were harvested, and cell suspensions were prepared for counting and flow cy-
tometry, as well as used to enrich CD8� T cells by negative depletion followed
by culture in RPMI 1640 as described above. CD8� T cells expressing the V�8
TCR were identified using the PE-conjugated anti-V�8 antibody (F23.1; BD
Biosciences) and in combination with other antibody markers, as described.

Adoptive transfer of T cells. Thymocytes (5 � 106) isolated from Bim�/�,
ST3Gal-I�/�, and Bim�/�/ST3Gal-I�/� mice, enriched for double-negative and
CD8 single-positive thymocytes (present in identical proportions) as described
above, were suspended in 0.2 ml sterile PBS and adoptively transferred into
RAG-1-deficient recipient mice (35) by intravenous injection. After 2 weeks,
mice were euthanized, and lymphocyte suspensions were prepared from the
peripheral blood, lymph nodes, or spleen. CD8� T cells were identified by
antibody labeling, and the percentage of annexin V� cells was assessed by flow
cytometry as described.

RESULTS

Desialylation of core 1 O-glycans sensitizes wild-type CD8�

T cells to apoptotic death by O-glycan cross-linking in vitro.
As genetic loss of sialic acid formation on core 1 O-glycans
induces CD8� T-cell apoptosis in vivo, due to ST3Gal-I defi-
ciency, we investigated whether exogenous enzymatic removal
of sialic acid from the normal CD8� T-cell surface increases
sensitivity to apoptotic death. Sialidase treatment of wild-type
CD8� T cells removed all cell surface sialic acid linkages with-
out reducing cell viability in vitro and resulted in the exposure
of underlying galactose residues among various glycan struc-
tures, thereby increasing cell surface expression of ligands for
both PNA and ECA lectins (Fig. 1B). The level of PNA ligands
induced on wild-type CD8� T cells treated with sialidase was
similar to the level observed among ST3Gal-I-deficient CD8�

T cells, indicating that ST3Gal-I function fully accounts for the

1098 VAN DYKEN ET AL. MOL. CELL. BIOL.



sialylation of the Gal�1-3GalNAc core 1 O-glycan. Remark-
ably, sialidase-treated but not untreated wild-type CD8� T
cells were susceptible to PNA-induced cell death that occurred
within 24 h of PNA addition in vitro, matching results obtained
using nontreated ST3Gal-I-deficient CD8� T cells (Fig. 1C).
Moreover, cell death was PNA dose dependent and could be
inhibited by the addition of free galactose or by TCR activation
using anti-CD3 for 6 h prior to sialidase treatment. In contrast,
treatment with ECA, which binds to Gal�1-4GlcNAc, failed to
induce cell death among sialidase-treated or ST3Gal-I-defi-
cient CD8� T cells (Fig. 1D), indicating a high degree of
specificity for apoptotic signaling involving the O-glycan struc-
ture modified by ST3Gal-I. This response is preceded by DNA
fragmentation, activation of caspases, and the increased exter-
nalization of phosphatidylserine, detected by annexin V bind-
ing (Fig. 1E, F, and G) (48). In contrast, CD4� T cells were not
as sensitive to PNA-induced apoptosis, consistent with previ-
ous results among ST3Gal-I-deficient mice (data not shown)

(48). These results recapitulate in wild-type CD8� T cells the
acquired sensitivity to apoptosis observed among ST3Gal-I�/�

CD8� T cells and support the view that CD8� T-cell apoptosis
may normally occur among postactivated CD8� T cells bearing
altered O glycosylation.

Constitutive ST3Gal-I transgene expression in T-cell ontog-
eny and peripheral homeostasis. The model of post-immune
CD8� T-cell apoptosis we previously reported predicts that the
apoptosis of CD8� T cells due to absence of sialic acid on core
1 O-glycan structures would be inhibited by constitutive ex-
pression of ST3Gal-I (48). We therefore generated transgenic
mice using the human ST3Gal-I cDNA, which is over 90%
identical to the mouse sequence, expressed in the T-cell line-
age by the human CD2 promoter (Fig. 2A). ST3Gal-I trans-
genic (ST3Gal-ITg) mice were viable, fertile, and normal upon
examination. Histologic examination of the thymus revealed an
overall normal organization and appearance in sections stained
with hematoxylin and eosin but a profound reduction in PNA

FIG. 2. Constitutive ST3Gal-I transgene expression in T-cell ontogeny and peripheral T-lymphocyte homeostasis. (A) ST3Gal-I transgene
construct. The EcoRI fragment of human ST3Gal-I cDNA was inserted into the VA hCD2 minigene cassette, which contains the human CD2
promoter sequence. E, EcoRI; K, KpnI; X, XbaI. (B) Thymic tissue sections from ST3Gal-ITg animals and wild-type littermates reveal a loss of
PNA ligands in both thymic cortex (C) and medulla (M) as a result of constitutive ST3Gal-I expression in T cells. (C) Total thymocyte subset
numbers and frequencies among CD4/CD8 double-positive (DP), double-negative (DN), and SP T cells in ST3Gal-ITg and wild-type littermate
mice. (D) TCR V� repertoire expression in ST3Gal-ITg and wild-type littermate CD8 SP thymocyte populations. (E) Analysis by flow cytometry
indicates decreased PNA ligands on ST3Gal-ITg cells compared to littermate control cells among total thymocytes, CD8 SP thymocytes, and CD8�

T cells from spleen. (F) Total cell and CD8� T-cell numbers in spleen and lymph nodes in ST3Gal-ITg and wild-type littermate animals. Data are
presented as means � standard errors of the means (n � 6). *, statistically significant difference from wild-type littermates (P 
 0.05, paired t test).
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ligands in both the cortex and medulla, indicative of high-level
ST3Gal-I function in thymocytes (Fig. 2B). Elevated ST3Gal-I
expression did not significantly affect thymocyte cellularity or
ontogeny, judged by CD 4/CD8 subset frequencies (Fig. 2C).
The CD8 single-positive (SP) thymocyte population, however,
displayed specific alterations in TCR V� repertoire expression
(Fig. 2D). Notably, frequencies of V�9 and V�12 were re-
duced and induced, respectively. These findings are opposite
of, and consistent with, those observed in ST3Gal-I-deficient
CD8 SP thymocytes and likely reflect alterations proposed in
some MHC class I interactions that are modified by CD8 O
glycosylation (36). The transgenic increase in core 1 O-glycan
sialylation was measured as a three- to fivefold decrease on
average in PNA binding to ST3Gal-ITg thymic and peripheral
CD8� T cells among the spleen, lymph nodes, and blood (Fig.
2E and data not shown). However, this increase in ST3Gal-I
function did not significantly alter peripheral lymphoid tissue
cellularity or total CD8 T-cell numbers in the lymph nodes or
spleen of littermate mice at 8 to 10 weeks of age or those aged
for 7 to 12 months (Fig. 2F and data not shown).

Annexin V induction in CD8� T-cell apoptosis is linked to
loss of core 1 O-glycan sialylation by a posttranscriptional
mechanism. The appearance of unsialylated core 1 O-glycans
on the cell surface of postactivated CD8� T cells may be
inhibited in ST3Gal-ITg CD8� T cells bearing constitutive

ST3Gal-I expression. Consistent with this expectation, PNA
binding was virtually absent prior to and during early immune
activation, reflecting the enhanced level of ST3Gal-I activity.
Unexpectedly, however, by 72 h in culture, in vitro immune
stimulation with anti-CD3 resulted in a significant increase in
unsialylated core 1 O-glycans on ST3Gal-ITg CD8� T cells
which was comparable to the increase observed on wild-type
CD8� T cells (Fig. 3A). The appearance of the annexin V
marker of cell surface phosphatidylserine exposure was always
found in association with the induction of PNA ligands that
mark the unsialylated core 1 O-glycan. Moreover, the percent-
age of annexin V� PNA� cells could be reduced by either
continuous anti-CD3 stimulation or by the addition of exoge-
nous interleukin-2 (IL-2) among wild-type and transgenic
CD8� T cells. Interestingly, stimulation with ionomycin and
phorbol ester PMA greatly reduced the appearance of annexin
V� PNA� CD8� T cells, implicating the need for TCR stim-
ulation to induce the appearance of unsialylated core 1 O-
glycans and further revealing the close link of the annexin V
apoptotic marker with the appearance of unsialylated core 1
O-glycans (Fig. 3B). No effect of IL-7 was observed on these
responses, and annexin V� cells were identical to annexin V�

cells in the expression of various receptors for cytokines, in-
cluding IL-2, IL-15, IL-7, and the common � chain CD132
(data not shown) (see Fig. S1 in the supplemental material).

FIG. 3. Annexin V induction in CD8� T-cell apoptosis is linked to loss of core 1 O-glycan sialylation by a posttranscriptional mechanism.
(A) CD8� T cells from ST3Gal-ITg and littermate wild-type mice were activated in vitro with the indicated stimuli and analyzed for PNA ligand
levels. Flow cytometry plots depict live (7-AAD�) CD8� T cells; numbers indicate percentages of cells in the upper right quadrant and are
representative of results from three separate experiments. PNA ligand levels were assessed by flow cytometry among stimulated cells (at 72 h) and
compared to unstimulated CD8� T cells to calculate relative induction. aCD3, anti-CD3. (B) Percentage of live (7-AAD�) annexin V� CD8� T
cells at the indicated time points after activation with the indicated stimuli. (C) Reverse transcription-PCR analysis of ST3Gal-I transgene
expression (normalized to 18s rRNA expression) was performed on purified CD8� T cells isolated at 0, 24, 48, and 72 h post-anti-CD3 activation.
The intensity ratio represents the ratio of ST3Gal-I transgene to 18S bands as assessed by densitometry.
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No significant change was observed in ST3Gal-I transgene
mRNA expression throughout the in vitro activation time
course (Fig. 3C), suggesting that the appearance of unsialy-
lated core 1 O-glycans on peripheral postactivated CD8� T
cells is due to a posttranscriptional mechanism inactivating
ST3Gal-I function or removing the sialic acid linkage produced
by ST3Gal-I.

Relationship of core 1 O-glycan structure to CD8� T-cell
apoptosis during an antiviral immune response in vivo. Acute
infection of mice with LCMV induces a dramatic clonal ex-
pansion of virus-specific CD8� T cells which peaks 8 days
postinfection then undergoes a contraction phase, leaving a
stable population of viable memory cells by 30 days postinfec-
tion (27, 38). We tested the influence of differential core 1
O-glycan sialylation on this in vivo response by infecting wild-
type, ST3Gal-ITg, and ST3Gal-I�/� mice with LCMV and fur-
ther measuring the level of annexin V binding, which has been
used to identify virus-specific CD8� T cells undergoing apop-
tosis (60).

We observed a close relationship between unsialylated core

1 O-glycans detected by PNA and annexin V binding on
gp33-41 tetramer-positive cells after LCMV infection (Fig.
4A). Moreover, among ST3Gal-ITg tetramer-positive cells,
only those that expressed unsialylated core 1 O-glycans were
positive for annexin V binding, as was observed in vitro upon
anti-CD3 activation (Fig. 3A). The induction of unsialylated
core 1 O-glycans among gp33-41 tetramer-positive T cells
peaked at day 8 in both ST3Gal-ITg and wild-type mice with a
6- to 10-fold increase in PNA ligands, respectively, that sub-
sided by day 30, in agreement with previous findings (Fig. 4B)
(14, 48). Both wild-type and ST3Gal-ITg mice showed similar
expansion and contraction responses involving total CD8� T
cells and gp33-41 tetramer-positive CD8� T cells in the lymph
nodes (Fig. 4C) and the spleen (Fig. 4D). Notably, ST3Gal-I�/�

cells, which constitutively displayed unsialylated core 1 O-gly-
cans, also maintained the highest percentage of annexin V�

cells throughout the infection time course, which corresponded
with low numbers of viable cells in the lymph nodes and spleen
at every time point tested. ST3Gal-I�/� mice also displayed
reduced numbers of both total and gp33-41 tetramer-positive

FIG. 4. Relationship of core 1 O-glycans structure to CD8� T-cell apoptosis following an antiviral immune response in vivo. (A) Live
(7-AAD�) unstimulated CD8� T cells (day 0) or gp33-41 tetramer-positive cells (days 8, 15, and 30) labeled with PNA and annexin V. Numbers
indicate percentages of cells in the upper right quadrant and are representative of results from three separate experiments. PNA ligand levels were
assessed by flow cytometry among gp33-41 tetramer-positive cells (days 8, 15, and 30 postinfection) and compared to unstimulated CD8� T cells
(day 0) to calculate relative induction. Total numbers of CD8� T cells (left) and CD8� T cells specific for Db gp33-41 MHC class I tetramers (right)
in lymph nodes (B) and spleens (C) isolated from wild-type, ST3Gal-ITg, and ST3Gal-I�/� mice during LCMV infection are shown. Cells were
enumerated by hemacytometer counts in combination with percentages obtained by flow cytometric analysis. Data are presented as means �
standard errors of the means (n � 3 to 6).
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CD8� T cells at all time points examined, although distinct
expansion and contraction phases involving these cells were
observed. These observations are consistent with previous
results implicating the normal response of ST3Gal-I-defi-
cient naive CD8� T cells to TCR stimuli in the presence of
attenuated cytotoxic T-cell activity in vivo to MHC-mis-
matched tumor cell inoculation due to reduced CD8� T cell
numbers (48).

Relationship of core 1 O-glycan structure to CD8� T-cell
apoptosis during a bacterial superantigen-driven immune re-
sponse in vivo. We investigated the immune response in vivo

upon challenge with SEB superantigen, which recruits CD8� T
cells, including the TCR V�8� population (20). Using wild-
type, ST3Gal-ITg, and ST3Gal-I�/� mice, we found a pattern in
the SEB response similar to that observed with LCMV chal-
lenge, specifically, all CD8� T cells that became annexin V�

also expressed unsialylated core 1 O-glycans (Fig. 5A). In ad-
dition, the expansion and contraction of V�8� CD8� T cells
displayed similar kinetics among all genotypes (Fig. 5B). When
compared to anti-CD3 stimulation or LCMV inoculation,
many fewer cells were annexin V� at the indicated times as-
sayed, although those that were also expressed the highest

FIG. 5. Relationship of core 1 O-glycan structure to CD8� T-cell apoptosis following a bacterial antigen-driven immune response in vivo.
(A) PNA ligands and annexin V reactivity were assessed by flow cytometry among live (7-AAD�) V�8� CD8� T cells isolated from wild-type,
ST3Gal-ITg, and ST3Gal-I�/� mice 0, 2, and 10 days post-SEB injection. (B) Total numbers of CD8� and V�8� CD8� T cells from the lymph nodes
and spleen of wild-type, ST3Gal-ITg, and ST3Gal-I�/� mice at 0, 2, and 10 days postinjection with SEB. Cells were enumerated by hemacytometer
counts in combination with percentages obtained by flow cytometric analysis. (C) PNA ligands and annexin V reactivity were assessed by flow
cytometry among live (7-AAD�) V�8� CD8� T cells removed from wild-type, ST3Gal-ITg, and ST3Gal-I�/� mice 2 days post-SEB injection and
analyzed after 24 or 48 h in culture. Numbers in panels A and C indicate percentages of cells in the upper right quadrant and are representative
of results from three separate experiments. (D) Percentage of live (7-AAD�) V�8� CD8� T cells during the 48 h in culture following isolation
at 2 days post-SEB injection. Data in panels B and D are presented as means � standard errors of the means (n � 3).
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levels of unsialylated core 1 O-glycans. Interestingly, the ma-
jority of of V�8� CD8� T cells from both wild-type and
ST3Gal-ITg mice became annexin V� PNA� during a subse-
quent 24- to 48-h culture period ex vivo (Fig. 5C). As with
LCMV infection, the corresponding ST3Gal-I�/� CD8� T cells
constitutively expressed unsialylated core 1 O-glycans, coincid-
ing with a high percentage that were annexin V� PNA�

throughout the time course. Decreased viable cell numbers
upon in vitro culture were comparable among wild-type,
ST3Gal-ITg, and ST3Gal-I�/� V�8� CD8� T cells (Fig. 5D).
Identical to the in vitro findings, transgenic ST3Gal-I expres-
sion in the context of antigen stimulation in vivo maintained
sialylated core 1 O-glycans among activated T cells, while ap-
optotic T cells were both PNA� and annexin V�.

Assigning O-glycan structure, secretory pathway position-
ing, and protein- or lipid-linkage participation in CD8� T-cell
apoptosis. Concurrent with the induction of unsialylated core
1 O-glycans following immune activation, CD8� T cells induce
core 2 O-glycans on the cell surface, which is enabled in part by
elevated core 2 GlcNAcT-1 expression (Fig. 1A) (47, 48).
Thus, the specific O-glycan structure that induces apoptosis
and which may be a ligand for an endogenous lectin, might
include both core 1 and core 2 branch modifications. To fur-
ther resolve the glycan structure required for inducing CD8�

T-cell apoptosis, we analyzed CD8� T-cell numbers and apop-
totic markers among core 2 GlcNAcT-1-deficient mice and
those further lacking ST3Gal-I. Similar studies with multiple
gene deficiency states were performed in mice lacking the
CD43 glycoprotein or Galgt1-dependent glycolipids. CD43 is a
major carrier of core 1 O-glycans along with induced levels of
core 2 O-glycan branching (47). In addition, Galgt1-dependent
glycolipid structures have been found to bind to the PNA lectin
(1), and therefore, mice lacking this glycosyltransferase were
also examined.

The absence of core 2 GlcNAcT-1 failed to restore normal
CD8� T cell levels in mice also lacking ST3Gal-I. Identical
results were observed among mice lacking either CD43 or
Galgt1 in the context of ST3Gal-I deficiency (Fig. 6A). Resto-
ration of normal CD8� T-cell homeostasis was achieved, how-
ever, in ST3Gal-I-deficient mice bearing the human ST3Gal-I
transgene. Levels of core 2 O glycosylation, unsialylated core 1
O-glycans, and annexin V binding were also measured in these
resting and activated CD8� T cells. Remarkably, transgenic
ST3Gal-I expression blocked the induction of core 2 O-glycans
that are produced in the medial Golgi apparatus following
immune activation (Fig. 6B) (48). As increased PNA ligand
formation and annexin V binding continues among CD8� T
cells in ST3Gal-ITg mice, we can conclude that core 2 O-glycan
branching is not a determinant in the glycan structure contrib-
uting to peripheral homeostasis in postactivated CD8� T cells.
Identical results were obtained among ST3Gal-ITg CD8� T
cells during the in vivo immune response to LCMV (data not
shown). CD43 deficiency also failed to diminish the induction
of unsialylated core 1 O-glycans and annexin V binding, while
the level of core 2 O-glycans apportioned to this glycoprotein
appeared to reflect more than 60% of the level typically in-
duced following activation. In addition, there was no contribu-
tion to CD8� T-cell homeostasis evident among mice lacking
glycolipids produced by Galgt1 or in collaboration with
ST3Gal-I.

Loss of ST3Gal-I overcomes Bcl-2 expression to induce
CD8� T-cell apoptosis in vivo, but not in vitro, coincident with
expression of unsialylated core 1 O-glycans. Previous studies
have demonstrated that transgenic expression of Bcl-2 in T
cells protects them from apoptosis in vitro and after immune
stimulation in vivo (21, 56). To further identify the molecular
circuitry involved in CD8� T-cell apoptosis, we generated
ST3Gal-I-deficient mice that also expressed a T-cell-specific
human Bcl-2 transgene (56) and examined peripheral CD8�

T-cell numbers. We confirmed that the Bcl-2 transgene was
expressed similarly in both Bcl-2Tg and Bcl-2Tg/ST3Gal-I�/�

CD8� T cells (see Fig. S2A in the supplemental material).
Bcl-2 transgene expression did not reduce the high level of
PNA ligands or decrease the percentage of annexin V� CD8�

T cells in Bcl-2Tg/ST3Gal-I�/� mice, compared with ST3Gal-I
deficiency alone (Fig. 7A). A significant decrease in peripheral
CD8� T cells was observed in ST3Gal-I-deficient mice regard-
less of the presence of the Bcl-2 transgene, while no differences
were observed in the CD4� T-cell population (Fig. 7B and C).

We further determined whether the presence of the Bcl-2
transgene would inhibit the post-immune contraction of CD8�

T cells by apoptosis in response to SEB. In agreement with
reported findings, the Bcl-2 transgene by itself reduced con-
traction of V�8� CD8� T cells in the post-immune contraction
phase of the response among the lymph nodes and spleen,
compared with wild-type littermates. Remarkably, however,
V�8� CD8� T-cell contraction was reestablished in Bcl-2Tg

mice that lacked ST3Gal-I, similar to findings in ST3Gal-I-
deficient controls (Fig. 7D). The degree of cell contraction was
directly proportional to the frequency of cells bearing unsialyl-
ated core 1 O-glycans concurrent with the induction of an-
nexin V binding (Fig. 7E). Nevertheless, when activated
V�8� CD8� T cells were removed at 2 days post-SEB in-
jection and placed in culture for 2 days, the viable cell
number was highest among both Bcl-2Tg and Bcl-2Tg/
ST3Gal-I�/� V�8� CD8� T cells, remaining indirectly pro-
portional to apoptotic marker expression among V�8�

CD8� T cells from wild-type and ST3Gal-I-deficient mice
(Fig. 7F and data not shown).

ST3Gal-I deficiency attenuates the accumulation of CD8� T
cells in the absence of Bim. Unlike Bcl-2 transgenic mice,
Bim-deficient mice accumulate lymphocytes even among ex-
perimentally and immunologically naive animals (5). The pres-
ence or absence of Bim was verified among all genotypes (see
Fig. S2B in the supplemental material). We further examined
mice deficient in both ST3Gal-I and Bim and compared results
with littermates that were either wild type or deficient in either
ST3Gal-I or Bim alone. Peripheral CD8� T cells from Bim-
deficient mice expressed low levels of annexin V binding, sim-
ilar to Bcl-2 transgenic cells. In contrast to results obtained
with the Bcl-2 transgene, Bim deficiency significantly reduced
the frequency of annexin V� CD8� T cells in the absence of
ST3Gal-I, compared with ST3Gal-I deficiency alone (Fig. 8A).
This coincided with restoration of splenic CD8� T cell num-
bers to wild-type levels, while lymph node CD8� T-cell cellu-
larity was increased by more than twofold to about 50% of
normal (Fig. 8B). These findings were specific to the CD8�

T-cell population, as CD4� T cells continued to accumulate
excessively in the absence of Bim, regardless of ST3Gal-I
function (Fig. 8C).
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Bim deficiency was previously shown to protect CD8� T
cells from death following in vivo SEB challenge (21). There-
fore, we next examined whether ST3Gal-I deficiency altered
this phenotype among mice also lacking Bim. As expected, Bim
deficiency prevented the apoptotic post-immune contraction of
V�8� CD8� T cells compared with wild-type littermates in the
spleen and the lymph nodes. Remarkably, while the contrac-

tion response was restored in the lymph nodes by ST3Gal-I
deficiency, V�8� CD8� T-cell contraction in the spleen re-
mained inhibited (Fig. 8D). These differing effects of CD8�

T-cell contraction apportioned to specific tissue types never-
theless correlated with the frequencies of CD8� T cells that
expressed high levels of both unsialylated core 1 O-glycans and
the annexin V apoptotic marker (Fig. 8E). Interestingly, in

FIG. 6. O-glycan structure, secretory pathway positioning, and protein- or lipid-linkage participation in CD8� T-cell apoptosis. (A) Peripheral
deficiency of CD8� T cells observed in ST3Gal-I deficiency is rescued by transgenic expression of ST3Gal-I but is not altered in the absence of
CD43, core 2 GlcNAcT-1 (C2GNT1), or Galgt1. Total CD8� T-cell numbers in the lymph nodes and spleen are represented as a percentage of
the number obtained from wild-type littermate mice. (B) Activation-induced formation of 1B11-reactive core 2 O-glycans is inhibited in ST3Gal-ITg

CD8�, CD43�/�, and C2GNT1�/� CD8� T cells; however, PNA ligands continue to appear coincident with the normal induction of apoptotic
annexin V-positive cells. Histograms in panel B show live (7-AAD�) CD8� T cells in a resting state (solid lines) and 72 h post-anti-CD3 activation
(dotted line; as described for Fig. 3). (C) Relative induction of 1B11 antibody binding and PNA ligands between resting and activated cells and
percentages of annexin V� cells are presented as means � standard errors of the means (n � 3). Data in panel A are presented as means �
standard errors of the means (n � 6).

1104 VAN DYKEN ET AL. MOL. CELL. BIOL.



FIG. 7. Loss of ST3Gal-I overcomes Bcl-2 expression to induce CD8� T-cell apoptosis in vivo, but not in vitro, coincident with the expression
of unsialylated core 1 O-glycans. (A) Flow cytometric analysis of live (7-AAD�) CD8� cells from the lymph nodes and spleens of wild-type, Bcl-2Tg,
ST3Gal-I�/�, and Bcl-2Tg/ST3Gal-I�/� mice. Percentages of annexin V� cells are shown in the graph at the right depicting means � standard errors
of the means (n � 4). Total numbers of CD8 (B) and CD4 (C) SP cells from the lymphoid tissues of wild-type, Bcl-2Tg, ST3Gal-I�/�, and
Bcl-2Tg/ST3Gal-I�/� mice. (D) Total numbers of V�8� CD8� T cells from lymph nodes and spleens of indicated mice at 0, 2, and 10 days
postinjection with SEB. (E) PNA ligands and annexin V reactivity were assessed by flow cytometry among live (7-AAD�) V�8� CD8� T cells
removed from Bcl-2Tg and Bcl-2Tg/ST3Gal-I�/� mice 10 days post-SEB injection. (F) Percentages of live (7-AAD�) V�8� CD8� T cells during the
48 h in culture following isolation at 2 days post-SEB injection. In all cases, cells were enumerated by hemacytometer counts in combination with
percentages obtained by flow cytometric analysis. Data are presented as means � standard errors of the means (n � 6 [A to C] and n � 3 [D, F]).
*, statistically significant difference from wild-type littermates (P 
 0.05, unpaired t test).
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FIG. 8. ST3Gal-I deficiency attenuates the accumulation of CD8� T cells in the absence of Bim. (A) Flow cytometric analysis of live (7-AAD�)
CD8� cells from the lymph nodes and spleens of wild-type, Bim�/�, ST3Gal-I�/�, and Bim�/�/ST3Gal-I�/� mice. The percentages of annexin V�

cells are shown in the graph at right depicting means � standard errors of the means (n � 4). Total numbers of CD8 (B) and CD4 (C) SP cells
from lymphoid tissues of wild-type, Bim�/�, ST3Gal-I�/�, and Bim�/�/ST3Gal-I�/� mice. (D) Total numbers of V�8� CD8� T cells from the lymph
nodes and spleens of indicated mice at 0, 2, and 10 days postinjection with SEB. (E) PNA ligands and annexin V reactivity were assessed by flow
cytometry among live (7-AAD�) V�8� CD8� T cells removed from Bim�/� and Bim�/�/ST3Gal-I�/� mice 10 days post-SEB injection. (F) Per-
centages of live (7-AAD�) V�8� CD8� T cells during the 48 h in culture following isolation at 2 days post-SEB injection. In all cases, cells were
enumerated by hemacytometer counts in combination with percentages obtained by flow cytometric analysis. Data are presented as means �
standard errors of the means (n � 6 [A to C] and n � 3 [D, F]). *, statistically significant difference from ST3Gal-I�/� (in panel A) or wild-type
littermates (in panels B and C) (P 
 0.05, unpaired t test).

1106 VAN DYKEN ET AL. MOL. CELL. BIOL.



vitro culture of V�8� CD8� T cells revealed that Bim defi-
ciency reduced cell death in vitro independent of ST3Gal-I,
similar to findings with Bcl-2 transgenic T cells, and with cell
survival also indirectly proportional to the frequency of cells
expressing both unsialylated core 1 O-glycans and annexin V
(Fig. 8F and data not shown).

Induction of apoptotic CD8� T cells in dose-response O-
glycan cross-linking, among cell compartments, and in the
leukopenic state. The phenotypic modulation of CD8� T-cell
apoptosis in ST3Gal-I deficiency by Bcl-2 and Bim may be
explained by the expression of an endogenous stimulus more
abundant in the lymph nodes than in the spleen and absent
from in vitro cell cultures. Such a stimulus may be a lectin,
similar in specificity to PNA, that cross-links one or more key
O-glycoproteins bearing unsialylated core 1 O-glycans and
thereby induces apoptosis. Alternatively, Bim and Bcl-2 may
reside in partial epistatic relationships with ST3Gal-I within
apoptotic signaling pathways that contribute to the post-im-
mune CD8� T-cell contraction phase. To further discern
among such possibilities, we explored the dose-response rela-
tionship of CD8� T cells from Bcl-2 transgenic and Bim-defi-
cient mice in the presence or absence of ST3Gal-I. No reduc-
tion was observed in the sensitivity to PNA-induced annexin V
induction or cell death in vitro, implying that neither increasing
Bcl-2 expression nor Bim deficiency alters the efficacy of apop-
totic signaling invoked by cross-linking glycoproteins bearing
unsialylated core 1 O-glycans (Fig. 9A). In addition, there
remained significant differences in the frequency of apoptotic
cells among different peripheral compartments of wild-type
and ST3Gal-I-deficient mice, similar to those seen in the ab-
sence of Bim, with the highest frequencies of annexin V� cells

in the spleen and lymph nodes compared to thymus and blood
(Fig. 9B).

These findings implied that an endogenous apoptotic stim-
ulus may be restrictively expressed and in limited supply. We
therefore transplanted equal numbers of viable T cells of dif-
ferent genotypes into RAG-1-deficient mice, which lack lym-
phocytes, and measured the frequency of annexin V� CD8� T
cells during the early phases of lymphocyte expansion, when
peripheral lymphoid tissues were colonized by fewer T cells
than in normal naive and immunized wild-type mice. Remark-
ably, the reduced frequency of annexin V� CD8� T cells de-
tected in the absence of both Bim and ST3Gal-I failed to occur,
and equally high levels of annexin V� CD8� T-cell numbers
were observed compared to ST3Gal-I deficiency alone (Fig.
9C). Moreover, and similar to results for Bim-deficient mice,
the frequency of CD8� T cells expressing the annexin V apop-
totic marker was highest in the lymph nodes, followed by the
spleen, whereas a very low percentage of annexin V� CD8�

T cells was observed in peripheral blood. These results sup-
port a model of CD8� T-cell apoptosis wherein loss of the
sialic acid produced by ST3Gal-I on core 1 O-glycans ex-
poses a ligand for a limited number of endogenous lectins
that cross-link one or more O glycoproteins in inducing
annexin V expression and caspase activation (Fig. 10).

DISCUSSION

Modulation of protein O glycosylation on the postactivated
T-cell surface is closely linked to peripheral CD8� T-cell
apoptosis and appears to play a significant role in the contraction
phase of the immune response. We have extended our initial

FIG. 9. Dose-response induction of apoptosis and apoptotic CD8� T-cell compartmentalization. (A) Cross-linking of the unsialylated core 1
O-glycan Gal�1-3GalNAc	-Ser/Thr induces death in ST3Gal-I�/�, Bcl-2Tg/ST3Gal-I�/�, or Bim�/�/ST3Gal-I�/�, but not in Bcl-2Tg or Bim�/� CD8�

T cells (incubated with PNA, as in Fig. 1C). Cell counts are presented as percentages (means � standard errors of the means; n � 3) of live CD8�

T cells compared to control cultures not treated with lectin. (B) Percentages of CD8 SP T cells positive for annexin V upon isolation from the
thymus, peripheral blood, lymph nodes, or spleen of ST3Gal-I�/� or wild-type littermate mice (means � standard errors of the means; n � 3).
(C) CD8 SP thymocytes isolated from the indicated mice were adoptively transferred into Rag1�/� recipients and recovered after 2 weeks from the
peripheral blood, lymph nodes, or spleen, and the percentages of annexin V� cells (gating shown) were assessed by flow cytometry.
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report that identified the ST3Gal-I sialyltransferase as regulat-
ing this O-glycan alteration and have found evidence that apop-
tosis among wild-type CD8� T cells is also linked with this
same O-glycan change, following both in vitro and in vivo
immune stimulation regimens. Unexpectedly, this change in
protein O glycosylation is controlled by a novel posttranscrip-
tional mechanism that regulates ST3Gal-I function subsequent
to core 2 O-glycan formation in the medial Golgi apparatus.
This has allowed us to identify the minimal O-glycan structure
that is sufficient to induce apoptosis as an unsialylated core 1
O-glycan. The relationship of this O-glycan structure to mech-
anisms inducing apoptosis suggests a ligand for an endogenous
saturable lectin is expressed differentially among lymphoid
compartments in vivo. The molecular mechanism of action in
vivo overrides Bcl-2 transgene expression and Bim deficiency
to a significant extent, implicating an extrinsic apoptotic path-
way modulated by ST3Gal-I function.

Relationship of CD8� T-cell apoptosis to altered protein O
glycosylation. Following immune activation in vitro or in vivo,
both CD4� and CD8� T cells produce a measurable change in
protein O glycoslyation detected by a 10- to 20-fold increase in
PNA lectin binding to the intact cell surface. Nevertheless,
induction of unsialylated core 1 O-glycans induces apoptosis
only among the CD8� T-cell population in mice lacking
ST3Gal-I (48). We have now found that producing this O-

glycan change by cell surface desialylation of wild-type CD8�

T cells sensitizes them to PNA-induced apoptosis, which is
preceded by the induction of DNA fragmentation, caspase
activation, and phosphatidylserine externalization. The speci-
ficity of this response to unsialylated core 1 O-glycans was
evident as increased ECA lectin binding to other galactose-
bearing glycan branch termini also occurred upon sialidase
treatment but failed to alter cell viability, eliminating the pos-
sibility of a nonspecific effect of global desialylation.

The acquisition of the annexin V� cell surface phenotype
with induced levels of PNA� unsialylated core 1 O-glycans
tracked directly with frequencies of apoptotic death and re-
duced peripheral CD8� T-cell numbers in all genotypes of
CD8� T cells studied. This O-glycan determinant of apoptotic
fate is present 48 to 72 h following TCR stimulation but does
not likely participate in immune activation, as constitutive
transgenic expression of ST3Gal-I results in PNA� T cells that
respond normally to immune stimuli. This O-glycan change,
however, invariably precedes apoptosis in the absence of re-
cent TCR stimulation, and when immune signals appear to be
waning, as in the context of limiting IL-2 levels. Interestingly,
this change in protein O glycosylation may require direct TCR
stimulation, as ionomycin and PMA treatment, which activates
T cells but bypasses direct TCR stimulation, fails to induce

FIG. 10. Model of ST3Gal-I function in CD8� T-cell apoptosis. (A) Absence of core 1 O-glycan sialylation by reduced ST3Gal-I function
induces a glycan ligand for an endogenous multivalent lectin that cross-links specific O-glycoproteins bearing unsialylated core 1 O-glycans to
induce apoptosis. TCR stimulation and IL-2 signaling block this apoptotic signal, which may partially overlap with Bcl-2 function but appears
predominantly independent of Bcl-2 and Bim. PS, phosphatidylserine. (B) This may reflect the presence of limiting levels of an endogenous
multivalent lectin expressed among peripheral lymphoid tissues. Levels of peripheral nonactivated CD8� T cells in the various experimental
genotypes reflect the presence or absence of O-glycan lectin ligands modulated by ST3Gal-I. A reduction of viable CD8� T-cell numbers to those
similar in wild-type mice is thereby achieved in the hyperaccumluation phenotype of Bim deficiency.
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unsialylated core 1 O-glycans coincident with reduced apop-
totic death.

The close relationship of annexin V binding on CD8� T cells
with the increased presence of unsialylated core 1 O-glycans
was further evident upon in vivo immune activation by viral
challenge (LCMV) and bacterial superantigen (SEB) immuni-
zation. In all studies, clonal expansion was followed by a mea-
surable contraction phase, the latter being proportional to the
frequency of PNA� annexin V� CD8� T cells among the
relevant responding populations. TCR stimulation by viral or
bacterial antigens invariably elevated unsialylated core 1 O-
glycan levels prior to increased annexin V binding, which to-
gether marked apoptotic cell frequencies that correlated di-
rectly with total viable peripheral cell numbers. Remarkably,
transgenic ST3Gal-I expression again abolished the appear-
ance of unsialylated core 1 O-glycans among activated
CD8� T cells but not among the apoptotic annexin V�

population that is increased in frequency during the con-
traction phase. As previously indicated in multiple geno-
types and contexts, viable CD8� T cells remaining following
the contraction phase may be memory CD8� T cells, which
are more similar to resting CD8� T cells in having increased
levels of sialic acid on cell surface core 1 O-glycans (14, 48).

Structure and regulation of protein O glycosylation in CD8�

T-cell apoptosis. The appearance of unsialylated core 1 O-
glycans following TCR stimulation is normally accompanied by
an induction of core 2 O-glycan branching (47). We have now
shown that core 2 O-glycan branching is not involved in CD8�

T-cell apoptosis as induced by the absence of ST3Gal-I. Core
2 GlcNAcT-1 deficiency did not affect CD8� T-cell homeosta-
sis or rescue peripheral CD8� T-cell numbers in mice also
deficient in ST3Gal-I. The frequency of CD8� T cells that were
PNA� annexin V� remained elevated, similar to ST3Gal-I
deficiency alone. The normal induction of core 2 O-glycan
branching upon T-cell activation may modulate the production
of selectin ligands that regulate lymphocyte trafficking (55).
This finding implicates the unsialylated core 1 O-glycan Gal�1-
3GalNAc-Ser/Thr as a glycan structure that controls apoptotic
signaling in CD8� T cells.

Efforts to block the loss of sialic acid on core 1 O-glycans
following CD8� T-cell activation involved the successful pro-
duction of ST3Gal-I transgenic mice bearing constitutive
ST3Gal-I function throughout T-cell ontogeny and immune
stimulation. Human ST3Gal-I enzyme function in the mouse
thymus was evident, along with the ability of the human trans-
gene to rescue CD8� T-cell numbers in the absence of endog-
enous mouse ST3Gal-I. The loss of PNA binding in cortical
thymoyctes correlated with changes in the same TCR V�
chains affected in ST3Gal-I deficiency and, in an opposing
manner, consistent with a role for ST3Gal-I activity in altering
CD8-MHC interactions (36, 37). These relatively minor
changes in the TCR V� repertoire, however, did not alter
mature T-cell activation responses (data not shown). Unex-
pectedly, elevated and constitutive ST3Gal-I expression
blocked the appearance of 1B11 binding determinants upon
CD8� T-cell activation that require core 2 GlcNAcT-1,
supporting the view that ST3Gal-I competes with core 2
GlcNAcT-1 for glycoprotein substrates in vivo (48, 51).

Remarkably, increased ST3Gal-I expression fails to inhibit
the appearance of unsialylated core 1 O-glycans on postacti-

vated CD8� T cells. This finding implies that loss of ST3Gal-I
function following CD8� T-cell stimulation reflects a posttran-
scriptional regulatory mechanism. The ability of the transgene
to compete with core 2 GlcNAcT activity in the medial Golgi
apparatus and sialylate all core 1 O-glycans in resting CD8� T
cells reveals that unsialylated core 1 O-glycans likely result
from an event that occurs in the late (trans) Golgi network or
in post-Golgi processing. This is consistent with the absence of
significant difference in endogenous ST3Gal-I mRNA levels
among resting and activated wild-type CD8� T cells (1). Ele-
vated levels of unsialylated core 1 O-glycans may reflect in-
creased sialidase activity upon T-cell activation (14, 26, 59);
however, other studies have found that absence of specific
sialidase function, or broad inhibition of sialidase activity, had
no effect on the appearance of unsialylated core 1 O-glycans
and instead implicated a de novo process by which newly syn-
thesized glycoproteins lack sialic acids on core 1 O-glycans (1).
Efforts to produce antibodies to investigate glycosyltransferase
regulation have been mostly unsuccessful, but such reagents
will be needed to more fully define the mechanisms controlling
ST3Gal-I function.

Mechanism of apoptotic regulation by ST3Gal-I. It is clear
that not all glycoproteins normally bearing unsialylated core 1
O-glycans participate in CD8� T-cell apoptosis. We have
found that the CD43 glycoprotein, which carries unsialylated
core 1 O-glycans in addition to the majority of core 2 O-glycans
induced following CD8� T-cell activation, and has been impli-
cated in apoptosis (6, 42, 48), does not participate in apoptosis
among ST3Gal-I-deficient CD8� T cells. In addition, the sus-
ceptibility of CD8� T cells to PNA-induced apoptosis was not
altered by the addition of IL-7 and did not coincide with
altered expression levels of various cytokine receptors (data
not shown). Among glycoprotein candidates other than CD43,
both CD8 and CD45 are also modified with unsialylated core
1 O-glycans (1, 8, 36, 37, 48, 61). Recently, cross-linking of
CD8 with antibodies to CD8 or MHC class I ligands has been
found to induce apoptosis among immature CD4� CD8� thy-
mocytes but not mature CD8� T cells (16), and this does not
appear to be altered by loss of ST3Gal-I (22). Interestingly, de
novo synthesis of CD45 after CD8� T-cell activation can ac-
count for the majority of increased PNA ligands (1), and CD45
has been found to participate in apoptosis (43, 46); however,
our studies indicate that antibodies to CD45 are unable to
induce or modulate PNA-induced apoptosis (data not shown)
(48).

The identification of the relevant glycoprotein(s) and apop-
totic pathway(s) involved will be necessary to resolve how core
1 O-glycan sialylation inhibits CD8� T-cell apoptosis and may
require a glycoproteomics approach that is increasingly able to
characterize biologically relevant glycan structures on glyco-
proteins (9, 10, 37). The dysfunction of one or a few glycopro-
teins can be responsible for the emergence of major pheno-
types among glycosyltransferase-deficient mice, and such
studies have implied that protein and glycan determinants can
collaborate in the production of endogenous ligands for mam-
malian lectins (18, 40, 41).

Here we have used an inside-out approach to investigate the
apoptotic pathway in ST3Gal-I function by probing the effect
of intracellular Bcl-2 levels and Bim deficiency. Remarkably,
the ability of Bcl-2 to reduce the CD8� T-cell contraction
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phase of an immune response to SEB in vivo was eliminated by
ST3Gal-I deficiency, resulting in reduced numbers of periph-
eral CD8� T cells which were mostly annexin V�. Bcl-2 trans-
gene expression continued to increase cell viability among all
cells in vitro, concurrent with reduced frequencies of CD8� T
cells that were PNA� and annexin V� at the cell surface.
Transgenic Bcl-2 expression did not, however, interfere with
the production of unsialylated core 1 O-glycans postactivation;
therefore, the ability of Bcl-2 to inhibit the contraction phase
in the presence of unsialylated core 1 O-glycans may reflect
augmented downstream TCR and IL-2 receptor signaling, re-
ducing the onset and rate of the contraction phase. Consistent
with this interpretation, CD8� T-cell accumulation fails to
occur in Bcl-2 transgenic mice, wherein normal peripheral
levels of CD8� T cells exist.

In contrast, the intermediate phenotype observed in Bim-
and ST3Gal-I-deficient mice includes a reduction in the fre-
quency of apoptotic CD8� T cells compared with ST3Gal-I
deficiency alone and appears to reflect a balance between the
hyperaccumulation of CD8� T cells due to Bim deficiency and
the ongoing effect of ST3Gal-I-deficient apoptosis. This is con-
sistent with the finding that Bim deficiency failed to reduce the
efficacy of PNA treatment as a means to induce apoptotic cell
death in vitro in the absence of ST3Gal-I. A similar result was
seen with Bcl-2 transgenic CD8� T cells in vitro and may
further reflect the reduction in antigen levels and immune
signaling that occur upon isolated ex vivo T-cell culture. These
findings suggest an endogenous apoptotic stimulus that is lack-
ing in vitro and is mimicked by PNA binding.

We propose that an endogenous multivalent lectin induces
CD8� T-cell apoptosis during the contraction phase of the
immune response by cross-linking one or more cell surface O
glycoproteins that are modified by unsialylated core 1 O-gly-
cans following TCR activation (Fig. 10A). In this model, CD8�

T-cell immune activation via TCR stimulation initiates forma-
tion of a default and extrinsic apoptotic pathway to cell death
that operates when immune signaling wanes. In Bim defi-
ciency, unlike with elevated Bcl-2 levels, the vast increase in
CD8� T-cell numbers saturates lectin binding sites and thereby
reduces peripheral T-cell numbers to a normal homeostatic
level (Fig. 10B). Sialylation by ST3Gal-I normally protects
naive and memory CD8� T cells from this apoptotic stimulus
in compartments where the apoptotic lectin is present and
capable of cross-linking unsialylated core 1 O-glycans. Recon-
stitution kinetics among lymphopenic RAG-1-deficient mice
were consistent with the presence of an apoptosis-inducing
lectin more highly expressed in lymph node compartments
compared with the spleen and absent from blood circulation, a
finding consistent with the presence of a CD8� T-cell contrac-
tion phase following SEB immunization in lymph nodes, but
not in the spleens or blood of Bim- and ST3Gal-I-deficient
mice. Previous studies found that the contraction of Bim-de-
ficient CD8� T cells proceeded normally in the lymph nodes
after herpes simplex virus infection and occurred to a greater
degree in the lymph nodes than in the spleen in the case of
SEB (21, 45). The identity this putative apoptosis-inducing
lectin is not yet known, although candidates include the �-ga-
lactosidase-binding mammalian galectins, several of which
have been reported to induce apoptosis in T cells (13, 23, 25,
46, 58).

The homeostasis of CD8� T cells may be critically depen-
dent on the presence or absence of multiple factors. Neverthe-
less, we have found that a specific alteration in protein O
glycosylation during late stages of TCR stimulation and man-
ifested on the cell surface by a posttranscriptional mechanism
regulating ST3Gal-I function can play a dominant role in the
CD8� T-cell contraction phase of the immune response by
linking extracellular glycoprotein structure with molecular in-
teractions that lead to apoptotic signal formation. Further re-
solving this process will elucidate a molecular pathway from
the cell surface by which apoptotic signal formation controls
peripheral CD8� T-cell homeostasis. The ability to modulate
CD8� T-cell numbers by altering ST3Gal-I activity may be
useful in reducing cytotoxic T-cell activity in tissue transplan-
tation and attenuating pathogenesis in diseases such as glo-
merulonephritis and diabetes.
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