
 

 

 

 

RESEARCH ARTICLE | OCTOBER 01 1999

α(1,3)-Fucosyltransferase VII and α(2,3)-Sialyltransferase IV Are Up-
Regulated in Activated CD4 T Cells and Maintained After Their
Di�erentiation into Th1 and Migration into In�ammatory Sites

1


J. Magarian Blander; ... et. al

J Immunol (1999) 163 (7): 3746–3752.
https://doi.org/10.4049/jimmunol.163.7.3746

Related Content

Contribution of the glycosyltransferase FucT-VII to allergic skin in�ammation

J Immunol (May,2018)

α(1,3)-Fucosyltransferase VII-Dependent Synthesis of P- and E-Selectin Ligands on Cultured T Lymphoblasts

J Immunol (December,1998)

E�cient Recruitment of Lymphocytes in In�amed Brain Venules Requires Expression of Cutaneous Lymphocyte Antigen and
Fucosyltransferase-VII

J Immunol (May,2005)

D
ow

nloaded from
 http://journals.aai.org/jim

m
unol/article-pdf/163/7/3746/1109406/im

199903746p.pdf by guest on 22 M
ay 2023

javascript:;
https://doi.org/10.4049/jimmunol.163.7.3746
https://journals.aai.org/jimmunol/article/200/1_Supplement/104.5/77537/Contribution-of-the-glycosyltransferase-FucT-VII
https://journals.aai.org/jimmunol/article/161/11/6305/44658/1-3-Fucosyltransferase-VII-Dependent-Synthesis-of
https://journals.aai.org/jimmunol/article/174/9/5805/72519/Efficient-Recruitment-of-Lymphocytes-in-Inflamed
https://servedbyadbutler.com/redirect.spark?MID=184332&plid=1983846&setID=590594&channelID=0&CID=727371&banID=521015179&PID=0&textadID=0&tc=1&adSize=1920x576&mt=1684797401521603&spr=1&referrer=http%3A%2F%2Fjournals.aai.org%2Fjimmunol%2Farticle-pdf%2F163%2F7%2F3746%2F1109406%2Fim199903746p.pdf&hc=a05e298bab491daa601b90c4cb1bc953e37eec64&location=


a(1,3)-Fucosyltransferase VII anda(2,3)-Sialyltransferase IV
Are Up-Regulated in Activated CD4 T Cells and Maintained
After Their Differentiation into Th1 and Migration into
Inflammatory Sites1

J. Magarian Blander, Irene Visintin, Charles A. Janeway, Jr., and Ruslan Medzhitov2

Activated Th1 CD4 T cells bind to P-selectin and migrate into inflamed tissue, whereas Th2 cells do not. We show thata(1,3)-
fucosyltransferase VII (FucT-VII) and a(2,3)-sialyltransferase IV (ST3GalIV), which are crucial for the biosynthesis of functional
P-selectin ligands, are absent in naive CD4 T cells, but are rapidly up-regulated upon activation. Th1 or Th2 differentiation in the
presence of polarizing cytokines leads to down-regulation of FucT-VII mRNA selectively in Th2 but not in Th1 cells. Influencing
the differentiation by varying the priming dose of antigenic peptide results in similar FucT-VII down-regulation only in Ag-specific
Th2 cells. ST3GalIV levels remain elevated. FucT-VII and ST3GalIV mRNAs are also up-regulated by Th1 cells primed in vivo
and recruited into the lymph nodes draining delayed-type hypersensitivity sites. We identify FucT-VII gene expression as a
principal difference between Th1 and Th2 cells, and underscore the importance of FucT-VII and ST3GalIV expression for the
biosynthesis of functional selectin ligands. The Journal of Immunology,1999, 163: 3746–3752.

N aive CD4 T lymphocytes are most likely to first encoun-
ter their stimulating peptide/MHC class II ligands in the
lymph nodes draining the sites of antigenic exposure.

The consequent differentiation of the T helper lymphocyte into
Th1 and Th2 is influenced by several factors, including the cytokines
secreted by the activated APCs and the strength of the signal received
through the TCR upon engaging its peptide/MHC ligand (1).

Since their first demonstration, the major difference between
Th1 and Th2 subsets has been their cytokine secretion profile (2,
3). Whereas Th1 cells produce IL-2, IFN-g, and TNF-b, Th2 cells
produce IL-4, IL-5, and IL-13. A second major difference between
these two subsets was recently shown to lie in their differential
trafficking to peripheral sites. Whereas Th1 cells migrate selec-
tively to sites of delayed-type hypersensivity (DTH),3 Th2 cells do
not (4). This suggested that the site of Th1/Th2 differentiation was
probably distinct from the site of effector function, and that spe-
cific mechanisms existed that enabled these cells to selectively
traffic to different peripheral sites (5). These mechanisms include
differences in the responses of Th1 and Th2 cells to chemokines as
well as differences in their ability to bind to P- and E-selectins.
Both chemokines and selectins play a central role in the extrava-
sation of cells from the bloodstream into peripheral tissues (6, 7).

Among the chemokine receptors expressed by T cells, Th1 cells
express CXC chemokine receptor-3 and CCR5, whereas Th2 cells
express CCR3, CCR4, CCR7, and CCR8 (6, 8). The P- and E-
selectins, alternatively, are carbohydrate binding adhesion mole-
cules that are up-regulated on inflamed endothelia, bind to their
respective ligands on T cells, and mediate their extravasation into
the subendothelial matrix (7). Here, we address the mechanisms
underlying the ability of inflamed endothelia to mediate the ex-
travasation of Th1 cells with the selective exclusion of Th2 and
naive CD4 T cells.

The C-type lectin at the amino terminus of P-selectin allows
recognition of a tetrasaccharide moiety sialyl Lewis x (sLex ) on
the ligand P-selectin glycoprotein ligand-1 (PSGL-1) (9). Whereas
both Th1 and Th2 cells express PSGL-1, only Th1 cells bind P-
selectin (10). sLex is crucial for binding to P-selectin, and it con-
sists of a fucose linked in ana(1,3) linkage to GlcNAc in the
NeuNAc-a(2,3)-Gal-b(1,4)-GlcNAc trisaccharide moiety (11).
The biosynthesis of sLex involves the enzymatic actions of two
enzymes:a(1,3)-fucosyltransferase VII (FucT-VII) anda(2,3)-sia-
lyltransferase IV (ST3GalIV) (12, 13). FucT-VII mediates the
transfer of thea(1,3) fucose, whereas ST3GalIV mediates the
transfer of thea(2,3) NeuNAc (12). Strong support for the partic-
ipation of FucT-VII in selectin ligand synthesis comes from sev-
eral studies. Leukocytes from mice deficient in FucT-VII cannot
bind to E- and P-selectin chimeric proteins and have defects in
adhesion, rolling, and extravasation (12). Transfection of FucT-VII
cDNA into cells results in their expression of E-selectin ligands
(14, 15). More recently, FucT-VII was shown to drive the expres-
sion of both E- and P-selectin ligands in cultured human T lym-
phoblasts (16). The role of ST3GalIV in the synthesis of P- and
E-selectin ligands has not been studied as extensively as that of
FucT-VII. However, ST3GalIV has clearly been shown to be in-
volved in the biosynthesis of sLex (13, 17, 18).

We investigated the effects of both TCR triggering and Th1/Th2
differentiation on the expression of FucT-VII and ST3GalIV. Both
FucT-VII and ST3GalIV are absent in naive T cells but are rapidly
up-regulated upon activation. Subsequent differentiation in the
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presence of either polarizing cytokines or various doses of specific
peptide/MHC ligand resulted in the down-regulation of FucT-VII
expression selectively in Th2 cells. In contrast, ST3GalIV expres-
sion remained high in both Th1 and Th2 cells. We further con-
firmed the in vivo expression of FucT-VII and ST3GalIV in a
Th1-dominant cutaneous DTH model. The up-regulation of en-
zymes that posttranslationally modify selectin ligands for high-
affinity binding strongly implicates their direct involvement in dic-
tating the migration patterns of Th1 and Th2 cells. These enzymes
may be important in vivo for recruiting and maintaining the ap-
propriate differentiated T cell at the peripheral site where its ef-
fector function is necessary.

Materials and Methods
Naive, activated, type 1, and type 2 CD4 Th cells

Splenic cells from 6- to 8-wk-old C57BL/6J mice were enriched for CD4
T lymphocytes by magnetic bead depletion after staining with the Abs TIB
146 (anti-B220), TIB 210 (anti-CD8), 2.4.G2 (anti-Fc receptor), and Y3JP
(anti-I-Ab) followed by anti-mouse IgG-, anti-rat IgG-, and anti-rat IgM-
coated magnetic beads (BioMag, PerSeptive Biosystems, Farmingham,
MA). CD4 T cells were cultured in Click’s modified Eagle’s Ham’s amino
acids medium with 5% FCS (Gemini Bioproducts, Calabasas, CA), 1 mM
penicillin-streptomycin, and 2 mM glutamine (Life Technologies, Grand
Island, NY), 2.5mg/ml Con A (Amersham-Pharmacia, Piscataway, NJ),
irradiated syngeneic splenocytes, and either IL-12 (5 ng/ml) and anti-IL-4
11B11 (10mg/ml) or IL-4 (100 U/ml) and anti-IFN-g XMG1.2 (10mg/ml).
A total of 20 U/ml IL-2 were added to IL-12-containing cultures on day 3.
The cells were restimulated with Con A on day 7. Naive CD4 T cells were
sorted with a FACStarPlus (Becton Dickinson, San Jose, CA) after staining
with CD44-PE and CD45RB (16A)-FITC (PharMingen, San Diego, CA).
CD45RBhigh and CD44low CD4 cells were collected and cultured on plate-
bound anti-CD3 Ab 2C11. Ag-specific Th1 and Th2 CD4 T cells were
established by culturing D10.TCR transgenic CD4 cells (19) with irradi-
ated syngeneic B10.BR splenocytes, 25 U/ml IL-2, and either 0.01mM of
conalbumin-derived peptide CA-WT (HRGAIEWEG) for Th2 or 10mM of
CA-WT peptide for Th1. Cells were rested without cytokines on day 4 and
restimulated on day 6 with 10mM of CA-WT peptide. Cultures were ter-
minated on day 10. The presence of IL-4 or IFN-g in the culture superna-
tants was determined by ELISA using capturing anti-IL-4 Ab (11B11) and
anti-IFN-g Ab (HB-170), followed by detection with biotinylated anti-
murine IL-4 or IFN-g (PharMingen), peroxidase-conjugated streptavidin
(Zymed Laboratories, San Francisco, CA), and visualization after addition
of o-phenylenediamine dihydrochloride from tablets (Sigma, St. Louis,
MO). Absorbance at 492 nm was measured on an ELISA reader (Elx800,
Biotek Instruments, Luton, U.K.).

RT-PCR

Total cellular RNA was isolated from equal numbers (53 106) of Th1 or
Th2 CD4 T cells using Trizol (Life Technologies). The amount of RNA
isolated was measured by taking spectrophotometric absorbance readings
at 260 nm, where an absorbance of 1.0 is equivalent to 40mg of RNA.
Equal microgram amounts of RNA were then taken and used as templates
for RT-PCR with superscript II RT (Life Technologies),Taq DNA poly-
merase (Life Technologies), and the following primers: IL-4, forward: 59-
CATCGGATTTTGAACGAGGTCA-39; IL-4, reverse: 59-CTTATCGAT
GAATCCAGGATCG-39 (PCR product length is 240 bp); IFN-g, forward:
59-CATTGAAAGCCTAGAAAGTCTG-39; IFN-g, reverse: 59-CTCAT
GAATGCATCCTTTTTCG-39 (PCR product length is 267 bp). FucT-VII
(GenBank accession number U45980), forward: 59-CACCATCCTTA
TCTGGCACTGGCCTTTCACC-39; FucT-VII, reverse: 59-TCAAGCCT
GGAACCAGCTTTCAAGGTCTTC-39 (PCR product length is 888 bp).
ST3GalIV (GenBank accession number D28941), forward: 59-TCTCCA
GAGAGGCTATGTCCC-39; ST3GalIV, reverse: 59-TGAACATCCTGG
GACCAGCCC-39 (PCR product length is 473 bp); and hypoxanthine-
guanine phosphoribosyltransferase (HPRT), forward: 59-GTTGGATA
CAGGCCAGACTTTGTTG-39; HPRT, reverse: 59-GAGGGTAGGCTG
GCCTATTGGCT-39 (PCR product length is 353 bp). The resultant cDNA
was then measured by spectrophotometric absorbance readings at 260 nm,
where an absorbance of 1.0 is equivalent to 50mg/ml cDNA. PCR ampli-
fication of cDNA was conducted with different dilutions of template and
different numbers of amplification cycles. Similar band intensities of
HPRT-amplified PCR products were taken as a further indication of similar
cDNA levels, and the starting template DNA amount was adjusted as such.
A total of 30 cycles were found to be below the plateau phase of ampli-

fication for all primers giving an accurate reflection of the relative con-
centration of mRNA. Optimal PCR conditions were 94°C for 1 min, 55°C
for 1 min, and 72°C for 1 min on a Hybaid OmniGene Thermocycler
(National Labnet, Woodbridge, NJ). Amplified bands were visualized after
1% agarose (Life Technologies) gel electrophoresis of the PCR products.

DNA sequencing of PCR products

FucT-VII and ST3GalIV PCR products amplified with the FucT-VII and
ST3GalIV primers described above were subjected to DNA sequencing
and confirmed as FucT-VII- and ST3GalIV-specific sequences as follows.
The PCR products were cut from agarose gels, purified using QIAquick
Gel Extraction Kits (Qiagen, Santa Clarita, CA), and ligated into pCR-
Topo TA vector (Invitrogen, Carlsbad, CA). After transforming competent
DH5a Escherichia coli(Life Technologies), the plasmid DNA was purified
(QIAquick PCR Purification kit, Qiagen) and sequenced with the M13
forward and reverse primers using the DNA sequencing kit with AmpliTaq
DNA polymerase (Perkin-Elmer Applied Biosystems, Warrington, U.K.)
and an Applied Biosystems International 373A DNA sequencer (Perkin-
Elmer). Sequences were analyzed with MacVector software (Oxford Mo-
lecular Group, Campbell, CA).

Flow cytometry FACScan analysis

Th1 or Th2 cells were stained with anti-sLex (mouse IgM anti-human
CD15s, clone KM-93) (Accurate Chemical and Scientific, Westbury, NY)
followed by secondary FITC-conjugated polyvalent anti-mouse IgA, IgM,
IgG Ab (Sigma). Stained cells were analyzed on a FACScan (Becton Dick-
inson). Anti-CD4 Quantum Red-conjugated Ab (Sigma) was used to con-
firm the enrichment and purity of CD4 lymphocytes.

Induction of cutaneous DTH in mice

C57BL/6J, BALB/cJ, or C3H/HeJ mice of 3–4 wk of age were sensitized
on days221 and 220 with 100 ml of 0.5% 2,4-dinitrofluorobenzene
(DNFB) (Sigma) in 4:1 acetone:olive oil on the abdominal area. On day
21, sensitized mice were challenged with 0.2% DNFB on the ears.

Migration of Th1 cells to DTH sites

Sensitized mice were challenged with 0.2% DNFB only on the right ears.
After 24 h, the mice received an i.v. injection of 107 syngeneic Th1 CD4
cells via the retro-orbital plexus. The syngeneic Th1 CD4 cells had been
differentiated in vitro for 6 days on Con A in the presence of IL-12 and
anti-IL-4 Ab as described above. Before injection, these cells were
.99.9% CD41, expressed surface sLex epitopes, and were confirmed as
Th1 cells by RT-PCR for IFN-g mRNA and ELISA measurement for ac-
tive IFN-g production. These Th1 cells were labeled before injection with
1,19-dioctadecyl-3,3,39,39-tetramethyl-indocarbocyanine perchlorate (DiI)
(Molecular Probes, Eugene, OR). The mice were sacrificed at 24 h postin-
jection. Both challenged (right) and unchallenged (left) ears were removed,
and epidermal sheets were prepared and observed under a fluorescent
microscope.

Isolation of CD4 T cells from lymph nodes draining DTH sites

Eight sensitized mice were challenged with 0.2% DNFB on both ears. Age
and sex-matched control mice were treated similarly, but without sensiti-
zation and challenge. All mice were sacrificed 48 h at postchallenge, and
lymph nodes draining both ears were removed. Single-cell suspensions
were prepared, and lymph node cells were enriched for CD4 T cells as
described above by magnetic bead depletion of CD8 T cells, B cells, and
class II1 Fc receptor1 cells. Enriched cells were.85% CD41 by FACS
analysis for both the challenged mice and the untreated controls. Cellular
RNA was isolated, and RT-PCR was performed as described above with
primers specific for HPRT, FucT-VII, and ST3GalIV.

Results
FucT-VII and ST3GalIV are not expressed in naive T cells and
are up-regulated after TCR stimulation

We examined the expression of FucT-VII and ST3GalIV in naive
CD4 T cells and after TCR triggering and T cell differentiation.
After CD4 enrichment and before FACS sorting of naive cells,
88% of splenic lymphocytes were CD41 (Fig. 1A). Naive CD4
cells were collected by gating on CD44low and CD45RBhigh lym-
phocytes (Fig. 1B). Postsort lymphocytes were.99% naive CD4
(Fig. 1,C andD). These lymphocytes were stimulated with plate-
bound anti-CD3 Ab 2C11 for 24, 48, or 72 h. RNA was isolated at
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each timepoint for comparison with RNA from uncultured naive
CD4 cells. RT-PCR was performed using specific primers to
HPRT, FucT-VII, and ST3GalIV. No FucT-VII and ST3GalIV
mRNAs were detected in uncultured naive cells (Fig. 2A, lanes 2
and 3). At 24 h, ST3GalIV (Fig. 2B, lane 3) but no FucT-VII
mRNA (Fig. 2B, lane 2) was detected. FucT-VII mRNA was de-
tected at 48 h (Fig. 2C, lane 2), with ST3GalIV remaining at sim-
ilar levels (Fig. 2C, lane 3). No changes from 48 h were observed
at 72 h poststimulation. The identity of the FucT-VII and
ST3GalIV PCR products was confirmed by DNA sequencing.

Activation of CD4 T cells in the presence of IL-12 or IL-4
causes up-regulation of FucT-VII and ST3GalIV followed by
down-regulation of FucT-VII upon commitment to Th2
differentiation

We subsequently determined the effect of CD4 T cell differentia-
tion on the expression of FucT-VII and ST3GalIV mRNAs. Mu-
rine CD4-enriched splenic lymphocytes were cultured in the pres-
ence of Con A and either Th1-polarizing conditions (IL-12 and
anti-IL-4) or Th2-polarizing conditions (IL-4 and anti-IFN-g) for
#14 days. Cellular RNA was isolated on different days after Con
A stimulation, and RT-PCR was performed using specific primers
to HPRT, IL-4, IFN-g, FucT-VII, and ST3GalIV. As described
above for stimulation with anti-CD3, the up-regulation of FucT-
VII and ST3GalIV mRNA levels followed the same pattern:
ST3GalIV mRNAs appeared first, followed by FucT-VII. Initially,
up to day 3, this up-regulation was accompanied by a similar up-
regulation of both IL-4 and IFN-g mRNAs. On day 4, the cells
began to show polarization in their IL-4 and IFN-g expression
(Fig. 3, lanes 2and3). At that time, both FucT-VII and ST3GalIV
mRNAs were up-regulated (Fig. 3,lanes 4and 5), despite the
beginning of divergent IL-4/IFN-g expression in the differentiating
cells. However, on day 14 after differentiation, FucT-VII levels
were different between Th1 and Th2 cells. FucT-VII mRNA levels
remained up-regulated in Th1 cells (Fig. 4A, lane 4), whereas they
were markedly down-regulated in Th2 cells (Fig. 4B, lane 4). The
ST3GalIV mRNA levels remained similar for both Th1 and Th2
cells (Fig. 4,A andB, lane 5). This pattern emerged after day 5 of
culture and persisted up to day 14.

Expression of surface sLex-related epitopes on murine Th1 but
not Th2 cells

Based on the differential expression of FucT-VII mRNA between
Th1 and Th2 cells, we predicted that Th1 cells would express sLex,
whereas Th2 cells would not. This prediction was based on pre-
vious studies showing that the up-regulation of FucT-VII activity
resulted in the synthesis of sLex epitopes on cultured human T
cells and FucT-VII-transfected cells (15, 16). Surface sLex expres-
sion was detected by staining the cells with the murine anti-human
anti-CD15s mAb KM-93. KM-93 has been characterized as spe-
cific for sLex epitopes on human carcinomas (20). We stained mu-
rine T cells with KM-93 and detected staining on Th1 but not on
Th2 cells (Fig. 4C). Th1 cells polarized in the presence of IL-12
and anti-IL-4 expressed higher levels of surface sLex-containing

FIGURE 1. CD4 lymphocytes before and after sorting of naive cells.
Splenic lymphocytes were enriched for CD4 T cells and stained either
before sorting (A andB) or after sorting (C andD). A andC, staining with
CD4-QR.B andD, staining with CD44-PE and CD45RB-FITC. Data are
representative of three separate experiments.

FIGURE 2. FucT-VII and ST3GalIV mRNAs appear after T cell stim-
ulation. Naive CD4 T cells were stimulated with anti-CD3; RT-PCR was
performed for 30 cycles on isolated RNA with primers to HPRT (lane 1),
FucT-VII (lane 2), and ST3GalIV (lane 3). A, Naive cells;B, 24 h after
anti-CD3;C, 48 h after anti-CD3. Data are representative of three separate
experiments.

FIGURE 3. The up-regulation of FucT-VII and ST3GalIV mRNAs after
T cell activation is maintained before commitment to Th1/Th2 differenti-
ation. CD4 T cells were cultured with Con A and either IL-12 and anti-IL-4
mAb (A) or IL-4 and anti-IFN-g mAb (B). RT-PCR was performed for 30
cycles on RNA isolated on day 4 using primers to HPRT (lane 1), IL-4
(lane 2), IFN-g (lane 3), FucT-VII (lane 4), and ST3GalIV (lane 5). Data
are representative of at least three separate experiments.
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carbohydrates than Th2 cells polarized in the presence of IL-4 and
anti-IFN-g. This pattern of staining began on day 5 after Con A
stimulation and persisted up to day 14. The exact nature of the
saccharide moiety on murine cells reacting with KM-93 is not
clear at this time; however, considering the specificity of KM-93,
it is possible that a variant of the tetrasaccharide sLex moiety on
murine cells is recognized by KM-93. This finding suggests that
up-regulation of FucT-VII mRNA results in increased synthesis of
sLex-related carbohydrate moieties on murine T cells as well.

Differentiation of CD4 T cells after specific peptide/MHC
recognition results in down-regulation of FucT-VII in Th2 cells
and maintenance of FucT-VII expression in Th1 cells

We activated D10.TCR transgenic CD4 T cells in the presence of
a low (Th2-inducing) or a high (Th1-inducing) dose of their spe-
cific ligand CA-WT peptide bound to I-Ak. This allowed us to
specifically stimulate CD4 T cells with Ag and follow their dif-
ferentiation without the need for the addition of polarizing cyto-
kines. Naive D10.TCR transgenic CD4 cells were primed with
either 0.01mM of CA-WT to induce differentiation into Th2 or 10
mM of CA-WT peptide to induce differentiation into Th1. As
shown in Table I, priming with 0.01mM of CA-WT peptide led to
1098 pg/ml IL-4 and no detectable IFN-g, whereas priming with
10 mM of CA-WT peptide led to high levels of IFN-g and no
detectable IL-4. Th1/Th2 differentiation was also evident in the
levels of IL-4 and IFN-g mRNA as shown by RT-PCR (Fig. 5).
Th1 D10 cells (Fig. 5A) expressed mainly IFN-g (lane 3) and
showed higher levels of FucT-VII (lane 4) than Th2 D10 cells
(Fig. 5B), which expressed mainly IL-4 (lane 2) and almost un-
detectable levels of FucT-VII (lane 4). The levels of ST3GalIV
were similar (lane 5). Therefore, the differentiation of Ag-specific

CD4 T cells into Th2 in the absence of exogenous polarizing IL-4
still results in the down-regulation of FucT-VII.

FucT-VII mRNA is up-regulated in vivo in CD4 T cells present
in lymph nodes draining DTH sites

Th1 cells migrate selectively to sites of cutaneous DTH responses
(4). In addition, the percentage of E- and P-selectin binding CD4
T cells increases in the lymph nodes draining the DTH site, espe-
cially after rechallenge (21). Most of these cells are IFN-g-pro-
ducing Th1 cells. We used a Th1-dominant murine model of cu-
taneous DTH to investigate whether in vivo-generated endogenous
Th1 cells in the lymph nodes draining DTH sites also showed
expression of FucT-VII and ST3GalIV. DNFB-sensitized mice
were challenged with DNFB on the ears. The ears were chosen as
the site of challenge because leukocyte rolling in the ear micro-
circulation has been shown to depend mainly upon P-selectin in-
teractions (22). The lymph nodes draining both ears were removed
48 h later. Lymph nodes draining the ears were also removed from
unsensitized control mice for comparison. The lymph nodes from
the challenged mice were considerably larger than the controls.
CD4 T cells were isolated from single-cell suspensions, and cel-
lular RNA was prepared from equal cell numbers from both chal-
lenged and unchallenged nodes. FucT-VII and ST3GalIV mRNAs
were detectable by RT-PCR in lymph node CD4 T cells from both
challenged and unchallenged nodes (Fig. 6A). However, there was
up-regulation of FucT-VII mRNA specifically in the challenged
group (Fig. 6A, lanes 2). This suggests that the expression of these
mRNAs could be detected in vivo in the lymph nodes draining the
DTH site, and that endogenously primed Th1 cells were the most
likely source for the increased FucT-VII levels.

Th1 CD4 T cells accumulate specifically at cutaneous DTH sites

To confirm that Th1 cells specifically accumulate at the DTH site
in the Th1-dominant murine model that we have used, we i.v.
injected labeled Th1 cells and followed their migration to the DTH
site in the challenged ears. Because we could not follow the mi-
gration of the in vivo-primed Th1 cells to a DTH site, this method,
which had been used previously for the same purpose (4), provided
us with a means to track the specific migration of a population of
in vitro-differentiated Th1 cells. To do this, Th1 CD4 T cells were
differentiated in vitro in the presence of IL-12; their differentiation

FIGURE 4. FucT-VII mRNA is down-regulated in IL-4-induced Th2
but not in IL-12-induced Th1 cells, leading to loss of sLex expression. CD4
T cells were cultured with Con A and either IL-12 or IL-4. RT-PCR was
performed for 30 cycles on RNA isolated on day 14 using primers to HPRT
(lane 1), IL-4 (lane 2), IFN-g (lane 3), FucT-VII (lane 4), and ST3GalIV
(lane 5). A, Th1; B, Th2; C, staining on day 7 with anti-sLex Ab KM-93.
Data are representative of at least three separate experiments.

Table I. IL-4 or IFN-g cytokine release by D10.TCR transgenic Th1 or
Th2 CD4 T lymphocytes

Priming Peptide IFN-ga (pg/ml) IL-4a (pg/ml)

10 mM CA-WT .20,000 ,20
0.01 mM CA-WT ,157 1,098

a The concentrations of IFN-g or IL-4 were determined by ELISA after extrapo-
lation from a linear curve generated by a set of standards of known concentration.
Values greater or less than those of the standards are indicated as such.

FIGURE 5. FucT-VII mRNA is down-regulated in Ag-specific Th2 but
not Th1 cells. CD4-enriched lymphocytes from the spleens and lymph
nodes of D10.TCR transgenic mice were primed with either 10mM
CA-WT peptide (A) or 0.01mM CA-WT peptide (B). RT-PCR was per-
formed for 28 cycles on RNA isolated on day 10 of culture using primers
to HPRT (lane 1), IL-4 (lane 2), IFN-g (lane 3), FucT-VII (lane 4), and
ST3GalIV (lane 5). Data are representative of at least three separate
experiments.
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was confirmed by IFN-g production both at the mRNA and protein
levels (data not shown). These Th1 cells were.99% CD31,
CD41. They were then injected into syngeneic recipient mice that
had been sensitized and challenged with DNFB only on the right
ears. After 48 h, the transferred Th1 cells localized exclusively to
the epidermis of the challenged right ears (Fig. 6B). The unchal-
lenged left ears were devoid of the labeled Th1 cells (Fig. 6C).
This selective migration confirmed that Th1 cells in this model
were recruited only to the DTH site. Thus, we may conclude that
the increased size of the draining lymph nodes was most likely due
to the accumulation of endogenous Th1 cells responding to anti-
genic challenge.

Discussion
Selectins are a family of C-type lectins that are involved in cell-
cell adhesion and include P-selectin, E-selectin, and L-selectin (7).
All selectins recognize common sialylated and/or fucosylated tet-

rasaccharide structures such as sLex (23), yet selectins bind to their
ligands with exquisite specificity. This specificity is most likely
generated by presentation of the relevant tetrasaccharide moiety on
designated carrier protein ligands. The dominant ligand for P-se-
lectin is the homodimeric glycoprotein PSGL-1 (24). PSGL-1 also
serves as a ligand for E-selectin, although the region involved in
E-selectin binding is distinct from that involved in P-selectin bind-
ing. In addition, specific ligands such as E-selectin ligand-1 have
also been identified for E-selectin. Lymphocyte-restricted L-selec-
tin has multiple ligands on endothelial cells including glycosyla-
tion-dependent cell adhesion molecule-1, CD34, and mucosal ad-
dressin cell adhesion molecule-1 (reviewed in Refs. 25 and 26).

Because specific recognition of carbohydrate moieties on selec-
tin ligands is crucial for their binding, the posttranslational mod-
ifications of these protein ligands become a potential mechanism
for regulating selectin-ligand interactions. These modifications
may have important consequences on dictating the type of cell-cell
interactions that are mediated through the selectins. One such im-
pact is directly relevant to the differential ability of Th1 and Th2
CD4 T cells to migrate into sites of inflammation. Although both
types of differentiated CD4 T cells express PSGL-1 protein, only
that expressed by the Th1 cells mediates binding to endothelial cell
P-selectin and subsequent extravasation into inflamed tissue (10).
In this study, we addressed the possibility that the glycosylation of
PSGL-1 is different in Th1 and Th2 cells, and that this is directly
due to the influence of differential expression of cellular
glycosyltransferases.

Among the glycosyltransferases that have been described, two
were of interest here: ana(1,3)-fucosyltransferase and ana(2,3)-
sialyltransferase. These enzymes transfer the relevant fucose and
sialic acid residues in the correct linkage to the Gal-b(1,4)GlcNAc
precursor disaccharide to form the sLex tetrasaccharide moiety.
Among the a(1,3)-fucosyltransferases, only FucT-VII has been
shown to synthesize functional P- and E-selectin ligands (12, 14–
16) and was therefore considered a strong candidate for study. Of
the four a(2,3)-sialyltransferases, only ST3GalIV fits the above
substrate specificity (reviewed in Ref. 27). For example, ST3GalIII
transfers a sialic acid in thea(2,3) linkage but does so to a sub-
strate for which Gal is linked to GlcNAc in ab(1,3) linkage rather
than the b(1,4) linkage present in sLex (28). ST3GalI and
ST3GalII transfer sialic acids exclusively to a Gal-b(1,3)GalNAc
precursor disaccharide. Furthermore, ST3GalIV has been shown to
increase the level of sLex expression in transfected cells (13) and
was therefore the only candidate among the cloneda(2,3)-sialyl-
transferases that was reasonable to pursue. In addition, its expres-
sion in T lymphocytes had not been investigated.

Based on this study, we conclude that the mRNAs for FucT-VII
and ST3GalIV are not detectable in naive CD4 T cells, and that
they are sequentially up-regulated after T cell activation.
ST3GalIV mRNA is expressed in tissues such as brain, heart, liver,
spleen, and thymus, but at very low levels in the colon and testis
(27). Our results show for the first time the expression of
ST3GalIV by CD4 T lymphocytes. ST3GalIV mRNA appeared
within 24 h of TCR stimulation, followed by FucT-VII within
48 h. This sequence of up-regulation correlates with the described
activities of these enzymes, where the earlier expressed ST3GalIV
may create the substrate necessary for the later expressed FucT-
VII (12).

We expected that the differentiation of CD4 T cells would have
a marked effect on the expression of FucT-VII and ST3GalIV for
two main reasons. First, these two enzymes are involved in the
biosynthesis of the sLex present on selectin ligands that are essen-
tial for leukocyte migration and extravasation (12–18). Second,
Th1 and Th2 cells exhibit distinct migration patterns in vivo (4).

FIGURE 6. Th1 cells migrate specifically to the site of DTH challenge
and lead to up-regulation of FucT-VII and ST3GalIV mRNA in the drain-
ing lymph nodes. DNFB-sensitized C57BL/6 mice were challenged on the
ears; control mice were left untreated.A, At 48 h postchallenge, cellular
RNA from the lymph nodes draining the challenged ears and control un-
challenged ears was subjected to RT-PCR for 30 cycles using primers to
HPRT (lane 1), FucT-VII (lane 2), and ST3GalIV (lane 3). A separate
group of mice were challenged on the right ears; the left ears were un-
treated. The mice were injected i.v. with DiI-labeled Th1 cells and sacri-
ficed at 48 h postchallenge. Epidermal sheets were prepared and observed
by fluorescence microscopy. DiI-labeled cells were detected only in the
challenged ears (B), not in unchallenged ears (C). Light microscopy was
superimposed onC to show background cells. Data are representative of at
least three separate experiments.
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We generated Th1 and Th2 cells in two different ways. First, CD4
T cells were stimulated nonspecifically with Con A and forced to
differentiate into either Th1 or Th2 with IL-12 or IL-4, respec-
tively. Second, naive D10.TCR transgenic CD4 T cells were stim-
ulated with their specific peptide/MHC ligand, CA-WT peptide
bound to I-Ak, at different doses of Ag. Changing the dose of
peptide Ag in priming has been shown to influence T cell differ-
entiation and result in a different pattern of functional T cell re-
sponses (29–31). Using these Th1 and Th2 cells, we found that
although both up-regulate and maintain ST3GalIV expression,
FucT-VII up-regulation is maintained only in Th1 cells. These
results are observed in differentiated cells after nonspecific stim-
ulation with Con A as well as after specific stimulation with
peptide/MHC.

Because FucT-VII and ST3GalIV are involved in the biosyn-
thesis of the tetrasaccharide moiety sLex (12, 13), we predicted
that the surface expression of sLex would be different between Th1
and Th2 cells. The available mAbs directed to sLex have all been
generated in mice, forcing us to use a mouse mAb to stain the
murine Th1/Th2 cells described in this study. The mAb we used
was KM-93, which was derived by immunizing BALB/c mice us-
ing a novel immunization procedure (20). Neonatal mice were ren-
dered tolerant to normal human lung tissue and subsequently im-
munized with squamous cell carcinoma from human lung. Our
finding that KM-93 stains murine Th1 cells but not Th2 cells sug-
gests the existence of sLex-containing carbohydrate epitopes on
murine T cells related to those described on human T cells. Al-
though KM-93 is recognized as an anti-sLex mAb, the exact nature
of the saccharide residues that it recognizes on murine cells is not
presently known.

The differential expression ofa(1,3)-fucosyltransferases in in
vitro-differentiated Th1 and Th2 cells has been described. For ex-
ample, Van Wely et al. (32) have shown that FucT-VII mRNA
levels were higher in Th1 than in Th2 cells, and that thea(1,3)-
fucosyltransferase enzyme activity was elevated in Th1 cells. Re-
cently, Wagers et al. (33) showed that stimulation of CD4 T cells
activated in the presence of IL-12 augmented FucT-VII expression
and binding to E- and P-selectin, but that activation in the presence
of IL-4 had an inhibitory effect. We find that after CD4 T cell
stimulation with Con A, the mRNA levels for both IL-4 and IFN-g
increase, but that the increased IL-4 does not prevent the subse-
quent up-regulation of FucT-VII mRNA. The initiation of these
cultures involves the addition of a moderately high level of active
IL-4 protein sufficient to drive the cells toward Th2 differentiation.
IL-4 is present in the early cultures driven toward Th2 differenti-
ation, but its presence does not inhibit the appearance of FucT-VII
mRNA. Indeed, on days 3 and 4 before commitment to differen-
tiation, the FucT-VII levels are similar in T cells from either IL-
12-driven or IL-4-driven cultures. It is thus unlikely that activation
in the presence of IL-4 in and of itself results in the inability to
up-regulate FucT-VII gene expression. Rather, the resultant dif-
ferentiated Th2 cell specifically down-regulates this mRNA by an
as yet undefined mechanism.

Were our observations in vitro relevant to Th1 cells that were
primed and recruited to inflammatory sites in vivo? To investigate
this question, we used a Th1-dominant DTH response in a murine
model. The exclusive migration of Th1 cells to cutaneous inflam-
matory DTH sites has been firmly established (4, 9). We found that
CD4 T cells isolated from the lymph nodes draining active DTH
sites had prominent expression of FucT-VII and ST3GalIV. Com-
pared with CD4 T cells isolated from lymph nodes draining normal
skin, only the FucT-VII mRNA level was significantly increased.
This was consistent with the expected predominant Th1 cell infil-
tration into the area of inflamed skin and draining lymph nodes.

The presence of ST3GalIV mRNA in the control lymph nodes was
not surprising. Our results show that ST3GalIV expression is
present in both Th1 and Th2 cells, and it has been reported pre-
viously to be ubiquitously present in lymphoid organs such as the
spleen and thymus (27). Furthermore, because CD4 T cells were
isolated from draining lymph nodes rather than inflamed skin, the
presence of other activated T cells in the lymph node is expected.
Isolating CD4 T cells from inflamed skin is not technically
feasible.

We conclude that naive CD4 T cells up-regulate the expression
of two glycosyltransferases, FucT-VII and ST3GalIV, after TCR
stimulation. Although the precursora(2,3)-sialylated substrate
may be present in both Th1 and Th2 cells as suggested by the
continued expression of ST3GalIV mRNA, differentiation along
the Th2 path results in down-regulation of FucT-VII. This provides
a molecular explanation for the inability of PSGL-1 on Th2 cells
to interact with P-selectin. Differentiation along the Th1 path
maintains FucT-VII mRNA expression that, along with ST3GalIV
expression, leads to the successful synthesis of sLex. The presence
of this moiety directly influences the ability of Th1 cells to bind to
P-selectin on endothelial cells and successfully extravasate into the
subendothelium. The presence of FucT-VII and ST3GalIV mRNA
in vivo, in the lymph nodes draining the sites of DTH challenge,
further supports this conclusion. Finally, the expression of sLex

determinants provides a new phenotypic tool for distinguishing
Th1 from Th2 cells.

Acknowledgments
We thank Tom Taylor for expert technical assistance with FACS cell sort-
ing, Elizabeth E. Eynon for assistance in the preparation of epidermal
sheets from murine ears, and Eve Robinson for help with sequencing PCR
products.

References
1. Constant, S. L., and K. Bottomly. 1997. Induction of Th1 and Th2 CD41 T cell

responses: the alternative approaches.Annu. Rev. Immunol. 15:297.
2. Mosmann, T. R., H. Cherwinski, M. W. Bond, M. A. Giedlin, and R. L. Coffman.

1986. Two types of murine Th cell clones: definition according to profiles of
lymphokine activities and secreted proteins.J. Immunol. 136:2348.

3. Abbas, A. K., and K. M. Murphy. 1996. Functional diversity of helper T lym-
phocytes.Nature 383:787.

4. Austrup, F., D. Vestweber, E. Borges, M. Lohning, R. Brauer, U. Herz, H. Renz,
R. Hallmann, A. Scheffold, A. Radbruch, et al. 1997. P- and E-selectin mediate
recruitment of T-helper-1 but not T-helper-2 cells into inflamed tissues.Nature
385:81.

5. Lichtman, A. H., and A. K. Abbas. 1997. T-cell subsets: recruiting the right kind
of help.Curr. Biol. 7:R242.

6. Ward, S. G., K. Bacon, and J. Westick. 1998. Chemokines and T lymphocytes:
more than an attraction.Immunity 9:1.

7. McEver, R. P., K. L. Moore, and R. D. Cummings. 1995. Leukocyte trafficking
mediated by selectin-carbohydrate interactions.J. Biol. Chem. 270:11025.

8. Zingoni, A., J. A. Hedrick, A. Stoppacciaro, C. T. Storlazzi, F. Sinigaglia, D.
D’Ambrosio, A. O’Garra, D. Robinson, M. Rocchi, A. Santoni, et al. 1998. The
chemokine receptor CCR8 is preferentially expressed in Th2 but not Th1 cells.
J. Immunol. 161:547.

9. Li, F., P. P. Wilkins, S. Crawley, J. Weinstein, R. D. Cummings, and
R. P. McEver. 1996. Post-translational modifications of recombinant P-selectin
glycoprotein ligand-1 required for binding to P- and E-selectin.J. Biol. Chem.
271:3255.

10. Borges, E., W. Tietz, M. Steegmaier, T. Moll, R. Hallmann, A. Hamann, and
D. Vestweber. 1997. P-selectin glycoprotein ligand-1 (PSGL-1) on T helper 1 but
not T helper 2 cells binds to P-selectin and supports migration into inflamed skin.
J. Exp. Med. 185:573.

11. Varki, A. 1992. Selectins and other mammalian sialic acid binding lectins.Curr.
Opin. Cell Biol. 4:257.

12. Maly, P., A. D. Thall, B. Petryniak, C. E. Rogers, P. L. Smith, R. M. Marks,
R. J. Kelly, K. M. Gersten, G. Chang, T. L. Saunders, et al. 1996. Thea(1,3)fu-
cosyltransferase FucT-VII controls leukocyte trafficking through an essential role
in L-, E-, and P-selectin ligand biosynthesis.Cell 86:643.

13. Sasaki, K., E. Watanabe, K. Kawashima, S. Sekine, T. Dohi, M. Oshimaa,
N. Hanai, T. Nishi, and M. Hasegawa. 1993. Expression cloning of a novel Gal
b (1–3/1–4) GlcNAca 2,3 sialyltransferase using lectin resistance selection.
J. Biol. Chem. 268:22782.

3751The Journal of Immunology
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/163/7/3746/1109406/im
199903746p.pdf by guest on 22 M

ay 2023



14. Knibbs, R. N., R. A. Craig, S. Natsuka, A. Chang, M. Cameron, J. B. Lowe, and
L. M. Stoolman. 1996. The fucosyltransferase FucT-VII regulates E-selectin li-
gand synthesis in human T cells.J. Cell Biol. 133:911.

15. Wagers, A. J., L. M. Stoolman, R. Kannagi, R. Craig, and G. S. Kansas. 1997.
Expression of leukocyte fucosyltransferases regulates binding to E-selectin: re-
lationship to previously implicated carbohydrate epitopes.J. Immunol. 159:1917.

16. Knibbs, R. N., R. A. Craig, P. Maly, P. L. Smith, F. M. Wolber, N. E. Faulkner,
J. B. Lowe, and L. M. Stoolman. 1998.a(1,3)fucosyltransferase VII-dependent
synthesis of P- and E-selectin ligands on cultures of T lymphoblasts.J. Immunol.
161:6305.

17. Miyamoto, D., S. Takashima, T. Suzuki, T. Nishi, K. Sasaki, Y. Morishita, and
Y. Suzuki. 1995. Glycolipid acceptor specificity of a human Galb(1–3/1–4)
GlcNAc a 2,3-sialyltransferase.Biochem. Biophys. Res. Commun. 217:852.

18. Kono, M., Y. Ohyama, Y. C. Lee, T. Hamamoto, N. Kojima, and S. Tsuji. 1997.
Mouseb-galactosidea 2,3 sialyltransferases: comparison of in vitro substrate
specificities and tissue-specific expression.Glycobiology 7:469.

19. Sant’Angelo, D. B., G. Waterbury, P. Preston-Hurlburt, S. T. Yoon,
R. Medzhitov, S.-C. Hong, and C. A. Janeway Jr. 1996. The specificity and
orientation of a TCR to its peptide-MHC class II ligands.Immunity 4:367.

20. Hanai, N., K. Shitara, and H. Yoshida. 1986. Generation of monoclonal antibod-
ies against human lung squamous cell carcinoma and adenocarcinoma using mice
rendered tolerant to normal human lung.Cancer Res. 46:4438.

21. Tietz, W., Y. Allemand, E. Borges, D. von Laer, R. Hallmann, D. Vestweber, and
A. Hamann. 1998. CD41 T cells migrate into inflamed skin only if they express
ligands for E- and P-selectin.J. Immunol. 161:963.

22. Nolte, D., P. Schmid, U. Jager, A. Botzlar, F. Roesken, R. Hecht, E. Uhl,
K. Messmer, and D. Vestweber. 1994. Leukocyte rolling in venules of striated
muscle and skin is mediated by P-selectin, not by L-selectin.Am. J. Physiol.
267:H1637.

23. Foxall, C., S. R. Watson, D. Dowbenko, C. Fennie, L. A. Lasky, M. Kiso,
A. Hasegawa, D. Asa, and B. K. Brandley. 1992. The three members of the
selectin receptor family recognize a common carbohydrate epitope, the sialyl
Lewis x oligosaccharide.J. Cell Biol. 117:895.

24. Vachino, G., X. J. Chang, G. M. Veldman, R. Kumar, D. Sako, L. A. Fouser,
M. C. Berndt, and D. A. Cummings. 1995. P-selectin glycoprotein ligand-1 is the
major counter-receptor for P-selectin on stimulated T cells and is widely distrib-
uted in non-functional form on many lymphocytic cells.J. Biol. Chem. 270:
21966.

25. Lasky, L. A. 1995. Selectin-carbohydrate interactions and the initiation of the
inflammatory response.Annu. Rev. Biochem. 64:113.

26. Varki, A. 1994. Selectin ligands.Proc. Natl. Acad. Sci. USA 91:7390.

27. Tsuji, S. 1996. Molecular cloning and functional analysis of sialyltransferases.
J. Biochem. 120:1.

28. Wen, D. X., B. D. Livingston, K. F. Medzihradszky, S. Kelm, A. L. Burlingame,
and J. C. Paulson. 1992. Primary structure of Galb1,3(4)GlcNAca2,3-sialyltrans-
ferase determined by mass spectrometry sequence analysis and molecular clon-
ing. J. Biol. Chem. 267:21011.

29. Hosken, N. A., K. Shibuya, A. W. Heath, K. M. Murphy, and A. O’Garra. 1995.
The effect of antigen dose on CD4 T helper cell phenotype development in a T
cell receptor-ab-transgenic model.J. Exp. Med. 182:1579.

30. Pfeiffer, C., J. Stein, S. Southwood, H. Ketelaar, A. Sette, and K. Bottomly. 1995.
Altered peptide ligands can control CD4 T lymphocyte differentiation in vivo.
J. Exp. Med. 181:1569.

31. Constant, S. L., C. Pfeiffer, T. Pasqualini, and K. Bottomly. 1995. Extent of T cell
receptor ligation can determine the functional differentiation of naive CD41 T
cells.J. Exp. Med. 182:1591.

32. Van Wely, C. A., A. D. Blanchard, and C. J. Britten. 1998. Differential expression
of a3fucosyltransferases in Th1 and Th2 cells correlates with their ability to bind
P-selectin.Biochem. Biophys. Res. Commun. 247:307.

33. Wagers, A. J., C. M. Waters, L. M. Stoolman, and G. S. Kansas. 1998. Interleukin
12 and interleukin 4 control T cell adhesion to endothelial selectins through
opposite effects ona1,3fucosyltransferase VII gene expression.J. Exp. Med.
188:2225.

3752 FucT-VII AND ST3GalIV mRNAs IN Th1 AND Th2 CELLS
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/163/7/3746/1109406/im
199903746p.pdf by guest on 22 M

ay 2023


