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Skin-Homing Receptors on Effector Leukocytes Are
Differentially Sensitive to Glyco-Metabolic Antagonism in
Allergic Contact Dermatitis1

Madeliene E. Gainers, Leyla Descheny, Steven R. Barthel, Luzheng Liu, Marc-André Wurbel,
and Charles J. Dimitroff2

T cell recruitment into inflamed skin is dependent on skin-homing receptor binding to endothelial (E)- and platelet (P)-selectin.
These T cell receptors, or E- and P-selectin ligands, can be targeted by the metabolic fluorosugar inhibitor, 4-F-GlcNAc, to blunt
cutaneous inflammation. Compelling new data indicate that, in addition to T cells, NK cells are also recruited to inflamed skin in
allergic contact hypersensitivity (CHS) contingent on E- and P-selectin-binding. Using a model of allergic CHS, we evaluated the
identity and impact of NK cell E-selectin ligand(s) on inflammatory responses and examined the oral efficacy of 4-F-GlcNAc. We
demonstrated that the predominant E-selectin ligands on NK cells are P-selectin glycoprotein ligand-1 and protease-resistant
glycolipids. We showed that, unlike the induced E-selectin ligand expression on activated T cells upon exposure to Ag, ligand
expression on NK cells was constitutive. CHS responses were significantly lowered by orally administered 4-F-GlcNAc treatment.
Although E-selectin ligand on activated T cells was suppressed, ligand expression on NK cells was insensitive to 4-F-GlcNAc
treatment. These findings indicate that downregulating effector T cell E- and P-selectin ligand expression directly correlates with
anti-inflammatory efficacy and provides new insight on metabolic discrepancies of E-selectin ligand biosynthesis in effector leu-
kocytes in vivo. The Journal of Immunology, 2007, 179: 8509–8518.

L eukocyte accumulation in skin is associated with skin dis-
orders, including atopic dermatitis, allergic contact hyper-
sensitivity (CHS),3 psoriasis, and cutaneous T cell lym-

phoma. Thus, identifying the factors critical for the skin-tropic
behavior of leukocytes can have a profound influence on the de-
velopment of targeted anti-inflammatory approaches (1). Consid-
erable efforts have been undertaken to understand how T cells
traffic to skin by determining which molecular constituents elab-
orate T cell affinities for dermal postcapillary venules and/or elicit
chemotactic movement into inflamed skin. Surprisingly, the im-
portance of NK cells as effector cellular mediators in adaptive
cutaneous immune responses has recently been described (2, 3)
and, thus, identifying and characterizing the skin-homing features
on NK cells has intensified.

Leukocytes traffic to cutaneous sites through coordinated adhe-
sive and chemotactic signaling events, resulting in tethering, roll-

ing, and firm adhesion on dermal post capillary venules and dia-
pedesis through the endothelial surface into the papillary dermis.
Among the group of adhesion molecules initiating leukocyte-en-
dothelial cell attachment are a family of type I membrane proteins
called selectins (4). P (platelet)-, E (endothelial)-, and L (leuko-
cyte)-selectin mediate low-affinity binding interactions between
leukocytes in flow and endothelial cells by engaging with coun-
terreceptor ligands (4). The importance of E- and P-selectin, spe-
cifically, is clearly evident as they are constitutively expressed on
dermal endothelium and are necessary for T cell recruitment into
inflamed skin (5–7). Similarly, E- and P-selectin ligands are crit-
ical for T cell trafficking to inflamed skin (4, 8) and, together, are
characteristically referred to as “skin-homing receptors.” In vivo
models of T cell-mediated inflammation reveal that E- and P-se-
lectin ligand function and skin-tropic behavior on T cells are de-
pendent on �1,3 fucosyltransferases IV and VII (FT4/7) (7, 9, 10).
These enzymes are responsible for generating sialyl Lewis X moi-
eties on T cell membrane protein and lipid scaffolds, conferring
ligand activity and the skin-homing designation of leukocytes (11–
18). Prior studies using metabolic inhibitors of selectin ligand bio-
synthesis, namely 4-fluorinated N-acetylglucosamine (4-F-Glc-
NAc), also show that preventing the formation of sialyl Lewis X
moieties inhibits the recruitment of effector T cells to inflamed skin
(19, 20). Collectively, the functional importance of T cell E- and
P-selectin ligands and FT4/7 highlights the potential benefit of
targeting these factors as anti-inflammatory strategies. In light of
the proposition that NK cells can help elicit hapten-induced CHS
responses, the significance of this functional activity heightens the
importance of understanding the E- and P-selectin ligand reper-
toire on NK cells and how to control both T and NK cell recruit-
ment into inflamed skin.

The ubiquitous P-selectin ligand on leukocytes, including NK
cells (21), is P-selectin glycoprotein ligand-1 (PSGL-1), which has
also been found to be a major E-selectin ligand on T cells. The
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predominant E-selectin ligands on T cells are PSGL-1 (15, 16,
22–24) and CD43 (16, 25–27), and are both involved in the dermal
tropism of effector T cells in CHS. However, the expression and
role of NK cell E-selectin ligands in allergic CHS is not fully
understood (21, 28–31) and is the impetus for studies performed in
this research.

Using purified NK cells from mice and humans, we performed
biochemical analyses to illuminate authentic candidate NK cell
E-selectin ligand(s). Preparation of NK cell isolates from PSGL-
1�/� or FT4/7�/� mice were included to evaluate the role of
PSGL-1 and E-selectin ligands in NK and T cell recruitment as-
sociated with CHS. Our studies showed that the major NK cell
E-selectin glycoprotein ligand was PSGL-1 and that NK cell gly-
colipids bearing both terminal sialic acid and fucosylated residues
(or fucosylated neolactosphingolipids) were also major constitu-
ents bearing E-selectin ligand activity. In addition, we found that
PSGL-1 was the principal P-selectin ligand on NK cells. Of par-
ticular significance, we found that, while 4-F-GlcNAc treatment
interfered with CHS responses and E-selectin ligand synthesis on
activated T cells, NK cell E-selectin ligand expression was resis-
tant to 4-F-GlcNAc treatment. We also observed that 4-F-GlcNAc
was orally active. These findings expand our view of the skin-
homing receptor repertoire on NK cells and indicate that effector
leukocytes are differentially sensitive to glyco-metabolic inhibi-
tors, providing the opportunity to selectively manage adaptive cu-
taneous T cell-mediated inflammation.

Materials and Methods
Mice

Four- to six-week old, wild type (wt) or Rag1-deficient C57BL/6J mice,
which were backcrossed 10-times into C57BL/6J inbred mice, were pur-
chased from The Jackson Laboratories and housed in the animal facility in
The Harvard Institutes of Medicine. C57BL/6 mice deficient in �1,3 fu-
cosyltransferases IV and VII (FT4/7) were generated as previously de-
scribed (9) and provided by Dr. John B. Lowe (Department of Pathology,
Case Western Reserve University School of Medicine). C57BL/6 mice
deficient in PSGL-1 were generated as previously described (22) and pro-
vided by Dr. Bruce Furie (Department of Medicine, Division of Hemosta-
sis/Thrombosis, Beth-Israel Deaconess Medical Center).

Cells

Human hemopoietic KG1a cells (from American Type Culture Collection),
which express E-selectin ligands CD44 and PSGL-1, were maintained in
RPMI 1640 with glutamine/10% FBS/1% penicillin/streptomycin (Invitro-
gen Life Technologies) (32).

For isolation of fresh leukocytes from wt and mutant C57BL/6 mice in
allergic CHS experiments, skin-draining lymph nodes (LN) (auricular and
inguinal) or spleens were resected and minced with frosted cover slips.
Leukocyte suspensions were released in ice-cold PBS, passed through a
40-�m cell strainer and washed with PBS. To lyse RBC in splenic prep-
arations, the pellet was resuspended in 5 ml of RBC lysis buffer (0.15 M
NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA (pH 7.2)) and incubated for 5
min at room temperature. Cells were washed in PBS and passed through a
40-�m cell strainer. Cells suspended in RPMI 1640/0.2% BSA were then
plated onto tissue culture flasks (BD Biosciences) at 37°C for 30 min to
deplete any nonleukocyte stromal cells, strained again, and washed with
PBS. T cells were isolated by positive selection using anti-murine CD90
(Thy1.2) Ab-coated magnetic bead technology according to the manufac-
turer’s instructions (Miltenyi Biotec). T cell purity was confirmed by FACS
analysis of CD3 expression. NK cells were then isolated from CD90-de-
pleted cells using anti-CD49b (DX5) Ab-coated magnetic microbeads
(Miltenyi Biotec). DX5� CD90� NK cell purity was confirmed by FACS
staining with anti-NK1.1 moAb PK136 (BD Biosciences).

Human NK cells were isolated from the whole blood of normal healthy
volunteers in accordance with the Institutional Review Board(s) and prin-
ciples expressed in the Helsinki Declaration. PBMC were first obtained
from citrated-whole blood by density-gradient centrifugation as previously
described (20). To prepare CD56� CD3� NK cells, CD3� T cells were first
depleted from PBMC using CD3 immunomagnetic beads (Miltenyi Biotec)
and then CD56� cells were selected from CD3� cells using CD56 immu-
nomagnetic beads (Miltenyi Biotec). NK cell purity was validated by flow

cytometric analysis of CD56 (Miltenyi Biotec) and was consistently �95%
positive.

Model of allergic contact dermatitis

As a model of allergic contact dermatitis (5), we induced CHS in mice by
sensitizing abdominal skin on days 0 and 1 with 25 �l of 0.5% 2,4-dini-
trofluorobenzene (DNFB) in a 4/1 solution of acetone to olive oil (vehicle)
and then rechallenged with 0.25% DNFB on the ear (10 �l/side) on day 5.
To demonstrate Ag-dependence, ear swelling was determined in mice sen-
sitized with vehicle and then challenged with DNFB or in mice sensitized
with DNFB and then challenged with vehicle. In addition, to evaluate the
oral efficacy of the selectin ligand inhibitor, peracetylated 4-fluoro-N-
acetylglucosamine (4-F-GlcNAc), mice were treated i.p. or orally (p.o.)
from days 1–5 with drug vehicle (0.9% saline) or 100 mg/kg 4-F-GlcNAc.
This dose of 4-F-GlcNAc administered i.p. has been shown to inhibit leu-
kocyte E-selectin ligand expression and markedly blunt allergic CHS re-
sponses by i.p. administration (19). Ear swelling was determined by cal-
culating the difference in ear thickness between days 5 and 6. Statistical
significant differences between groups (10 mice/group) were ascertained
using a Student’s paired t test. This experimental protocol was used rou-
tinely for generating fresh effector leukocytes and analysis of leukocyte
E-selectin ligand expression as assayed by flow cytometry, parallel-plate
flow chamber analysis, and Western blotting.

Flow cytometric analysis

All cells (1 � 106/test) were suspended in FACS buffer (PBS with Ca2�/
Mg2� containing 3% FBS and 0.05% NaN3). Where indicated, cells were
pretreated with 0.2U/ml Vibrio Cholerae neuraminidase (Roche Diagnos-
tics), a glycosidase that cleaves terminal sialic residues on the cell surface,
or 0.1% bromelain (Sigma-Aldrich), a protease that cleaves cell surface
protein, for either 1 h or 30 min, respectively, at 37°C. Cells were first
blocked in 10% normal goat serum for 5 min and then incubated with 10
�g/ml recombinant mouse E-selectin-human IgG chimera (R & D Sys-
tems) in HBSS with Ca2�/Mg2�/10 mM HEPES with or without 250 mM
EDTA for 30 min at 4°C. After washing in FACS buffer, cells were incu-
bated with allophycocyanin-F(ab�)2 goat anti-human IgG Fc� (Jackson Im-
munoResearch Laboratories) for 20 min at 4°C, rinsed, and then blocked
again with 10% normal rat serum (Sigma-Aldrich) for 5 min. For multiple
marker analysis of NK cells, cells were then stained with PE-anti-mouse
CD49b (DX5) and PE Cy7-anti-mouse NK1.1 (PK136) moAbs (both from
BD Biosciences) for 20 min at 4°C. For multiple marker analysis of T cells,
cells were then stained with PE-Cy5-anti-mouse TCR �-chain and FITC-
anti-mouse L-selectin (MEL-14) (both from BD Biosciences) for 20 min at
4°C. Positive and negative controls were blocked with goat and rat serum
and then stained with PE-anti-mouse CD8, allophycocyanin-anti-mouse
CD3�, PE Cy7-NK1.1, or FITC-anti-mouse CD31 Abs (all from BD Bio-
sciences) or with FITC-anti-mouse CD90 (Miltenyi Biotec) Ab for 20 min
at 4°C. For human NK/T cell staining, cells were suspended in FACS
buffer, blocked in anti-human CD16 (clone 3G8) Ab (Biolegend), and then
incubated with FITC-anti-human CD3 (BD Biosciences) and/or PE-anti-
CD56 Abs (Miltenyi Biotec) for 30 min at 4°C. The absolute number of
E-selectin ligand� NK or T cells per inguinal LN (ILN) was determined by
multiplying the percentage of E-selectin ligand� DX5� NK1.1� cells or of
CD90� cells by the total number of leukocytes isolated per ILN. Samples
were acquired with a BD FACSCanto flow cytometer, and data were an-
alyzed with FlowJo software (Tree Star).

Immunoprecipitation/SDS-PAGE/Western blotting

KG1a cell lysate and lysates from murine and human leukocyte isolates
were prepared as previously described (20). In some cases before lysate
preparation, cells were treated with 0.1% bromelain (Sigma-Aldrich) for 30
min at 37°C. Protein concentrations were quantified using Bradford reagent
(Sigma-Aldrich). For immunoprecipitation of PSGL-1, anti-human
PSGL-1 moAb KPL-1 (BD Biosciences) was incubated with lysates and
PSGL-1 immune complexes were eluted from protein-G agarose (Invitro-
gen Life Technologies) as previously described (33). Untreated or treated
cell lysates or anti-PSGL-1 immunoprecipitates were resolved on reducing
4–20% SDS-PAGE gradient gels (Bio-Rad) and transferred to Immunoblot
polyvinylidene difluoride membrane (Bio-Rad) (34). After blocking in FBS
for 1 h, blots were incubated with either rabbit polyclonal anti-sera raised
against the N-terminal amino acid sequence (aa 42–60) of mouse PSGL-1,
anti-human PSGL-1 moAb KPL-1, E-selectin-Ig, or isotype Ab controls
for 1 h at room temperature. To control for protein loading, blots were
performed in parallel using anti-PSGL-1 moAb KPL-1 or anti-�-actin
moAb C4 (BD Biosciences). Blots were washed with TBS/0.1% Tween 20
and incubated with corresponding alkaline phosphatase-conjugated anti-
rabbit, -human or -mouse IgG (all at 1/2000) (Zymed) for 1 h at room
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temperature. Following several washes with TBS/0.1% Tween 20 and one
final wash with TBS, blots were developed using alkaline phosphatase
substrate Western Blue (Promega). These experiments were performed at
least three times.

Parallel-plate flow chamber analysis

T cell rolling on mouse E-selectin-Ig chimera was analyzed using the par-
allel-plate flow chamber under physiologic shear stress (20, 35). To prepare
E-selectin-Ig-coated plastic, E-selectin-Ig (50 ng/50 �l 0.1M NaHCO3)
(pH 9.6) was pipetted on ten-twenty-nine petri dishes and allowed to ad-
sorb overnight at 4°C. E-selectin-Ig solution was removed and replaced
with FBS and incubated for �2 h at 37°C to block nonspecific binding
sites. T cells were suspended at 1 � 107cells/ml HBSS/10 mM HEPES/2
mM CaCl2 assay medium and infused into the chamber over selectin chi-
mera. Cell tethering defined as a reduction in forward motion below hy-
drodynamic velocity for a minimum of two frames (0.07 s) was permitted
at 0.3 dynes/cm2 for 1 min. Cell rolling defined as �5 cell diameters of
forward movement below hydrodynamic velocity was then assessed. The
number of rolling cells was assayed at 1 dyne/cm2 from the midpoint of the
chamber viewing field (four fields/selectin spot, three different experi-
ments) at 100� magnification. All experiments were observed in real time
and videotaped for offline analysis. Rolling cells were enumerated on hu-
man IgG or using adhesion assay medium containing 5 mM EDTA to
control for E-selectin-binding specificity.

Cell binding assay

To examine E- and P-selectin-binding activities of fresh human NK cells,
we designed a cell adhesion assay using tissue culture-treated 96-well
plates with black sides and clear bottoms (Corning). This system allowed
for a qualitative analysis of limited numbers of NK cells. Wells were first
coated with 10 �g/ml mouse E- or P-selectin-Ig (R & D Systems) or neg-
ative control human IgG for 24 h at 4°C. To block nonspecific binding,
PBS/1% BSA was then added to the wells for 15 min at 4°C. KG1a or fresh
CD56�CD3� NK cells were next labeled with a fluorescent dye, calcein
AM (Molecular Probes), at 5 �g/ml in adhesion assay buffer (RPMI 1640/
0.2% BSA) for 30 min at 22°C. Where indicated, cells were pretreated with
0.2 U/ml neuraminidase for 1 h or 0.1% bromelain for 30 min at 37°C or
with 40 �g/ml anti-human PSGL-1 moAb KPL-1 or isotype control. Un-
treated or treated NK cells were then incubated with 10 �g/ml anti-CD16
moAb 3G8 (Biolegend) for 10 min to block nonspecific binding of NK cell
Fc�RIII� receptor to Ig IgG as described previously (36). Cells suspended
at 2 � 105 were added to wells in the presence or absence of 10 mM EDTA
and incubated for 1 h at 4°C. Wells were washed three times with adhesion
assay buffer. Fluorescence (485 nm excitation; 535 nm emission) was mea-
sured on a Wallac Victor (2) plate reader (PerkinElmer) at 0.1 s intervals
at the Institute of Chemistry and Cell Biology Screening Facility of Har-
vard Medical School. Values represent percent cell binding of untreated
cell binding subtracted from nonspecific cell binding to human IgG alone.
Statistical significant differences with untreated control were ascertained
using a repeated measures ANOVA with Dunnett post test.

Results
Induction of E-selectin ligand on T cells and NK cells in
allergic CHS

Effector leukocyte E- and P-selectin ligands are regulated by leu-
kocyte �1,3 fucosyltransferases 4 and 7 (FT4/7) and are necessary
for Ag-specific cutaneous inflammation and leukocyte recruitment
into inflamed skin (4–10). To validate the role of NK cells in
allergic CHS, we performed NK cell-dependent CHS experiments
with contact sensitizer DNFB in recombinase-activating gene
1-deficient (Rag1�/�) mice lacking T and B cells as previously
described (2). The dependence of leukocyte FT4/7 in this model
was also ascertained by performing CHS experiments in FT4/7�/�

mice. Compared with DNFB-sensitized and challenged wt mice,
CHS responses were evident, although significantly less in
Rag1�/� mice ( p � 0.01) and were attributable to E- and P-se-
lectin ligand expression as mice lacking FT4/7 did not show any
inflammation ( p � 0.001) (Fig. 1).

To investigate relevant E-selectin ligand� effector leukocytes in
this CHS inflammatory model, leukocytes were harvested from
ILN-draining DNFB-sensitized abdominal skin. We first estab-
lished that E-selectin-ligand expression was elevated on T cells

after DNFB-sensitization. Skin-draining ILN from DNFB-sensi-
tized mice were 3-fold larger and contained 3-fold greater number
of cells than ILN from naive mice (Fig. 2, A and B), signifying the
in situ T cell activation/expansion in and/or recruitment of naive
lymphocytes to LN draining Ag-sensitized skin (10). Flow cytom-
etry with E-selectin-Ig showed that a 4-fold higher percentage of
E-selectin ligand� CD3� T cells in ILN draining DNFB-sensitized
skin was observed in comparison with those cells in untreated mice
(Fig. 2C). In addition, rolling of immunopurified CD90� T cells on
E-selectin-Ig was elevated 5-fold compared with that displayed by
cells in ILN from untreated mice ( p � 0.001) (Fig. 2D).

To analyze E-selectin ligand expression on fresh NK cells, we
performed flow cytometry analysis and assayed E-selectin-Ig
staining of cells positive for NK cell markers, DX5 (CD49b) and
NK1.1 (CD161c), and negative for T cell marker, Thy1.2 (CD90).
DX5� NK1.1� NK cells were negative for other markers, includ-
ing CD3, CD31, and TCR-�-chain (data not shown). Compared
with E-selectin-Ig staining in the presence of 5 mM EDTA, the
percentage of E-selectin ligand� NK cells (50%) was similar in
cell isolates from ILN draining either untreated or DNFB-sensi-
tized skin (Fig. 3, A and B). Even though ILN cellularity increased
3-fold after DNFB treatment, the absolute number of E-selectin
ligand� NK cells increased by only 1.8-fold, whereas the absolute
number of E-selectin ligand� T cells increased 10-fold (Fig. 3C).
These results suggested that E-selectin ligand� NK cells did not
increase proportionately with ILN cellularity. Additional experi-
ments analyzing E-selectin ligand expression on DX5� NK1.1�

NK cells in PSGL-1�/�, FT4/7�/� or Rag1�/� mice were per-
formed to determine whether expression of NK cell E-selectin li-
gand was altered in these mutant genotypes. Of note, due to the
negligible level of leukocytes in ILN of FT4/7�/� and Rag1�/�

mice, splenic leukocytes were used for analysis. Flow cytometric
analysis revealed that the percentage of E-selectin ligand� DX5�

NK1.1� NK cells from DNFB-treated Rag1�/� mice was similar
to wt controls; however, E-selectin-Ig staining on PSGL-1� DX5�

NK1.1� NK cells was reduced by 50%, indicating that PSGL-1

FIGURE 1. Allergic CHS in Rag1�/� or FT4/7�/� mice. CHS re-
sponses were induced in wt, Rag1�/�, or FT4/7�/� mice (10 mice/group)
by sensitizing on days 0 and 1 with DNFB or vehicle control (negative
control) and challenge applications on day 5 with DNFB. Ear thickness
measurements were taken before and after challenge and expressed as
mean (SEM). Wt mice receiving vehicle sensitization and DNFB challenge
or FT4/7�/� mice sensitized and challenged with DNFB did not show any
inflammation. Experiments were performed a minimum of three times.
Statistically significant difference compared with ear swelling in wt mice
sensitized and challenged with DNFB; Student’s paired t test, �, p � 0.01
and ��, p � 0.001.
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may be a major ligand on NK cells (Fig. 3D). Moreover, E-selectin
ligand expression on DX5� NK1.1� NK cells was dependent on
FT4/7 (Fig. 3D). Interestingly, we found that a similar percentage
of E-selectin ligand� DX5� NK1.1� NK cells (45–55%) was ob-
served in spleens from untreated or DNFB-treated wt and PSGL-
1�/� mice (data not shown). This observation indicated that
splenic tissue could be used as a source for isolating an adequate
quantity of NK cells for lysate preparation and Western blotting
experimentation.

PSGL-1 is a major E-selectin glycoprotein ligand on NK cells

To identify the authentic E-selectin glycoprotein ligand on NK
cells, we isolated fresh NK cells from LN draining DNFB-sensi-

tized skin. After depleting T cells from total LN leukocytes with
CD90 (Thy1.2) immunomagnetic beads, NK cells were enriched
by positive selection with DX5 immunomagnetic beads. Lysates

FIGURE 2. Ag-dependent induction of T cell E-selectin ligand in CHS.
CHS responses in mice were elicited by sensitization and challenge appli-
cations of DNFB. ILN draining DNFB or untreated skin were harvested,
and T cells were assayed for E-selectin ligand activity by flow cytometry
and parallel-plate flow analysis. ILN draining DNFB-treated skin were
3-fold larger and 3-fold more cellular than ILN draining untreated skin (A
and B). C, Flow cytometry with E-selectin-Ig showed that gated CD3� T
cells from DNFB-treated mice expressed a 4-fold higher level of E-selectin
ligand than on T cells from untreated mice. D, Parallel-plate flow analysis
revealed that CD90� T cells from ILN draining DNFB-sensitized skin
rolled on E-selectin-Ig at a 5-fold greater level than T cells from untreated
mice. Cell rolling activities expressed as mean (SEM) were inhibited with
5 mM EDTA and not evident on human IgG. Experiments were performed
a minimum of three times. �, Statistically significant difference compared
with untreated control; Student’s paired t test, p � 0.001.

FIGURE 3. Invariable E-selectin ligand expression on NK cells in CHS. CHS
responses using sensitization and challenge applications of DNFB were generated
in wt, PSGL-1�/�, FT4/7�/�, or Rag1�/� mice. ILN draining DNFB- or vehicle-
treated skin from wt and PSGL-1�/� mice or spleens from DNFB- or vehicle-
treated FT4/7�/� and Rag1�/� mice were harvested, and ESL expression was
assayed on DX5� NK1.1� NK cells by flow cytometry. A, In representative scat-
ter plots, a comparable percentage of ESL� DX5� NK1.1� NK cells was ob-
served from both untreated and DNFB-treated mice. These percentages (mean �
SD) were consistently �50% (B). Comparing the absolute number of ESL� NK
cells with ESL� T cells from untreated or DNFB-treated mice showed that ESL�

T cells were 10-fold greater than ESL� NK cells in DNFB-treated mice (C). In
PSGL-1�/� mice, there was a 50% lower level of E-selectin-Ig staining on NK
cells, while NK cells deficient in FT4/7 did not express any E-selectin ligand
activity (D). Rag1�/� mice expressed a similar percentage of ESL� DX5�

NK1.1� NK cells as wt mice (D). �, Percent of DX5� NK1.1� gated cells in
Rag1�/� mice was 10-fold higher than in wt controls. Experiments were per-
formed a minimum of three times.
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were prepared from unsorted total leukocytes, CD90� T cells,
DX5� CD90� NK cells and DX5� CD90� leukocytes and ana-
lyzed by Western blotting with E-selectin-Ig. Flow cytometric
analysis of NK1.1 confirmed that DX5� CD90� cells were posi-
tive for NK1.1 Ag (data not shown). E-selectin-Ig blotting re-
vealed that a prominent glycoprotein at 260 kDa was expressed
only on DX5� CD90� NK cells (Fig. 4A). In contrast, there was
no detectable E-selectin glycoprotein ligand in CD90� T cell ly-
sate, due to the small percentage of E-selectin ligand� T cells
among total sorted CD90� T cells (Fig. 3C). Nonetheless, the ab-
sence of E-selectin-Ig-stained DX5� CD90� NK cell glycoprotein
from PSGL-1�/� mice indicated that the 260 kDa band was likely
PSGL-1 (Fig. 4A). Characteristically, PSGL-1 resolves on reduc-
ing SDS-PAGE gels as a monomer at 120–130 kDa and/or as a
dimer at 240–260 kDa. Depending on the cellular source of
PSGL-1, the ratio of fully reduced monomer PSGL-1 to unreduced
dimer PSGL-1 is variable and implicit when investigating the ex-
pression of PSGL-1 by Western blotting.

To better define the identity of PSGL-1 as a major E-selectin
ligand on NK cells, we isolated human CD56� CD3� NK cells
from PBMC by immunomagnetic bead isolation and blotted ly-
sates with E-selectin-Ig. After depleting CD3� cells from PBMC,
CD56� cells were positively selected and used for flow cytometry
and lysate preparation. Flow cytometry of CD56 and CD3 Ag con-
firmed that sorted CD3� or sorted CD56� CD3� cell isolates were
�90% (data not shown). Western blotting CD56� CD3� NK cell
lysates with E-selectin-Ig showed that glycoproteins at 130, 155
and 260kDa were detected (Fig. 4B). Although CD56�CD3� cell
lysates contained another band at 95 kDa, which is likely contrib-
uted by HCELL (CD44) on CD34� HPC (32), CD3� T cell and
total PBMC lysates also expressed variable levels of E-selectin-
binding proteins at 130, 155, and 260 kDa (Fig. 4B). Because
E-selectin-Ig-stained protein at 130 and 260 kDa protein in KG1a
cell lysate is largely represented by PSGL-1 (32, 34) (Fig. 4B), the
E-selectin-Ig-stained protein at 130 and 260 kDa in CD56�CD3�

NK cell lysate may also correspond to PSGL-1. The additional
E-selectin glycoprotein ligand detected at 155 kDa may be com-
patible with a sialoglycoprotein localized to medial cisternae of the
Golgi apparatus called E-selectin ligand-1 (ESL-1) (34).

To directly examine whether PSGL-1 expressed E-selectin-
binding determinants on human NK cells, we immunoprecipitated
PSGL-1 from CD56�CD3� NK cell lysate with moAb KPL-1 and
blotted immunoprecipitates with E-selectin-Ig. Anti-PSGL-1 im-
munostaining was also performed to confirm the presence of
PSGL-1 in immunoprecipitates. Compared with the isotype control
immunoprecipitate and KG1a anti-PSGL-1 immunoprecipitate, all
cell isolates from PBMC, including NK cells, expressed E-selec-
tin-binding PSGL-1 (Fig. 4C).

Glycolipid E-selectin ligands are a major component on NK
cells

In the Western blotting experiments described above, we observed
that PSGL-1 was a prominent NK cell E-selectin ligand, though
other glycoproteins, including CD43 and CD44, may have been
undetectable by Western blotting with E-selectin-Ig. To analyze
whether CD43 and CD44 also function as E-selectin ligands on
NK cells, we pretreated DX5� CD90� NK cells with a robust
protease, bromelain, before lysate preparation. With the exception
of ESL-1, an E-selectin ligand characteristically localized in the
Golgi (34), bromelain digestion cleaves all cell surface E-selectin
glycoprotein ligands on leukocytes (20, 33, 37). By flow cytom-
etry, we first confirmed that bromelain treatment eliminated
PSGL-1, CD43 and CD44 expression (data not shown). Subse-
quent Western blotting with E-selectin-Ig showed bromelain treat-

ment of DX5� CD90� NK cells before lysate preparation com-
pletely ablated E-selectin-Ig-staining of the PSGL-1 molecule at
260 kDa (Fig. 5). Interestingly, there was no detectable E-selectin-
Ig-staining glycoprotein at 130 kDa and at 100 kDa, which corre-
spond to CD43 and CD44, respectively. The absence of E-selectin-
Ig-staining at 260 kDa in PSGL-1�/� DX5� CD90� NK cell

FIGURE 4. E-selectin-binding PSGL-1 is expressed on NK cells. A,
Western blot analysis of E-selectin ligand expression was performed on
DX5� CD90� NK cell lysates (40 �g/lane) from both wt and PSGL-1�/�

mice. Compared with total LN leukocyte, CD90� T cell or DX5� CD90�

cell lysates, a demonstrable E-selectin-Ig-stained band was evident in
DX5� CD90� NK cell lysate at 260 kDa, which was absent in DX5�

CD90� NK cell lysate from PSGL-1�/� mice. Protein loading was con-
trolled for by staining lysates with anti-�-actin. B, Western blot analysis of
E-selectin ligand expression was performed on control KG1a cell lysate
and on total PBMC, CD3� T cell, CD56� CD3� NK cell, and CD56�

CD3� cell lysates (30 �g/lane). Compared with E-selectin-Ig-stained
bands principally represented by CD44 (95kDa) and PSGL-1 (130 and
260kDa) in KG1a lysate, there were also E-selectin-Ig-stained bands at 130
and 260 kDa in CD56� CD3� NK cell lysates that comigrated with KG1a
PSGL-1, in addition to another band at 155 kDa. Protein loading was
controlled by staining lysates with anti-PSGL-1 moAb KPL-1. C, To con-
firm the E-selectin-binding function of PSGL-1, PSGL-1 was immunopre-
cipitated with anti-PSGL-1 moAb KPL-1 or isotype Ab from component
cell lysates and Western blotted with E-selectin-Ig or KPL-1. As shown,
PSGL-1 bound E-selectin-Ig in all immunoprecipitates (C). Experiments
were performed a minimum of three times.
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lysates confirmed that this glycoprotein was indeed PSGL-1 (Fig.
5). Furthermore, the absence of immunostained PSGL-1 in pro-
tease-treated NK cells validated the efficacy of bromelain to com-
pletely remove surface glycoprotein (Fig. 5). E-selectin-Ig-staining
of PSGL-1 on NK cells from FT4/7�/� mice was also absent,
indicating that �1,3 fucosylation was a key event for functional
activity. The lack of E-selectin-binding determinants on resolved
NK cell PSGL-1 from FT4/7�/� mice was highlighted by more
rapid mobilization of PSGL-1 (Fig. 5).

Using human NK cells, we performed the analogous experi-
ment, in which lysates from bromelain-treated CD56� CD3� NK
cells were blotted with E-selectin-Ig (Fig. 6A). Compared with
E-selectin-Ig staining of untreated CD56� CD3� NK cell lysate,
there was a clear removal of 130 and 260 kDa stained protein,
which likely correspond to the monomer and dimer forms of
PSGL-1 as indicated in Fig. 4, B and C. Interestingly, the presence
of the E-selectin-Ig-stained protein at 155 kDa was resistant to
protease treatment, further indicating that this protein may be the
intracellular E-selectin ligand, ESL-1 (34).

To investigate whether eliminating surface glycoprotein affected
the capacity of human NK cells to bind E-selectin, we assayed the
binding activity of bromelain-treated CD56� CD3� NK cells by
performing flow cytometry with E-selectin-Ig. E-selectin-Ig stain-
ing of CD56� CD3� NK cells treated with bromelain revealed that
a major component of E-selectin-binding was protease resistant
(60%) (Fig. 6B). In addition, we found that neuraminidase pre-
treatment markedly reduced E-selectin-Ig staining, suggesting that
terminal sialylation was a critical component of the E-selectin-
binding determinant (Fig. 6B).

To validate that bromelain treatment showed a modest decre-
ment in E-selectin ligand activity, we used a whole cell binding
system to assay E and P-selectin ligand activities of limited num-
bers of sorted human NK cells. Adhesion to selectin-human IgG

chimera was normalized to human IgG binding alone and ex-
pressed as percentage of untreated control. All cell binding was
inhibitable by incubating with 5 mM EDTA and was significantly
reduced by neuraminidase pretreatment ( p � 0.001) (Fig. 6C).
Consistent with flow cytometry data, CD56�CD3� NK cell E-
selectin ligand activity was sensitive to neuraminidase and mar-
ginally reduced by bromelain treatment (reduced by 40%) ( p �
0.001) (Fig. 6C). Of note, the adhesion of CD56�CD3� NK cells
to P-selectin was significantly inhibited by bromelain, by neutral-
izing anti-PSGL-1 moAb KPL-1 and by neuraminidase ( p �
0.001) (Fig. 6C). This indicated that PSGL-1 was the major P-
selectin ligand on NK cells (21). Collectively, these results solid-
ified prior observations (28) and implicated glycolipids as major
effector membrane structures mediating NK cell adhesion to
E-selectin.

Control of allergic CHS with orally administered 4-F-GlcNAc

Prior studies by our laboratory show that 4-F-GlcNAc is a meta-
bolic inhibitor of N-acetyllactosamine and sialyl Lewis X biosyn-
thesis, and, when administered i.p., can down-regulate E-selectin
ligand expression on effector lymphocytes in association with sup-
pressed CHS responses (19). Efficacious and toxic doses of 4-F-
GlcNAc were established previously, although oral bioavailability
of 4-F-GlcNAc has yet to be evaluated (19). In this study, we
determined whether CHS responses and corresponding E-selectin
ligand expression on effector T cells and NK cells in wt and
Rag1�/� mice were modified by orally administered 4-F-GlcNAc.
CHS responses were examined after implementing p.o. 4-F-Glc-
NAc treatment from days 1–5. 4-F-GlcNAc efficacy was evaluated
by assaying ear swelling and by assaying E-selectin ligand expres-
sion on NK cells by Western blotting and flow cytometry. In ad-
dition, E-selectin ligand expression on L-selectin� or L-selectin�

TCR-�-chain� T cells from draining ILN was assayed to investi-
gate the sensitivity of activated (effector) T cells to 4-F-GlcNAc.
I.p. 4-F-GlcNAc treatment (100 mg/kg) markedly suppressed
DNFB-dependent CHS responses in wt mice as determined by
blunted ear swelling ( p � 0.001) (Fig. 7A). Oral administration of
4-F-GlcNAc (100 mg/kg) was also efficacious (statistical signifi-
cant difference compared with p.o. saline control; Student’s t test,
p � 0.01). Interestingly, however, 4-F-GlcNAc treatments did not
affect CHS responses in Rag1�/� mice, suggesting that effector
NK cells in Rag1�/� mice were resistant to 4-F-GlcNAc treat-
ment. In support of this notion, flow cytometry did not reveal a
demonstrable reduction in E-selectin ligand expression on DX5�

NK1.1� NK cells from 4-F-GlcNAc-treated wt and Rag1�/� mice
(Fig. 7B). Similarly, Western blotting experiments showed that
E-selectin-binding PSGL-1 on NK cells was evident in all treat-
ment groups (Fig. 7C). To the contrary, E-selectin ligand expres-
sion on L-selectin� TCR-�� T cells in DNFB-treated wt mice was
significantly lowered in both i.p. and p.o. 4-F-GlcNAc-treated
mice compared with corresponding saline treatment controls ( p �
0.004 and p � 0.04, respectively) (Fig. 7D). Moreover, E-selectin
ligand expression on L-selectin� TCR-�� T cells, notably in i.p.
4-F-GlcNAc-treated mice, was reduced to the basal level ex-
pressed on L-selectin� TCR-�� T cells from untreated mice (Fig.
7D). Of note, the percentage and expression level of E-selectin
ligand on L-selectin� TCR-�� T cells was unaffected by 4-F-
GlcNAc treatment, which is likely due to the fact that L-selectin�

T cells recirculate among all lymphoid tissues.

Discussion
The molecular pathogenesis of cutaneous inflammation is critically
dependent on the acquisition and use of skin-homing receptors (or
E- and P-selectin ligands) on effector leukocytes (4, 8). Leukocyte

FIGURE 5. PSGL-1 is the principal E-selectin ligand on the NK cell
surface. Lysates (30 �g/lane) were prepared of DX5� CD90� NK cells
from wt, PSGL-1�/�, or FT4/7�/� mice. Where indicated, DX5� CD90�

NK cells were treated with protease (0.1% bromelain) before lysate prep-
aration. Western blot analysis of E-selectin ligand showed that protease
treatment removed E-selectin-binding PSGL-1 (260kDa) and that PSGL-1
E-selectin-binding determinants were absent in FT4/7-deficient NK cells.
Western blotting with anti-PSGL-1 moAb KPL-1 confirmed that PSGL-1
was eliminated on protease-treated cells and absent in PSGL-1�/� mice
and that PSGL-1 was present in all other groups. Equivalent protein load-
ing was validated by staining lysates with anti-�-actin moAb. Experiments
were performed a minimum of three times.
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E- and P-selectin ligands engage in low-affinity, Ca2�-dependent
binding interactions with E- and P-selectin constitutively ex-
pressed on dermal postcapillary venules and initiate their recruit-
ment into inflamed skin (1, 3–7). Functional activity of these li-
gands is dependent on the expression on sialo-fucosylated
carbohydrate moieties synthesized by �2,3 sialyltransferase IV
(32, 37, 38) and FT4/7 (9, 10). Identification of authentic leukocyte
E- and P-selectin ligands has been vigorously investigated, as the
implication of their neutralization may provide a means for man-
agement of chronic inflammatory conditions, such as atopic/aller-
gic dermatitis and psoriasis, and cutaneous lymphomas.

Intriguing new findings show that NK cells can play an impor-
tant role in allergic CHS responses (2). Even in the absence of T
cells and B cells, these responses can be elaborated by skin-hom-
ing NK cells through a recruitment mechanism dependent on der-
mal E- and P-selectin and �2 integrins (2). Because the require-
ment for E- and P-selectin and �2 integrins are the key recruitment
features of skin-homing leukocytes, we hypothesized that NK cell
E- and P-selectin ligands are also critical for dermal tropic activity
and could be targetable entities for anti-inflammatory exploitation.
The identity of NK cell E-selectin ligand repertoire has yet to be
formally ascertained and is the framework of our investigation in
this study.

In this report, we analyzed the expression of native E-selectin
ligands on fresh NK cells from both mice and humans using im-

munomagnetic bead technology and flow cytometric sorting. Mul-
tiple, yet complementary, assaying methods of cell isolates were
used in this study to analyze NK cell E-selectin ligand expression
due to the reagents available for probing human and murine se-
lectin ligands and due to the limited numbers of NK cell isolates.
NK cell E-selectin ligand expression was analyzed in the context
of allergic CHS model. There is convincing evidence that induc-
tion of skin-tropic receptors (or E- and P-selectin ligands) on ef-
fector T cells in CHS models involves an Ag-driven priming event
in LN draining Ag-treated or pathogen-infected skin (10, 12–14,
39). In fact, we previously demonstrate that E-selectin ligand on
effector leukocytes isolated from LN draining DNFB-sensitized
skin directly corresponds with allergic CHS reactions (19, 20, 33).
To this end, we induced CHS in mice using DNFB and first in-
vestigated whether E-selectin ligand expression on NK cells from
draining LN was up-regulated. We observed that the absolute num-
ber of E-selectin ligand� NK cells in LN draining DNFB-treated
skin did not expand proportionately with elevated LN cellularity,
whereas a 10-fold induction of E-selectin ligand� T cells was ev-
idenced. However, the preponderance of NK cells was inherently
positive for E-selectin ligand and, unlike the induced expression on
T cells, NK cells expressed an invariable level of E-selectin ligand.
A large percentage of NK cells (50%) was similarly E-selectin
ligand positive in untreated and DNFB-treated mice. Using
PSGL-1- or FT4/7-deficient mice in these studies, we found that

FIGURE 6. Protease-resistant glycolipids represent a
major component of NK cellular E-selectin ligand ac-
tivity. Lysates (40 �g/lane) were prepared of sorted
CD56� CD3� NK cells and, where indicated, NK cells
were treated with protease (0.1% bromelain) before ly-
sate preparation. Western blotting showed that the major
E-selectin-Ig-stained bands at 130 and 260 kDa in NK
cell lysate were eliminated and a band at 155 kDa was
reduced after protease treatment (A). Untreated and pro-
tease- or neuraminidase-treated NK cells were analyzed
by flow cytometry with E-selectin-Ig. As shown, pro-
tease treatment of CD56� CD3� NK cells reduced E-
selectin-Ig staining by 40% and was inhibitable by co-
incubating with 5 mM EDTA (B). Neuraminidase
treatment confirmed that terminal sialic acid residues are
necessary for NK cell E-selectin ligand activity (B). All
E-selectin-Ig staining of NK cells was inhibitable by
EDTA (B). In a cell binding assay system, P- and E-
selectin-mediated binding of NK cells was quantified
after pretreatment with bromelain, neuraminidase,or anti-
PSGL-1 moAb KPL-1. Adhesion values expressed as
the percentage of adhesion of untreated control were
first normalized by subtracting cell binding values to
human IgG alone. Control KG1a cell and CD56� CD3�

NK cell adhesion to P-selectin was markedly inhibited
by bromelain and by anti-PSGL-1 moAb KPL-1 (C)
(p � 0.001). In contrast, protease-resistant E-selectin
ligand activity on KG1a and CD56� CD3� NK cells
was evident (C). Experiments were performed a mini-
mum of three times. Statistically significant difference
compared with untreated control; Repeated measures
ANOVA with Dunnett post test, �, p � 0.05; ��, p �
0.001.
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NK cell E-selectin ligand activity was dependent on FT4/7 expres-
sion and largely contributed by PSGL-1 (50% of total) and by
other E-selectin glycolipid ligand(s). Of note, a high frequency of
E-selectin ligand� NK cells (�50%) was also ascertained on cells
isolated from splenic tissue independent of Ag sensitization. Al-
though we argue that E-selectin ligands are necessary in the mi-
gration of NK cells to skin, the issue of tissue environment for

priming skin-homing activity is complex and does not appear to be
analogous to the hapten sensitization or T cell-dendritic cell prim-
ing occurring locally in draining LN. This point is highlighted by
evidence that hapten-memory in CHS responses is transferable by
the hepatic Ly49C-I� subset of NK cells and that there is no dif-
ference in the frequency of Ly49C-I� NK cells after hapten sen-
sitization (2).

FIGURE 7. Oral efficacy of 4-F-GlcNAc on
allergic CHS. CHS responses were generated by
sensitizing wt or Rag1�/� mice on days 0 and 1
and challenged on day 5 with DNFB or vehicle
control. Mice (10 mice/group) were adminis-
tered i.p. or p.o. with 0.9% saline or 100 mg/kg
4-F-GlcNAc from days 1–5. Ear thickness mea-
surements before and 24 h after DNFB-chal-
lenge were monitored to assess anti-
inflammatory efficacy of 4-F-GlcNAc. DX5�

NK1.1� NK cells from ILN of saline or treated
wt and Rag1�/� mice and L-selectin� TCR-��

T cells from ILN of saline or treated wt mice
were analyzed for E-selectin ligand expression
by flow cytometry. Fresh DX5� CD90� NK
cells lysates were also prepared from saline or
treated wt mice and analyzed for E-selectin li-
gand (PSGL-1) and �-actin expression by West-
ern blotting. Both i.p. and p.o. 4-F-GlcNAc
treatment caused significant reductions in mean
ear swelling (statistically significant difference
compared with saline treatment control; Stu-
dent’s paired t test, ��, p � 0.001 and �, p �
0.01, respectively), while CHS responses in
Rag1-deficient mice were not affected (A). E-se-
lectin ligand expression on DX5� NK1.1� NK
cells from all groups was analyzed by flow cy-
tometry and showed that ligand expression was
relatively insensitive to 4-F-GlcNAc (B). West-
ern blot analysis of E-selectin ligand and
PSGL-1 expression on DX5� CD90� NK cells
(30 �g/lane) revealed that 4-F-GlcNAc did not
ablate E-selectin-binding PSGL-1 (C). Anti-
PSGL-1 and anti-B-actin immunoblots showed
that loaded protein levels were similar (C).
There was no staining evident in isotype control
blots or in E-selectin-Ig blots performed in the
presence of 5 mM EDTA. Flow cytometric anal-
ysis of E-selectin ligand expression on L-selec-
tin� and TCR-�� cells revealed that both i.p.
and p.o. 4-F-GlcNAc treatments significantly re-
duced E-selectin ligand expression compared
with saline treatment controls (statistically sig-
nificant difference compared with corresponding
saline treatment control; Student’s paired t test,
��, p � 0.004; �, p � 0.04) (D). E-selectin li-
gand expression on L-selectin� TCR-�� T cells
was unchanged following 4-F-GlcNAc treatment
(D). Experiments were performed a minimum of
three times.
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Analysis of NK cell E-selectin ligand identity was achieved by
Western blotting NK cell isolates with E-selectin-Ig, a reagent
commonly used for detecting functional E-selectin ligands (26, 33,
34). Western blotting with E-selectin-Ig showed that DX5�

CD90� NK cells expressed the E-selectin-binding glycoform of
PSGL-1. This result was corroborated by evidence that PSGL-1
was the major E-selectin ligand on human CD56� CD3� NK cells.
There was a distinct E-selectin ligand noted at 155kDa in human
CD56� CD3� NK cell lysate that was resistant to protease pre-
treatment, indicating that this protein may be expressed as an in-
tracellular membrane protein and not a factor in cellular activity.
This characteristic is reminiscent of the E-selectin ligand, ESL-1,
a protease-resistant 150 kDa membrane protein characteristically
localized to the medial cisternae of the Golgi apparatus (26, 34).

Although predominant E-selectin ligand activity on NK cells
was ascribed to PSGL-1, the extent of residual activity after pro-
tease treatment was significant and suggested that other protease-
sensitive ligands, such as CD43 and CD44, were not functional on
NK cells. This residual activity, which consistently represented
�50% of total cellular E-selectin ligand activity in cell binding
assays, may have a profound compensatory effect on maintaining
dermal migratory activity in the absence of PSGL-1. The expres-
sion of protease-resistant E-selectin ligand activity on NK cells
may elicit compensatory inflammatory activity in allergic CHS
models performed in PSGL-1�/� CD43�/� mice (26, 27). Indeed,
deficiencies of both FT4 and 7 are required for complete blunting
of leukocyte E-selectin ligand formation and inflammatory activity
(7, 9) and FT4 preferentially generates sialyl Lewis X moieties and
E-selectin-binding determinants on glycolipids. These findings and
others support our contention that protease-resistant E-selectin gly-
colipid ligand(s) is a key component of NK cellular activity (28).
Further investigations are ongoing to provide direct evidence on
which type of glycolipids bind E-selectin. We speculate that due to
the requirement of sialyl Lewis X moieties, NK cell E-selectin
glycolipid ligand(s) most likely belongs to a class called
neolactosphingolipids.

Prior findings by our laboratory suggest that systemic adminis-
tration of 4-F-GlcNAc can suppress allergic CHS by altering the
metabolism of oligosaccharides necessary for functional expres-
sion of leukocyte E- and P-selectin ligands (19). There is strong
evidence showing that 4-F-GlcNAc competes with natural-occur-
ring N-acetylglucosamine and inhibits N-acetyllactosamine forma-
tion, preventing the synthesis of sialyl Lewis X and selectin-bind-
ing determinants on T cell membrane protein, including PSGL-1
and to a lesser degree CD43 (19, 20, 33). Hitherto, our analysis of
leukocyte sensitivity to 4-F-GlcNAc treatment has focused on T
cells. In view of the novel role of NK cells in allergic CHS (2, 3),
the combinatorial influence of T and NK cell infiltration in the
establishment of CHS suggests that diminution of E-selectin ligand
expression on T cells as well as NK cells might account for anti-
inflammatory efficacy of 4-F-GlcNAc. However, our findings re-
ported in this study indicated that NK cell E-selectin ligand ex-
pression was not modified by 4-F-GlcNAc treatment. As expected,
inhibition of T cell E-selectin ligand expression and CHS re-
sponses by 4-F-GlcNAc were noted. The differential efficacy im-
plied that E- and P-selectin ligands on activated (L-selectin�) T
cells may be more sensitive targets than those expressed on NK
cells, suggesting that NK cells may exhibit a state of glyco-met-
abolic dormancy during the afferent phase of CHS. This point is
strengthened by our observation the 4-F-GlcNAc treatment did not
lower CHS responses in Rag1�/� mice, a mouse model analogous
to Rag2�/� mice previously shown to develop NK cell-dependent
CHS (2). Moreover, though 4-F-GlcNAc treatment significantly
inhibited effector T cell E-selectin ligand expression, correspond-

ing CHS responses in immunocompetent mice were not com-
pletely blunted by 100%. This indicated that NK cells in immu-
nocompetent mice may have contributed to residual CHS
responses. This residual activity was not as robust as that assayed
in Rag1�/� mice, highlighting the possibility that T cells or other
inflammatory mediators in a normal immunocompetent setting
may regulate the effector function of NK cells in allergic CHS.

In summary, we provide novel and supportive evidence that
PSGL-1 is the major E-selectin glycoprotein ligand on NK cells
and assert that E-selectin glycolipid ligands play an important
complementary role in NK cellular ligand activity. To our knowl-
edge, this report shows for the first time that an orally efficacious
selectin ligand inhibitor can effectively target inflammation-related
synthesis of selectin-binding moieties on inflammatory cell mem-
brane protein. We also demonstrate that effector leukocytes related
to the elicitation of allergic CHS responses are differentially sen-
sitive to this glycosylation inhibition approach in vivo. This dis-
tinction may offer the opportunity to selectively control adaptive
immune responses without altering the tissue homing activity of
leukocytes involved in other innate immunologic mechanisms. Our
findings help rationalize the development of carbohydrate thera-
peutics for regulating effector T cell selectin ligand expression and
for dampening cutaneous T cell-mediated inflammatory diseases.
Further studies elucidating the sensitivity of other leukocytes, in-
cluding neutrophils, dendritic cells and hemopoietic progenitor
cells, to glycosylation inhibitors will help strategize the utility of
glyco-metabolic antagonism as a targeted approach for treating
leukocyte-associated pathologies.
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