The American Journal of Pathology, Vol. 178, No. 1, January 2011
Copyright © 2011 American Society for Investigative Pathology.
Published by Elsevier Inc. All rights reserved.

DOI 10.1016/j.ajpath.2010.11.009

Vascular Biology, Atherosclerosis, and Endothelium Biology

Functional Contributions of N- and O-Glycans to
L-Selectin Ligands in Murine and Human Lymphoid

Organs

Hanayo Arata-Kawai,* Mark S. Singer,”
Annette Bistrup,” Annemieke van Zante,*
Yang-Qing Wang,* Yuki lto,® Xingfeng Bao,®
Stefan Hemmerich,™ Minoru Fukuda,®

and Steven D. Rosen*

From the Departments of Anatomy* and Pathology,* University of
California, San Francisco; Thios Pharmaceuticals,” Emeryville;
and the Glycobiology Program,’ Cancer Research Center,
Sanford-Burnham Medical Research Institute, La Jolla, California

L-selectin initiates lymphocyte interactions with
high endothelial venules (HEVs) of lymphoid or-
gans through binding to ligands with specific gly-
cosylation modifications. 6-Sulfo sLe*, a sulfated
carbohydrate determinant for L-selectin, is carried
on core 2 and extended core 1 O-glycans of HEV-
expressed glycoproteins. The MECA-79 monoclonal
antibody recognizes sulfated extended core 1 O-
glycans and partially blocks lymphocyte-HEV inter-
actions in lymphoid organs. Recent evidence has
identified the contribution of 6-sulfo sLe™ carried
on N-glycans to lymphocyte homing in mice. Here,
we characterize CL40, a novel IgG monoclonal antibody.
CL40 equaled or surpassed MECA-79 as a histochemical
staining reagent for HEVs and HEV-like vessels in mouse
and human. Using synthetic carbohydrates, we found
that CL40 bound to 6-sulfo sLe™ structures, on both core
2 and extended core 1 structures, with an absolute de-
pendency on 6-O-sulfation. Using transfected CHO cells
and gene-targeted mice, we observed that CL40 bound
its epitope on both N-glycans and O-glycans. Consistent
with its broader glycan-binding, CL40 was superior to
MECA-79 in blocking lymphocyte-HEV interactions in
both wild-type mice and mice deficient in forming O-
glycans. This superiority was more marked in human,
as CL40 completely blocked lymphocyte binding to ton-
sillar HEVs, whereas MECA-79 inhibited only 60%.
These findings extend the evidence for the importance
of N-glycans in lymphocyte homing in mouse and indi-
cate that this dependency also applies to human lym-

phoid organs. (4m J Patbol 2011, 178:423—433; DOI:
10.1016/j.ajpath.2010.11.009)

High endothelial venules (HEVs) in secondary lymphoid
organs, such as lymph nodes, Peyer’s patches, and ton-
sils, are essential for immune surveillance by supporting
the recruitment, or homing, of lymphocytes from the
blood.® Homing consists of multiple steps: tethering and
rolling of lymphocytes on HEVs, chemokine-mediated acti-
vation of lymphocyte integrins, firm arrest of the lympho-
cytes, and transendothelial migration.™® L-selectin is a C-
type lectin present on the cell surface of lymphocytes.' 2
Through its interactions with specific carbohydrate-based
ligands expressed on HEVs,® L-selectin is essential for the
tethering and rolling steps. The known HEV ligands are
glycoproteins, all of which have mucin segments with a
characteristic high density of O-linked glycans. As identified
in mice and/or humans, these ligands include CD34,
podocalyxin, endomucin, MAdCAM-1, and nepmucin.*>7
These ligands are also defined by a monoclonal antibody
(mAb), MECA-79, and the complex of reactive glycopro-
teins is given the name PNAd (for peripheral lymph node
addressin).8® MECA-79 stains HEVs of human, mouse,
and other species; it is function-blocking, in that it inhibits
in vitro adherence of lymphocytes to HEVs in lymphoid
organ sections, short-term homing of lymphocytes to
lymph nodes in mice, and rolling of lymphocytes along
HEVs in murine lymph nodes.®~'° The minimal L-selectin
recognition determinant found on PNAd components is
6-sulfo sialyl Lewis X (6-sulfo sLe*),""'® comprised of
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Figure 1. Disulfated biantennary O-glycan found in L-selectin ligands.
Shown is a prototypical structure of the biantennary O-glycan, which deco-
rates CD34 and other protein scaffolds within peripheral lymph node ad-
dressin (PNAd). Both branches are terminated by 6-sulfo sialyl Lewis x. The
lower branch consists of the core 1 structure, which is extended by Corel-
B3GIlcNACT with sulfation on the 6-position of GlcNAc by the sulfotrans-
ferases GICNACOST-1 (ST-1) and GIcNAc6ST-2 (ST-2). The formation of the
core 2 branch (upper) is initiated by the action of Core2GIcNACT. Sulfation of
this branch also occurs through the action of ST-1 and ST-2. The boxes
indicate 6-sulfo sLe® and the MECA-79 epitope. Chemically synthesized oli-
gosaccharides based on the two chains were tested for antibody reactivity in
Figure 2.

sialyl Lewis X, modified with a sulfate ester on the C-6
position of GIcNAc (Figure 1). Ligand O-glycans can
present this structure on the terminus of either a core 2
branch or an extended core 1 branch, or on both
branches (Figure 1)."""3-5 Although «2-3 sialylation,
a1-3 fucosylation, and 6-O-sulfation are required for
optimal L-selectin interaction,® 6-O-sulfation in the con-
text of an extended core 1 O-glycan (Figure 1) is es-
sential for the MECA-79 epitope.'® The sulfation mod-
ifications, recognized by L-selectin and MECA-79, are
generated cooperatively by two GIcNAc-6-O sulfo-
transferases, GIcNAc6ST-1'® and GIcNAc6ST-21718
(hereafter referred to as ST-1 and ST-2). The impor-
tance of these enzymes in lymphocyte homing has
been shown in studies using single- and double-knock-
out mice."®24 ST-1/ST-2 doubly null mice show an
approximately 75% deficiency in L-selectin-dependent
lymphocyte homing to lymph nodes and the complete
absence of MECA-79 staining of HEVs.2"22

MECA-79 positive vessels not only are present in nor-
mal lymphoid organs but also are induced in some in-
stances of infection and inflammation.®7?5-28 The posi-
tive vessels are frequently, but not always, high-walled
and are found either in organized lymphoid aggregates
(tertiary lymphoid organs) or within diffuse lymphoid ag-
gregates.”®?® Human diseases in which MECA-79-posi-
tive vessels occur include Crohn’s disease, ulcerative
colitis, gastritis associated with Helicobacter pylori infection,
heart and kidney allograft rejection, bronchial asthma, myo-
carditis, rheumatoid arthritis, Hashimoto's thyroiditis, and
Graves’ disease. Therapeutic effects of intravenously in-
jected MECA-79 have been found in a sheep model of
asthma.?®

MECA-79 is only partially effective in blocking lympho-
cyte adherence to HEVs in mouse lymph nodes,® and
more notably in human tonsils.25:3° Contrary to the pre-
vailing view that only O-glycans are essential for L-selec-
tin determinants, N-glycans of murine CD34 can present
6-sulfo sLe* to L-selectin.®" A structural analysis of hu-

man tonsillar PNAd is compatible with the existence of
similarly modified N-glycans.'® The importance of these
N-glycans for homing to lymph nodes was explored in
mice lacking the glycosyltransferases that elaborate the
relevant core 2 (Core2GIcNAcT) and extended core 1
branches (Core1-B3GIcNACT) on O-glycans®' (Figure 1).
MECA-79 staining was abolished on lymph node HEVs in
these mice, yet approximately 50% of L-selectin-depen-
dent homing persisted. N-glycanase treatment of HEVs
eliminated the residual ligand activity, thus directly impli-
cating N-glycans. The biological significance of the N-
glycans was further indicated by the finding that tomato
lectin, which binds to complex N-glycans, partially re-
duces lymphocyte homing in wild-type mice.

To validate these findings and explore their generality
in human and other species, it would be desirable to have
antibodies that recognize the 6-sulfo sLe* structure on
both N- and O-glycans. So far, two murine IgM antibod-
ies, known as G72 and G152, have been shown to bind
this determinant.’® Although these antibodies block
staining of human lymph node HEVs by an L-selectin-1gG
chimera, their activities in lymphocyte-HEV binding as-
says have not been determined. Moreover, these anti-
bodies do not react with HEVs in mouse or rat,'? probably
because of variation in sialic acid forms between spe-
cies.®? Therefore, these antibodies are not useful in
small-animal models of disease. With respect to MECA-
79, its reactivity is limited to a subset of O-glycans, as
explained above, and its function-blocking activity is in-
complete. Furthermore, it is an IgM and has limited use-
fulness in small animal models of chronic inflammation
(S.H., unpublished observations).

In the present study, we characterized a newly gener-
ated mouse IgG mAb, designated CL40. We demon-
strate the reactivity of CL40 for both O-glycan and N-
glycan chains that terminate with 6-sulfo sLe*. CL40
stains HEVs in humans and rodents, as well as HEV-like
vessels at sites of inflammation. Consistent with this
broad reactivity, this mAb is superior to MECA-79 in
blocking lymphocyte binding to HEVs, especially in hu-
man. The new findings expand our knowledge about the
glycosylation and sulfation requirements for L-selectin
ligands.

Materials and Methods

Antibodies and Synthetic Oligosaccharides

CL40 (murine 1gG,) was provided to us by Dyax Corpo-
ration (Cambridge, MA). The antibody was originally pro-
duced at Thios Pharmaceuticals (Emeryville, CA), by im-
munizing ST-1/ST-2 doubly null mice®! with an extended
core 1 structure terminating with 6-sulfo sLe* (Figure 1).
Murine hybridoma supernatants were screened for bind-
ing to the glycan immunogen, and CL40 was selected.
G72 was a kind gift of Dr. Reiji Kannagi. The MECA-79
hybridoma was provided by Dr. Eugene Butcher. The
extended core 1 and core 2 branches were synthesized
by Matt Pratt and Carolyn Bertozzi®® and provided to us
by Thios Pharmaceuticals.



Cell Line

300.19L cells®* (mouse pre-B cell lymphoma stably
transfected with full-length human L-selectin cDNA) were
provided by Dr. Geoffrey Kansas.

Mice

Mice deficient in GICNAc6ST-1 (ST-1),2® GIcNAc6ST-2
(ST-2),22 and both ST-1 and ST-222 (all on the C57BL/6
background) were used. Mice doubly null for a(1,3)fuco-
syltransferase-IV and -VII (FTIV and FTVII)3® were pro-
vided by the Consortium for Functional Glycomics. Mice
deficient in both core 1 extension and core 2 branching
enzymes (Core1BGIcNACT and Core2GIcNACT)®*® were
crossed onto the BALB/c background.

Rheumatoid Arthritis and Ulcerative Colitis
Specimens

FFPE blocks containing synovia from patients with rheu-
matoid arthritis (RA) or osteoarthritis and colons from
patients with ulcerative colitis (UC) or noninflammatory
conditions were obtained from surgical specimens ar-
chived in the Department of Pathology at the University of
Callifornia, San Francisco. The tissue samples were ob-
tained under Committee on Human Research approval
(CHR H1060-28724). Specimens from patients with a
diagnosis of RA were evaluated, and samples that dem-
onstrated the classic features of rheumatoid arthritis in-
cluding papillary hyperplasia and lymphoplasmacytic in-
filtration of the synovium were selected. Similarly, total
colectomy specimens from patients with a diagnosis of
UC were evaluated, and samples that demonstrated
chronic colitis with acute inflammation and mucosal ul-
ceration were selected.

Enzyme-Linked Immunosorbent Assay with
Synthetic Sugars

Extended core 1 and core 2 O-glycans were chemically
synthesized with or without 6-O- sulfation and conjugated
with biotin at their reducing termini.®® The enzyme-linked
immunosorbent assay (ELISA) plates (Thermo Scientific,
Waltham, MA) were coated overnight with 10 ug/ml
streptavidin (Jackson ImmunoResearch Laboratories,
West Grove, PA) in PBS. The plates were washed and
incubated with twofold serial dilutions of 50 nmol/L syn-
thetic sugars diluted in PBST (PBS containing 0.1%
Tween-20). Antibodies were applied at the following final
concentrations: CL40 at 5 ug/ml and MECA-79 (rat IgM),
G72 supernatant'® (mouse IgM), and HECA-452 (rat IgM;
BD Pharmingen, San Jose, CA) at 1 ug/ml. Bound anti-
bodies were detected with alkaline phosphatase (ALP)-
conjugated secondary Abs (Jackson ImmunoResearch)
with PNPP as substrate (Thermo Scientific).
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Transfection and Analysis of CHO Cells

CHO cells were transiently transfected with various combi-
nations of cDNAs encoding glycosyltransferases and sulfo-
transferases as previously described.'®3"3” Parental CHO
cells lack Core1BGIcNACT, Core2GIcNACT, FTIV, and FT-
VII.131837 CHO cells transfected with cDNAs for CD34,
FTVII, ST-1, and/or ST-2 reconstitute 6-sulfo sLe* on N-
glycans, whereas CHO cells transfected with cDNAs for
Core1BGIcNACT and Core2GIcNACT, in addition to those
for CD34, FTVII, ST-1/ST-2, can elaborate 6-sulfo sLe* on
O-glycans.®' CHO cells were cotransfected with a cDNA for
EGFP-N1 (enhanced green fluorescent protein), which al-
lowed gating on cells that were productively transfected.
CHO cells (2 x 10° cells/sample) were stained with CL40,
MECA-79, G72, or their isotype controls at 10 wg/ml in PBS
with 2% bovine serum albumin at 4°C. The cells were
treated successively with biotin-conjugated secondary Abs
(Jackson ImmunoResearch laboratories, Inc.), and allophy-
cocyanin (APC)-conjugated streptavidin (Caltag, Carlsbad,
CA) and were analyzed by flow cytometry on a FACSort
system (BD Biosciences, San Jose, CA). Desialylation was
achieved by incubation of the cells for 2 hours at 37°C with
100 mU/ml Arthrobacter ureafaciens neuraminidase (EMD
Chemicals, Gibbstown, NJ) in PBS.

Immunostaining

Fresh human tonsils, mouse peripheral lymph nodes
(PLN), and rat PLN were embedded in O.C.T. compound
(Sakura Finetek, Torrance, CA) and frozen. Sections (10
pm thick) were cut in a Leica Microsystems (Bannock-
burn, IL) cryostat and transferred onto Superfrost-Plus
slides (Fisher Scientific, Pittsburgh, PA). The dried slides
were fixed in 2% paraformaldehyde for 20 minutes, then
washed and stained with CL40 or MECA-79 (5 ug/ml)
and either anti-human CD31 (goat IgG; Santa Cruz Bio-
technology, Santa Cruz, CA), anti-mouse CD31 (rat IgG2a;
BD Pharmingen), or anti-rat CD31 (mouse IgG1; Chemicon,
Billerica, MA). MECA-79 was detected with Cy3-conjugated
anti-rat IgM, and CL40 was detected with biotin-conju-
gated anti-mouse 1gG,, followed by Cy3-conjugated
streptavidin. All secondary/tertiary antibodies were from
Jackson ImmunoResearch Laboratories. Cryostat sec-
tions from pancreata of 12-week-old NOD mice and 10-
week-old RIP-BLC mice and from ankle joints of B10 mice
with collagen-induced arthritis were stained with CL40 or
MECA-79 and anti-mouse CD31. The collagen-induced
arthritis was induced in 6- to 8-week-old female B10RlIII
mice,®® and ankle tissues were cryosectioned with a
Cryo-Jane system (Instrumedics, St. Louis, MO). To test
for N-glycans in the CL40 epitope, adjacent tissue sec-
tions of murine PLN were digested with N-glycosidase F
(EMD Chemicals) at 100 U/ml or treated with buffer alone
and then stained with CL40. For CL40 staining of human
samples, the secondary antibody used was horseradish
peroxidase-conjugated anti-mouse EnVision+ (DAKO,
Carpinteria, CA) in conjunction with NovaRED (Vector
Laboratories, Burlingame, CA) as substrate. Images were
captured using an Optiphot microscope and AxioCam
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camera (Nikon, Yokohama, Japan). All photographic im-
ages were taken at 20X magnification.

A tissue microarray of formalin-fixed normal murine
tissues was obtained from Imgenex (Cat. no. IMH-335;
San Diego, CA). For these and the RA and UC samples,
the slides were deparaffinized with Histoclear Il (National
Diagnostics, Atlanta, GA), rehydrated through a graded
series of ethanol/water, and subjected to pressure cooker
epitope retrieval. CL40 staining was performed with the
EnVision+ system as described above. MECA-79 stain-
ing was performed by a three-step procedure in which
the primary antibody was followed by biotinylated mouse
anti-rat kappa (Caltag; Invitrogen, Carlsbad, CA) and
streptavidin-horseradish peroxidase (Jackson Immu-
noResearch) with NovaRED as substrate and hematoxy-
lin for counterstaining. The primary antibodies were ap-
plied at 1 wg/ml.

Immunoprecipitation and Western Blotting

PNAd was isolated from detergent lysates of human ton-
sils with MECA-79 coupled to cyanogen bromide-acti-
vated Sepharose 4B (Sigma-Aldrich, St. Louis, MO).® Hu-
man CD34 was isolated from PNAd with anti-human
CD34 (clone 581; BD Pharmingen) conjugated to protein
G-Sepharose 4B (Zymed; Invitrogen, Carlsbad, CA).
Stroma of mouse PLN was prepared as previously de-
scribed.?? Mouse CD34 was immunoprecipitated from a
detergent lysate of stroma with anti-mouse CD34 (RAM34
mAb; BD Pharmingen). Desialylation of PNAd and PLN
stroma was achieved by incubation with 50 mU Ar-
throbacter ureafaciens neuraminidase (EMD Chemicals)
in PBS with protease inhibitor cocktail (Sigma-Aldrich) for
16 hours at 37°C. Immunoprecipitated human and murine
CD34 were digested with N-glycosidase F (EMD Chem-
icals) after SDS denaturation. Samples were analyzed by
SDS-polyacrylamide gel electrophoresis with reduction
and transferred to polyvinylidene difluoride membranes
(Applied Biosystems, Foster City, CA). Membranes were
blotted with CL40, MECA-79, HECA-452, and isotype
control immunoglobulins (5 wg/ml), followed by horserad-
ish peroxidase-conjugated secondary antibodies with
enhanced chemiluminescence detection (Amersham,
Pittsburgh, PA). Band intensity was determined by Multi
Gauge software (Fujifilm, Valhalla, NY).

Stamper-Woodruff Assay

In vitro adherence of lymphocytes to lymphoid organs
was performed with a modified Stamper-Woodruff as-
say®®: 10-um-thick cryostat-cut sections of lymphoid or-
gans were air-dried and fixed in 2% paraformaldehyde,
and sections were preincubated with CL40, MECA-79,
and isotype controls (at 100 pg/ml). The antibodies were
decanted and 300.19L cells (2 X 107 in 100 uL) in RPMI-
1640 (1 mg/ml bovine serum albumin) were applied
(7°C). The slides were gyrated for 30 minutes at 90
rom. After gentle decanting, the slides were fixed in
2.5% glutaraldehyde, stained with 0.5% Toluidine Blue,
and mounted. L-selectin was inhibited with 10 mmol/L

EDTA or 5 pg/ml anti L-selectin Ab (DREG-56; BD
Pharmingen).

In Vivo Lymphocyte Homing Assay

Splenocytes from 6- to 8-week-old CD-1 mice were la-
beled with 5 umol/L 5-chloromethylfluorescein diacetate
(CMFDA, Invitrogen). Then, 5 X 107 cells in 100 uL PBS
with 200 wg Abs (CL40, MECA-79 or their isotype con-
trols) were injected intravenously into mutant mice or
age-matched wild-type controls (6- to 8-week-old female
mice). At 1 hour after injection, lymphoid organs were
mechanically dispersed and CMFDA™ cells were counted
by flow cytometry as a percentage of total lymphocyte num-
ber. 22

Results

Characterization of Glycan-Binding Specificity of
CL40

CL40 mAb, a murine IgG,, was obtained by immunizing
ST-1/ST-2 doubly null mice with an extended core 1
structure terminating with 6-sulfo sLe* (Figure 1). We
tested the reactivity of CL40 against 6-O-sulfated oligo-
saccharides corresponding to core 1 and core 2
branched O-glycans that are found in L-selectin ligands
(Figure 1). We also evaluated the same glycans without
the 6-O-sulfate modifications. The synthetic sugars pos-
sessing biotin at their reducing termini were immobilized
onto streptavidin-coated plates. CL40 reacted with both
extended core 1 and core 2 chains that terminated with
6-sulfo sLe* (Figure 2A). There was no reactivity with
either oligosaccharide branch if 6-O-sulfate was not
present. G72 showed an identical binding profile.
MECA-79 reacted only with the extended core 1 structure
and showed an absolute requirement for 6-O-sulfate, in
agreement with previous findings.'

To further characterize the CL40 epitope, we transfected
CHO cells with (1) CD34 cDNA to provide a scaffold protein;
(2) core 1 extension enzyme (Core1-B3GIcNACT) cDNA or a
core 2 branching enzyme (Core2GIcNAcCT) cDNA to pro-
vide different O-glycan branches; and (3) FTVII cDNA and
ST-1/2 cDNAs to generate the 6-sulfo sLe* capping struc-
ture. We compared the staining of the cells with MECA-
79, G72, and CL40. It was previously shown that CHO
cells transfected with FTVII/ST-2 cDNAs are able to pro-
duce 6-sulfo sLe, but only on N-glycans.®' We found that
CD34/FTVII/ST-1/2 transfected cells reacted with both
G72 and CL40, suggesting that these antibodies can
recognize 6-sulfo sLe* on N-glycans (Figure 2B). How-
ever, MECA-79 failed to react, as expected because of
the exclusive occurrence of its epitope on O-glycans.
When the CHO cells were additionally transfected with
either Core1-B3GIcNACT or Core2GIcNACT cDNA, the
staining with G72 and CL40 increased, consistent with
the presentation of 6-sulfo sLe* on both types of O-glycan
branches (Figure 2B). For MECA-79, reactivity was
present only when Core1-B3GIcNACT was introduced, as
expected.'®
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Figure 2. Glycan-binding specificity of CL40. A: Enzyme-linked immunosor-
bent assays were performed with sLe*-terminating extended core 1 and core
2 O-glycans with or without sulfation (as denoted by the legend) on the C-6
position of GlcNAc (Figure 1). The binding of the indicated antibodies and
class-matched control immunoglobulins is shown. Data are representative of
three independent experiments. B: CHO cells were transfecting with CD34,
FTVII, ST-1, and ST-2, with or without CorelBGIcNACT and Core2GIcNACT,
as indicated in the figure) or isotype control (gray filled profiles) and ana-
lyzed by flow cytometry. The types of glycans that are formed in CHO cells
transfected with the various combinations of glycosyltransferases are indi-
cated at the tops of the three panels. Data are representative of three
independent experiments.

Immunohistochemical and Western Blotting
Analyses with CL40

We surveyed the staining reactivity of CL40 on a mouse
multitissue array containing the following FFPE tissues
from 8-week-old CD-1 mice: skin, spleen, skeletal mus-
cle, lung, heart, tongue, salivary gland, liver, pancreas,
stomach, small intestine, colon, kidney, urinary bladder,
seminal vesicle, testis, epididymis, uterus, ovary, thymus,
cerebrum, pons, and cerebellum. Comparably fixed
lymph nodes from 8-week-old CD-1 mice were also em-
bedded in paraffin and sectioned. We detected staining
only in lymph nodes, where the staining was restricted to
HEVs (Figure 3A). CL40 reacted with HEVs in human
tonsil and lymph nodes of rat and mouse with the same
basic pattern as MECA-79 (Figure 3B). We also com-
pared CL40 and MECA-79 at the biochemical level and
observed that they recognized the same components in
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both mouse and human lymphoid organs, as determined
by Western blotting of organ stroma (Figure 3C). This
result indicates that the same array of protein scaffolds
carry both determinants.

CLA40 stained HEV-like vessels in tertiary lymphoid or-
gans in the pancreata of RIP-BLC transgenic mice and
NOD mice in a pattern indistinguishable from that ob-
tained with MECA-7927 (Figure 3D). We also found iden-
tical staining by MECA-79 and CL40 of synovial vessels
in a murine collagen-induced arthritis model (Figure 3D).

MECA-79 is known to stain vessels in the inflamed
synovium of rheumatoid arthritis patients.*®*' We exam-
ined synovial samples from 11 patients with RA and com-
pared these with samples from 9 osteoarthritis patients as
a control. The RA samples were preselected to have
classic features of rheumatoid arthritis including lym-
phoplasmacytic infiltration of the synovium. Of the 11
samples, 10 showed positive MECA-79 vessels (Figure
3E). The vessels were HEV-like, and occurred in associ-
ation with loose mononuclear cells or in dense lymphoid
aggregates. In serial sections, we found that the MECA-
79" vessels were also CL40™. Notably, the one case that
was negative for MECA-79 staining showed several HEV-
like vessels that stained with CL40 (Figure 3E). In the
other cases, we also found CL40" vessels that were
negative for MECA-79. Such vessels occurred where the
lymphoid cells were loosely organized. These presum-
ably correspond to vessels previously described in RA
that are negative for MECA-79 but express ST-2 pro-
tein.*! The osteoarthritis samples were negative for both
MECA-79*" and CL40.

Nakayama and coworkers*? reported MECA-79" ves-
sels in the inflamed colonic mucosa of ulcerative colitis
patients. The number of positive vessels increased in
patients with active disease, compared with patients in
remission. We examined tissue samples from seven pa-
tients with ulcerative colitis and found that four had ves-
sels in the inflamed mucosa that were positive with both
MECA-79 and CL40, whereas in the other three cases
there was no vascular staining with either antibody. In
serial sections, every MECA-79" vessel stained with
CL40 (Figure 3F). Notably, for both UC and RA speci-
mens, CL40 staining of a given vessel was generally
stronger than by MECA-79 in the adjacent section, even
when the amplification steps were carefully matched
(done for UC).

Critical Post-Translational Modifications For
CL40 Epitope

Post-translational modifications (fucosylation, sialylation,
and sulfation) are critical for optimal L-selectin recogni-
tion of its HEV- ligands.® We wanted to determine which
post-translational modifications are required for CL40 re-
activity. We first performed transfection experiments with
CHO cells to define the CL40 epitope. Transfection with
cDNAs for CD34, Core2GIcNACcT, ST-1/2, and FTVII per-
mits the reconstitution of 6-sulfo sLe* on core 2 O-glycans
on transfected cells.'®2¢ CL40 stained such cells (Figure
4A). When we treated CD34/FTVII/Core2GIcNACT/ST1/2 CHO
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whole tonsil (W.T), peripheral lymph node addressin or PNAd (designated P) and immunoprecipitated human CD34 (IP) were electrophoresed. Right: Stroma
from mouse PLN (St) and murine CD34 isolated by immunoprecipitation from a detergent lysate of stroma (IP) with anti-mouse CD34 was electrophoresed. The
transferred membranes were blotted with MECA-79 or CL40 at 5 ug/ml. Data are representative of three independent experiments. D: Sections of pancreata from
RIP-BLC and NOD mice, and the synovium from mice with collagen-induced arthritis (B10 mice) were sectioned. Consecutive sections were stained with
hematoxylin (bright field), CL40 (red), MECA-79 (red), and a CD31 antibody (green). E: Adjacent sections of paraffin-embedded synovium from four patients with
rheumatoid arthritis were stained with CL40 and MECA-79. Patient 4 exhibited CL40" vessels that were not stained with MECA-79. In other patients, in addition
to double-positive vessels, individual CL40"MECA-79~ vessels are evident. Insets: Higher magnification views of CL40" vessels. Arrowheads indicate
corresponding vessels in adjacent sections of individual patients. F: Adjacent sections of paraffin-embedded colonic mucosa from patients with ulcerative colitis

were stained with CL40 and MECA-79. All scale bars = 100 wm. Original magnification, 20X.

cells with sialidase, CL40 reactivity was lost, indicating a re-
quirement for sialylation (Figure 4A). We confirmed this
result for actual lymph node glycoproteins by treating
lymph node stroma with sialidase. This treatment elimi-
nated the Western blotting signal with CL40 (Figure 4B),
but had no effect on the MECA-79 pattern, in agreement
with previous findings.*® Sialidase treatment or mild pe-
riodate treatment of human tonsil sections reduced CL40
staining of HEVSs, further supporting the requirement for
sialylation (see Supplemental Figure S1 at http://ajp.
amjpathol.org). Fucosylation appeared to be dispensable
for the epitope, since CL40 staining of HEVs in PLN of
FTIV/FTVII doubly null mice was indistinguishable from
that in wild-type mice (see Supplemental Figure S2 at
http.//ajp.amjpathol.org). We confirmed the fucosylation
independence in a reconstitution experiment in which we
prepared CD34/Core2GIcNAcT/ST1/2 CHO cells with or
without transfection with FTVII cDNA. We found that CL40
stained the two cell populations equivalently (Figure 4E).
Thus, the CL40 epitope, like the MECA-79 epitope, does
not require fucosylation but is permissive to it.

We further examined the sulfation requirement for
CL40 by using reconstituted CHO cells. Consistent with
the ELISA results obtained with synthetic sugars (Figure
2A), GlcNAc-6-O-sulfation was required. Transfection of
CD34/FTVII/Core2GIcNAcT CHO cells with either a ST-1
or ST-2 cDNA resulted in positive CL40 staining, with a

stronger signal from the latter enzyme (Figure 4C). Fur-
thermore, the CL40 staining pattern in PLN of ST knock-
out mice closely resembled that for MECA-79 (Figure
4D). Lymph node HEVs from ST-2 null mice showed
greatly reduced staining with both antibodies, with the
residual staining being predominantly abluminal. In
lymph nodes of ST-1/ST-2 double-null mice, HEVs were
devoid of staining (Figure 4D). In summary, the post-
translational requirements for CL40 binding closely par-
allel those for L-selectin, with the exception of fucosyla-
tion. CL40 could be compromised as a ligand reporter
antibody because of its indifference to fucosylation.
Nonetheless, as we show below, CL40 does recognize
functionally relevant epitopes in HEVs of murine and hu-
man lymphoid organs.

Functional Evaluation of CL40 in Mouse

To examine the functional activity of CL40 and to com-
pare it with MECA-79, we first performed the Stamper-
Woodruff adhesion assay, which measures the binding of
lymphocytes to HEVs in cryostat-cut sections of lymphoid
organs.®® We wanted to compare the antibodies at satu-
rating levels, so that the epitopes would be completely
occupied by antibody. To determine the saturating levels,
we performed immunostaining of mouse lymph node
HEVs over a range of CL40 and MECA-79 concentrations.


http://ajp.amjpath.org
http://ajp.amjpath.org
http://ajp.amjpath.org

-Sialidase +Sialiidase MECA-79 CL40
‘ =

Sial _+

250—

150—

100— |+

8=

50— -

37—
+ . .
‘m K‘ ‘T—Z K‘

]T—HZ DK‘

8T-2 +
CL40
. .. .
E +FTVII -FTVII
cL4o

T T T
1 w L o' 1 W

Figure 4. Sialylation and sulfation requirements for CL40. A: CHO cells were
transfected with CD34, Core2GIcNACT, FTVII, ST-1, and ST-2 and were
treated with either 100 mU/ml neuraminidase (Sialidase) (middle) or PBS
(left) at 37°C for 2 hours. The cells were stained with CL40 (open profiles) or
isotype control (gray filled profiles) and were analyzed by flow cytometry. B:
Murine PLN stroma were treated with 50 mU neuraminidase (Sial) or PBS for
16 hours at 37°C and were analyzed by Western blotting with CL40. The
membrane was stripped and reblotted with MECA-79. C: CHO cells were
transfected with CD34, Core2GIcNAcT, and FTVII, either with or without
ST-1 and ST-2, as indicated. Cells were stained with CL40 (open profiles) or
isotype control (gray filled profiles) and analyzed as above. D: Consecutive
sections from PLNs of wild-type (WT) mice, ST-1 knockout (KO) mice, ST-2
KO mice and ST-1/2 doubly null mice (ST-DKO) were stained with CL40 or
MECA-79. E: CHO cells were transfected with CD34, C2GnT, ST-1, and ST-2
with or without FTVIIL. Cells were stained with CL40 (open profiles) or
isotype control (gray filled profiles) and analyzed as above. All data were
representative of three independent experiments. Original magnification,
20X. All scale bars = 50 um.

The staining ICg, values for CL40 and MECA-79 were ap-
proximately 0.3 ug/mland 1.2 ug/ml, respectively (see Sup-
plemental Figure S3 at http.//ajp.amjpathol.org). Given that
CL40 is an IgG and MECA-79 an IgM, these results
indicate comparable affinities for their binding to HEVs.
The adhesion assays used a murine pre-B lymphoma line
(300.19 cells), which was stably transfected with a human
L-selectin cDNA (designated as 300.19L).3* We applied
these cells to murine PLN sections, in the presence of
MECA-79 or CL40 at 100 ng/ml, which greatly exceeds
the 1C5, values for both. Both antibodies inhibited bind-
ing, relative to medium alone (Figure 5A), with CL40 pro-
ducing stronger inhibition (94.0 = 2.3%) than MECA-79
(72.3 = 8.8%) (P < 0.01 by one-way analysis of variance
with Tukey’s post hoc test). We verified that the binding to
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PLN HEV was completely sensitive to EDTA and to DREG-
56, a function-blocking antibody against L-selectin (data not
shown).

In short-term homing assays in mice, CL40 was more
potent than MECA-79 in inhibiting lymphocyte homing to
PLN. With injection of 200 ug of antibody, CL40 inhibited
homing by 96.3 + 0.77%, whereas MECA-79 inhibited by
87.0 = 3.72% (P < 0.05 between MECA-79 and CL40)
(Figure 5B). At 25 pg antibody per mouse, CL40 inhibited
homing by 79.7 = 155% and MECA-79 inhibited by
16.5 £ 4.8% (P < 0.01).

The results of Figure 2 indicate that CL40 can recog-
nize 6-sulfo sLe* on N-linked glycans, which distin-
guishes it from MECA-79, which recognizes 6-sulfo sLe*
only on O-glycans."® To investigate whether CL40 could
interact with the N-glycans that are essential for homing
in the Core2GIcNAcT/Corel1-B3GIcNACT double-knock-
out mice,*® we conduced homing studies in these mice.
CL40 inhibited approximately 50% of the homing to PLN
and 30% of that to MN in the double-knockout mice
(Figure 5C). Corroborating these findings, we observed
that CL40 stained HEVs in PLNs of these mice, albeit
requiring a high concentration of antibody (see Supple-
mental Figure S4A at http://ajp.amjpathol.org). In agree-
ment with the previous characterization,®® there was no
staining with MECA-79 at the same concentration (see
Supplemental Figure S4A at http://ajp.amjpathol.org). We
also evaluated the contribution of N-glycans to the CL40
epitope in wild-type mice by using N-glycanase.®® We
treated adjacent PLN sections with N-glycanase or buffer
alone. N-glycanase reduced CL40 staining of HEVs, but
had no effect on staining of HEVs for CD31 (see Supple-
mental Figure S4B at http.//ajp.amjpathol.org). In a quan-
titative assessment, 43% of HEVs (50/115) showed
clearly reduced staining after N-glycanase treatment,
whereas CD31 staining of HEVs was not affected.

We also tested the effects of CL40 on homing in the
sulfotransferase doubly null mice (ST-1/ST-2 double-
knockout). Homing to PLN in these mutant mice was
approximately 30% of the wild-type level (see Supple-
mental Figure S5 at http.//ajp.amjpathol.org), as was
found in previous characterizations.2'22 Consistent with
the inability of CL40 to stain HEVs in these mice (Figure
4D), CL40 did not inhibit this residual homing (see Sup-
plemental Figure S5 at http://ajp.amjpathol.org).

CL40 Recognition of N-Glycans In Human
Tonsillar PNAd

We next examined whether CL40 recognized N-glycans
on a bona fide ligand from a human lymphoid organ. We
focused on CD34, which is the predominant ligand com-
ponent in human tonsillar PNAd.** We isolated PNAd by
affinity chromatography on a MECA-79 column and then
purified CD34 by immunoprecipitation with a CD34 mAb
(Figure BA). As expected, N-glycanase treatment of
CD34 had no effect on the Western blotting signal with
MECA-79 or CD34 mAb (Clone 581), although the bands
shifted down in molecular weight due to the loss of N-
glycans (Figure 6A). In contrast, this treatment reduced
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Figure 5. Inhibition of in vitro lymphocyte attachment to HEVs and lymphocyte homing by CL40. A: Attachment of 300.19L cells to HEVs in murine PLN
cryosections was determined in the presence of 100 ug/ml of the indicated antibody or in medium. Data were obtained from 6 independent experiments with
means and SEM values indicated. The results were analyzed statistically using one-way analysis of variance with Pvalues determined by the Tukey’s post hoc test.
*P < 0.005 for either of the antibodies versus medium and *P < 0.01 between CL40 and MECA-79. B: Short-term homing of splenocytes to lymphoid organs was
determined 1 hour after intravenous injection of labeled lymphocytes plus 200 ug of the indicated antibody or nonspecific mIgG,. Homing indices are computed
as a percentage relative to that obtained with mIgG,. Means and SEM values based on 3 experiments are shown. As determined by one-way analysis of variance
with Tukey’s post hoc test, *P < 0.05, **P < 0.01, and ***P < 0.005. PN, MN, and PP denote peripheral lymph nodes, mesenteric lymph nodes, and Peyer’s patches,
respectively. C: Short-term homing was determined in Core2GlcNACT/Corel-B3GIcNACT double-knockout mice. The data shown are pooled from three
experiments. *P < 0.05 and **P < 0.005 between CL40 and mouse IgG, as determined by the two-way Student’s #test. The fact that CL40 produced only partial
inhibition of homing in these O-glycan-deficient mice further points to the existence of determinants other than 6-sulfo sLe*, as do the results shown in

Supplemental Figure S4 (http.//ajp.amjpathol.org).

the CL40 Western blot signal by 70%. Blotting by HECA-
452 was reduced by 90%, consistent with a previous
report that this antibody is capable of recognizing sLe*-
related moieties on N-glycans.*® N-glycanase digestion
of murine lymph node stroma and lymph node CD34
produced similar reductions in CL40 blotting (data not
shown).

Because CL40 can recognize its epitope on both N-
glycans and O-glycans of tonsillar CD34 (Figures 2A and
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Figure 6. Contribution of N-glycans to CL40 reactivity. A: CD34 was immu-
noprecipitated from human tonsillar PNAd, treated with N-glycosidase F
(NG) or PBS at 37°C for 42 hours, and then analyzed by Western blotting with
the indicated antibodies. The band intensities were calculated as the ratios of
NG-treated over untreated (right panel) using Multi Gauge software as
described under Materials and Methods. The indicated means and SEM
values were derived from three independent experiments. *P < 0.01 and
P < 0.005 against MECA-79, as determined by one-way analysis of variance
and Tukey’s post hoc test. B: Attachment of 300.19L cells to HEVs in cryo-
sections of human tonsil was determined in the presence of 100 pg/ml of the
indicated antibodies or medium alone. Isotype controls were also used in
these experiments, although data are not shown because the results were the
same as with medium only. As determined by one-way analysis of variance
and Tukey’s post hoc test, *P < 0.005 for the difference between the indi-
cated treatment and medium alone and **P < 0.01 for the difference between
CL40 and MECA-79. There was a significant difference between MECA-79
and EDTA at P < 0.01, and between MECA-79 and DREG-56 at
P < 0.01.

6A) as well as its O-glycans (Figure 2A), whereas
MECA-79 can recognize only the latter, we compared the
two antibodies for inhibition of lymphocyte adherence to
HEVs in human tonsils, again using concentrations of
antibody well in excess of the IC44 values. We continued
to use 300.19L cells as the lymphocyte population. The
requirement for L-selectin in binding was confirmed by
>90% inhibition of cell attachment with the addition of
EDTA or the L-selectin mAb DREG-56 (Figure 6B). Con-
sistent with a previous report, MECA-79 produced partial
inhibition (60%) of lymphocyte binding to HEVs.?®> CL40
reduced binding to the background level (Figure 6B).

Discussion

MECA-79 has proven to be an invaluable tool in decipher-
ing the mechanisms of lymphocyte homing.®®° The PNAd
complex, defined by MECA-79, is clearly essential for L-
selectin-mediated lymphocyte interactions with HEVs in
lymphoid organs. Because of its utility in immunohistochem-
istry and its function-blocking activity, MECA-79 has en-
joyed widespread use in the identification of L-selectin li-
gands in vascular beds. MECA-79 is nevertheless an
imperfect surrogate for L-selectin. Discrepancies first
emerged when it was found that MECA-79 was only partially
effective in blocking L-selectin-dependent adhesion to
HEVs or to purified PNAd.29253C |n addition, a variety of in
vitro and in vivo systems exhibit L-selectin ligands on vas-
cular endothelium that are not reactive with MECA-79.46-48

Through further analyses of ligand glycoproteins, in-
cluding the structural definition of PNAd glycans, it is now
clear that the carbohydrate-binding repertoire of L-selec-
tin includes, but is broader than, the MECA-79 epitope.
The 6-sulfo-sLe™ structure has emerged as a more gen-
eral recognition epitope for L-selectin. The MECA-79
epitope overlaps with this determinant when it occurs on
extended core 1 glycans, thus likely accounting for the
function blocking activity of the antibody (Figure 1). Steric
inhibition of 6-sulfo-sLe* on core 2 O-glycans probably
contributes indirectly to the inhibitory efficacy of MECA-
79.%¢ The greatest limitation of MECA-79 as a staining
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reagent or as the basis for a therapeutic antibody may be
its inability to recognize N-glycans.®’

The present study evaluated CL40 as an alternative to
MECA-79 and exploited its advantages to gain further
information about L-selectin ligands. As an immunohisto-
chemical reagent for secondary lymphoid organs, CL40
was equivalent to MECA-79 in selectively staining HEVs
in murine lymph nodes and human tonsils (Figure 3, A and
B). Furthermore, the same complex of glycoprotein scaf-
folds appears to carry the MECA-79 and CL40 epitopes in
lymphoid organs, based on the highly similar patterns seen
in Western blotting of organ stroma (Figure 3C).

Clear distinctions emerged between the two antibod-
ies when we compared the glycan requirements for their
epitopes. Using synthetic glycans in ELISA, we found that
CL40 bound to two types of 6-sulfo sLe* terminating
O-glycans, both of which are present in L-selectin ligands
(Figures 1 and 2A). We confirmed that MECA-79 recog-
nized only the one based on an extended core 1 O-
glycan. Reconstitution studies in CHO cells substantiated
these results (Figure 2B). Further characterization of the
CL40 epitope showed that sialylation was required (Fig-
ure 4, A and B; see Supplemental Figure S1 at http.//ajp.
amjpathol.org), but fucosylation was dispensable (Figure
4E; Supplemental Figure S2 at http.//ajp.amjpathol.org), a
characteristic that could lead to false positives. With re-
spect to sulfation, CL40 binding to both of the O-glycans
showed an absolute requirement for GIcNAc-6-O-sulfa-
tion (Figure 2A and Figure 4, C and D). The reconstitution
studies established that both ST-1 and ST-2 could satisfy
the sulfation requirements for CL40 binding, but the con-
tribution of ST-2 appeared greater than that of ST-1 (Fig-
ure 4C). Analysis of ST-1 and ST-2 null mice verified that,
in vivo, these enzymes collaborate to produce the CL40
epitope in HEVs, with the latter enzyme making the stron-
ger contribution (Figure 4D). As with MECA-79,2"22 CL40
staining was completely abrogated in lymph node HEVs
in ST-1/ST-2 double-deficient mice. Consistent with the
absence of HEV staining, CL40 was not able to inhibit the
approximately 25% residual homing present in these
mice (see Supplemental Figure S5 at http./ajp.
amjpathol.org). The structural basis for this MECA-79/
CL40 noninhibitable, yet L-selectin-dependent hom-
ing®"22 remains an enigma. A determinant other than
6-sulfo sLe* would appear to be involved. Nonetheless,
our results with CL40 extend the evidence for the critical
contribution of GlIcNAc-6-O-sulfation to L-selectin li-
gands.

The most striking difference in binding specificity be-
tween the two antibodies concerns the contribution of
N-glycans. Whereas MECA-79 can bind only to O-gly-
cans, CL40 was able to recognize its epitope in the
context of either O-glycans or N-glycans. This character-
istic was first suggested in the CHO reconstitution exper-
iments (Figure 2B) and was confirmed by showing that
(1) N-glycanase treatment reduced CL40 binding to
CD34 within human tonsillar PNAd (Figure 6A) and (2)
N-glycanase treatment of murine lymph nodes sections
reduced CL40 staining of HEVs (see Supplemental Fig-
ure S4 at http://ajp.amjpathol.org).
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Not unexpectedly, the broader binding specificity of
CL40 correlated with superior function-blocking activity.
Thus, CL40 completely inhibited the binding of 300.19L
cells to human tonsillar HEVs in the Stamper-Woodruff in
vitro adhesion assay. In contrast, MECA-79 produced
only partial inhibition (Figure 6B). CL40 was also more
potent than MECA-79 in blocking in vitro attachment of
300.19L cells to HEVs in sections of murine lymph node
(Figure 5A) and in inhibiting in vivo homing of lympho-
cytes to lymph nodes in mice (Figure 5B). To test the
possibility that the superior inhibitory activity of CL40
could be attributed to its N-glycan binding, we used
Core2GIcNACT/Core1-B3GIcNACT double-knockout mice.®!
Residual homing in these mice depends on 6-sulfo sLe*
determinants carried by N-glycans.®' CL40 (but not MECA-
79) was able to stain PLN HEVs in these mice and inhibited
homing by approximately 50%, substantiating the ability of
CL40 to recognize N-glycans in a biological context. The
use of CL40 in combination with these double-knockout
mice may be valuable in dissecting other cases of N-
glycan-dependent L-selectin ligands in normal or disease
settings.

The dramatic superiority of CL40 over MECA-79 in
blocking lymphocyte adherence to tonsillar HEVs ar-
gues for the cooperation of both N-glycan- and O-
glycan-borne determinants in constituting L-selectin li-
gands in a human lymphoid organ. This finding
provides independent support for previous studies us-
ing different approaches.'3° |t should be noted that a
precedent exists for a L-selectin ligand that is exclu-
sively based on N-glycans, namely, the HCELL glyco-
form of CD44 on human hematopoietic progenitor
cells.*® However, this ligand would not be expected to
be recognized by CL40, because the ligand activity
does not require sulfation.

Our investigation of inflammatory models in mouse
and inflammatory diseases in human validates the util-
ity of CL40 as an alternative to MECA-79 for immuno-
histochemistry. In three murine models, we found in-
distinguishable staining of HEV-like vessels by the two
antibodies. In our survey of human RA and UC cases,
every HEV-like vessel that stained with MECA-79 was
also positive for CL40. Notably, the staining reaction
was generally stronger for CL40, and in the case of RA
we found vessels that stained with CL40 but not MECA-
79. It is plausible that the enhanced staining by CL40
reflects L-selectin ligands that are based on N-gly-
cans. It remains to be determined whether the
MECA-79 negative ligands reported for certain endo-
thelial cells*”8 rely on N-glycans and would be reac-
tive with CL40. In conclusion, we believe that CL40 is
an improved ligand reporter antibody compared with
MECA-79, the standard in the field. Furthermore, CL40
may have utility as a therapeutic agent in animal mod-
els of chronic inflammation.

Note Added in Proof

While the present manuscript was being prepared for
publication, Hirakawa et al®® reported a similar antibody,
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which was also generated by immunizing ST-1/ST-2 dou-
ble deficient mice.
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