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center B-cells.

CD22 in the germinal center.
\.

(Bacl(ground: Changes in glycosylation on germinal center B-cells have the potential to influence CD22.
Results: CD22 is unmasked on germinal centers due to loss of its preferred ligand.
Conclusion: Different biosynthetic mechanisms in mice and humans down-regulate the preferred CD22 ligand on germinal

Significance: Conserved unmasking of CD22 on germinal center B-cells from mice and humans suggests an important role for
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CD22 is an inhibitory B-cell co-receptor whose function is
modulated by sialic acid (Sia)-bearing glycan ligands. Glycan
remodeling in the germinal center (GC) alters CD22 ligands,
with as yet no ascribed biological consequence. Here, we show in
both mice and humans that loss of high affinity ligands on GC
B-cells unmasks the binding site of CD22 relative to naive and
memory B-cells, promoting recognition of trans ligands. The
conserved modulation of CD22 ligands on GC B-cells is striking
because high affinity glycan ligands of CD22 are species-spe-
cific. In both species, the high affinity ligand is based on the
sequence Siaa2-6Galf1-4GlcNAc, which terminates N-gly-
cans. The human ligand has N-acetylneuraminic acid (Neu5Ac)
as the sialic acid, and the high affinity ligand on naive B-cells
contains 6-O-sulfate on the GIcNAc. On human GC B-cells, this
sulfate modification is lost, giving rise to lower affinity CD22
ligands. Ligands of CD22 on naive murine B-cells do not contain
the 6-O-sulfate modification. Instead, the high affinity ligand
for mouse CD22 has N-glycolylneuraminic acid (Neu5Gc) as the
sialic acid, which is replaced on GC B-cells with Neu5Ac.
Human naive and memory B-cells express sulfated glycans as
high affinity CD22 ligands, which are lost on GC B-cells. In mice,
Neu5Gc-containing glycans serve as high affinity CD22 ligands
that are replaced by Neu5Ac-containing glycans on GC B-cells.
Our results demonstrate that loss of high affinity CD22 ligands
on GC B-cells occurs in both mice and humans through alterna-
tive mechanisms, unmasking CD22 relative to naive and mem-
ory B-cells.
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CD22 is an inhibitory co-receptor of the B-cell receptor
(BCR)® and a member of the sialic acid-binding immunoglob-
ulin-type lectin (siglec) family, which recognize Sia-containing
glycans on glycoproteins and glycolipids (1). CD22 can engage
its glycan ligands on the same cell (cis) or an opposing cell
(trans), both of which have the ability to regulate the function of
CD22 through modulating its association with the BCR (1, 2).
Studies ablating CD22-ligand interactions have concluded that
cis ligands limit CD22 association with the BCR (3, 4), and less
dramatic alterations to cis ligands can provide a finer control
over CD22-BCR association (5, 6). In contrast, trans ligands on
a contacting cell displaying an antigen recognized by the BCR
draw CD22 into the immunological synapse to inhibit B-cell
activation (7, 8). In addition to regulating the association of
CD22 with the BCR, trans CD22-ligand interactions are also
involved in B-cell homing (9, 10). Although cis ligands “mask”
the ability of CD22 to interact with trans ligands (11), through
setting a threshold for trans ligand engagement, cis ligands do
not prevent binding to trans ligands (12, 13). Thus, the interplay
of cis and trans CD22-ligand interactions has the ability to
affect the function of CD22 on naive follicular B-cells in many
ways. Much less is known, however, about the role of CD22-
ligand interactions on subsequent stages of B-cell differentia-
tion, such as germinal center (GC) and memory B-cells.

The GC is a spatially and temporally regulated anatomic
location where antibody affinity maturation takes place (14).
Glycan remodeling in the GC has been known to occur for some
time, through staining of the GC by the lectin peanut agglutinin
and the carbohydrate-recognizing antibody GL7. Furthermore,
in both mice and humans immunohistochemical staining has
revealed that the GC fails to stain with recombinant CD22-Fc

3The abbreviations used are: BCR, B-cell receptor; GC, germinal center;
Neu5Ac, N-acetylneuraminic acid; Neu5Gc, N-glycolylneuraminic acid;
PEG, polyethylene glycol; HBSS, Hanks’ balanced saline solution; LEL, Lyco-
persicon esculentum lectin; LacNAc, GalB1-4GIcNAc; DSPE, distearoyl
phosphoethanolamine; CFSE, carboxyfluorescein diacetate succinimidyl
ester; SNA, S. nigra lectin; h, human; m, mouse; PE, phycoerythrin; Sia, sialic
acid.
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Antibody Specificity
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FIGURE 1. Glycan structures relevant to CD22 ligands on murine and human B-cells. The following trisaccharides on complex N- and O-glycans serve as
potential CD22 ligands. These four structures differ in the form of sialic acid or N-acetylglucosamine modification. The sialic acid can be Neu5Gc (light blue
diamond) or Neu5Ac (purple diamond) a2-6-linked to an underlying Gal (yellow circle), which is itself linked to a GIcNAc (blue square) via a 31-4 linkage. The
GlcNACc residue has the possibility of being sulfated at that 6-position (red highlight). This trisaccharide can terminate complex N- and O-glycans (underlying
glycan designated by R). These structural features are differentially expressed on different B-cell subsets in mice and humans, as detected by the antibodies GL7

and KN343 in mice and humans, respectively. *, established previously (6); **

compared with bright staining of the outer mantle zone where
naive follicular B-cells are located (6, 15). This staining pattern
indicates that there are lower levels of CD22 ligands in the GC.
Given the important roles played by CD22-ligand interactions,
alterations in CD22 ligands in the GC strongly suggest a biolog-
ical function.

The nature of changes in glycosylation that reduce levels of
CD22 ligands in the GC has been investigated in several pio-
neering studies (6, 15). In mice, loss of CD22 ligands on GC
B-cells was attributed to the down-regulated expression of
CMP-N-acetylneuraminidate monooxygenase (6), which is the
sole enzyme that creates the cellular source of N-glycolyl-
neuraminic acid (Neu5Gc) (16). As a consequence, there is an
appearance of N-acetylneuraminic acid (Neu5Ac) on GC
B-cells, which is revealed by staining with the antibody GL7 (6).
This change impacts the cis ligands of murine CD22, which
exhibits >10-fold high affinity for Neu5Gc a2-6 linked to an
underlying LacNAc (GalBl1-4GlcNAc), compared with the
SASBMB
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, established previously (15); ***, determined in work described in this study.

corresponding sialoside containing Neu5Ac (Fig. 1) (17, 18).
Therefore, loss of CMP-N-acetylneuraminidate monooxyge-
nase expression is responsible for loss of CD22 ligands on GC
B-cells, which is mediated through loss of Neu5Gc.

Humans have lost the ability to produce Neu5Gc due to inac-
tivation of the gene encoding CMP-N-acetylneuraminidate
monooxygenase (16). However, an alternative mechanism has
been proposed to account for loss of high affinity ligands of
CD22 in the GC in humans (15). Human CD22 recognizes the
structure NeuSAca2—6Galp1-4(6-sulfo)GIcNAc (Fig. 1) as a
high affinity ligand (17), and an antibody that recognizes this
structure, KN343, was shown to stain the mantle zone but not
the GCin human tonsils (15). Several pieces of evidence suggest
that the sulfotransferase responsible for creating the KN343
epitope on human lymphocytes is HEC-GIctNAc6ST (15, 19).
These results suggest that loss of this sulfate modification on
human GC B-cells may give rise to a loss of high affinity ligands.
Confirmation that human GC B-cells have low levels of CD22
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ligands has not been presented nor has this sulfate modification
been directly observed on human B-cells.

Here, we show that changes in CD22 ligands on GC B-cells
have significant functional consequences in CD22 recognition
of trans ligands. Specifically, we show in both mice and humans
that CD22 is unmasked on GC B-cells relative to their naive
B-cell counterparts, and this effect is transient because the gly-
cans on memory B-cells return to conditions observed on naive
follicular B-cells, returning CD22 to a fully masked state. Mass
spectrometry glycomic profiling of human B-cells, biochemical
characterization of GL7 and KN343 antibody specificities by
glycan microarrays, and analysis of CD22 binding affinity with
synthetically prepared sialosides cumulatively provide strong
evidence that unmasking of CD22 on GC B-cells occurs in both
mice and humans, yet through different mechanisms that are
tailored to the glycans found on murine and human B-cells.

Experimental Procedures

Materials—Magnetic beads (6.7 X 10° beads/ml; Life Tech-
nologies, Inc., M-280 Dynabeads, catalog no. 112.06D), glycan
polymer Neu5Gca2-6GalpB1l-4GlcNAc-polyacrylamide-
biotin (PA365, 1 MDa; Consortium for Functional Glycomics
Reagent Bank), HBSS/BSA buffer (Hanks’-buffered saline solu-
tion, 0.5% bovine serum albumin), anti-human IgG-FITC (Jack-
son ImmunoResearch), and 6-O-sulfate-LacNAc (from Nicolai
V. Bovin Laboratory, Institute of Bioorganic Chemistry, Rus-
sian Academy of Sciences) were obtained.

Mice—C57BL/6] mice were maintained in a specific patho-
gen-free condition in the animal facility at The Scripps
Research Institute and used in the accordance with the guide-
lines of the Institutional Animal Care and Use Committee.

Cloning and Expression of Human and Murine CD22-
hlgGI1-Fc Chimeras—Human IgG1-Fc was subcloned from the
pFuse-hIgG1-Fc vector into the pcDNA5/FRT/V5-His-TOPO
vector into the Agel restriction site, such that the 3’ site was
destroyed by ligation of Agel and Aval cut sites. A stop coding
was not included, such that the protein would encode a C-ter-
minal His, tag for purification purposes. Amino acid residues
1-332 of human CD22 or residues 1-353 of murine CD22 were
subsequently cloned into this vector using the Nhel and Agel
restriction sites. Flp-In CHO cells were transfected with plas-
mid encoding either human CD22-Fc or murine CD22-Fc, and
cells were selected in media (DMEM/F-12, 10% FCS, penicillin/
streptomycin) containing 0.75 mg/ml hygromycin for 12 days,
after which cells were maintained in 0.5 mg/ml hygromycin.
For production, cells were grown to near confluence ina T-175
flask and transferred to a 2-liter roller bottle containing 500 ml
of media. Bottles were rotated at a speed of 0.5 rpm at 37 °C for
12 days. The supernatant was centrifuged (270 relative centrif-
ugal force; 7 min) to remove cell debris and filtered through a
200-micron filter. Clarified supernatants were concentrated
5-fold using a tangential flow filtration cartridge system (Milli-
pore), supplemented with 5 mM imidazole, and loaded at 4
ml/min onto a HisTrap HP 5-ml column (GE Healthcare) pre-
equilibrated with 50 ml of binding buffer (500 mm NaCl, 20 mm
Na,HPO,, 5 mMm imidazole, pH 7.6). The column was washed
with 100 ml of binding buffer + 60 mm imidazole and eluted
with 25 ml of binding buffer + 250 mm imidazole. Protein yield
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was 8-10 mg/500 ml and was highly pure as judged by
SDS-PAGE.

Cells—Human peripheral blood and tonsils were obtained
from healthy human donors and patients undergoing tonsillec-
tomy, respectively, according to the Institutional Review Board
at The Scripps Research Institute. In both cases, human lym-
phocytes were isolated by a density-gradient centrifugation
using Ficoll Plus (GE Healthcare). If needed, B-cells were fur-
ther purified with a negative selection using B-cell isolation kit
II (Miltenyi Biotec).

Immunization of Mice—Mice were immunized via an intra-
peritoneal injection of 200 ug of ovalbumin emulsified in Alum.
Three weeks later, mice were boosted in the same way, and
spleens were analyzed 10 days later.

Antibodies—Antibodies used for flow cytometry included
those against human CD3 (UCHT1, BD Biosciences), CD19
(HIB19, BioLegend), CD22 (HIB22, BioLegend), CD27 (0323,
BioLegend), CD38 (HIT2, BioLegend), and mouse CD5 (53—
7.3, BioLegend), CD19 (6D5, BioLegend), CD22 (OX-97, Bio-
Legend), CD38 (90, BioLegend), CD73 (TY/11.8, BioLegend),
CD80 (16 —10A1, BioLegend), and IgD (11-26c¢.2a, BioLegend).
Anti-glycan antibodies included GL-7 (GL-7, BioLegend) and
KN343 (15). All the isotype control antibodies used in this study
were purchased from BioLegend.

Liposomes—Fluorescent liposomes were prepared as de-
scribed previously (8). Briefly, all liposomes were composed of dis-
tearoyl phosphatidylcholine (Avanti Polar Lipids), cholesterol
(Sigma), polyethyleneglycol-distearoyl ~phosphoethanolamine
(PEG-DSPE, NOF America), and pegylated lipids in a 60:35:5
molar ratio. Naked liposomes contained 4.8 mol % PEG-DSPE
and 0.2 mol% Alexa 647-PEG-DSPE. Human and mouse
CD22-specific liposomes substituted 1 mol % ™ ®*Neu5Aca2—
6GalB1-4GlcNAc-lipid or 1 mol % ®"*Neu5Gca2—-6GalB1-
4GlcNAc-lipid with equivalent amounts of PEG-DSPE, respec-
tively. For liposome preparation, lipid components in dimethyl
sulfoxide (CD22 ligand/lipid and Alexa 647-PEG-DSPE) were
mixed and lyophilized in a glass tube. The other components in
chloroform were then added to the tube and dried completely
by evaporation with nitrogen. The dried lipids were hydrated
with 1 ml of PBS, sonicated, and extruded through an extruder
(Avanti Polar Lipids) to a diameter of 100 nm, as measured by a
Zetasizer (Malvern).

Flow Cytometry—Cells were suspended in HBSS containing
0.1% BSA, 2 mm EDTA, and 0.1% NaN, (FACS buffer), blocked
with anti-human CD32 (3D3, BD Biosciences) or anti-mouse Fc
blocking antibody (93, BioLegend) for 5 min at 25°C, and
stained with fluorescently labeled antibodies for 30 min at 4 °C.
Stained cells were washed once with FACS buffer using a
FACSCalibur or LSR II flow cytometer (BD Biosciences). Pro-
pidium iodide (1 mg/ml) was added to the sample before the
analysis for exclusion of the dead cells. Acquired data were ana-
lyzed with Flowjo (Tree Star). For KN343 staining, cells were
incubated with KN343 or mouse IgM (isotype control), fol-
lowed by the staining with PE-labeled anti-mouse IgM?* (Bio-
Legend). For the liposome binding analysis, cells were incu-
bated with the liposomes for 30 min at 37 °C, then washed, and
stained with the cell surface markers. FITC-labeled LEL (Vec-
tor Laboratories) was used at 1 pg/ml.
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In Vitro B-cell Activation—Purified B-cells were suspended
at 1.0 X 107 cells/ml in HBSS containing 3% heat-inactivated
FCS and 5 mm carboxyfluorescein diacetate succinimidyl ester
(CFSE, Life Technologies, Inc.) for 7 min at 25 °C. CFSE-labeled
B-cells were added in a 96-well plate at 2.0 X 10° cells/well in
the 200 ul of RPMI 1640 medium (Life Technologies, Inc.) sup-
plemented with 10% heat-inactivated FCS, 2 mm glutamine,
100 units/ml penicillin, 100 wg/ml streptomycin, 1 mm non-
essential amino acids, 1 mM sodium pyruvate, 50 uM 2-mercap-
toethanol, 10 ug/ml F(ab’), anti-human IgA, IgG, and IgM
(Jackson ImmunoResearch), and 50 nm CpG2006 (Invivogen).
At day 3, cells were then harvested, stained with KN343, and
analyzed by flow cytometry.

ELISA for GL7 Specificity—ELISA plates were coated over-
night with 5 ug/ml GL7 (BioLegend). The following day, the
plate was blocked in 0.1% BSA in PBS for 30 min at room tem-
perature prior to incubation with the glycans for 2 h at room
temperature with 2-fold serial dilutions starting at 400 um.
Plates were washed four times with PBS and incubated for 1 h at
room temperature with avidin-HRP. Following five washes,
plates were developed with tetramethylbenzidine substrate for
15 min at room temperature and quenched with 2 m sulfuric
acid. Plates were read at 450 and 650 nm as a reference.

MS Analysis—Purified B-cells were washed three times with
PBS. Washed cells were suspended in 100 mM ammonium
bicarbonate, boiled for 10 min, and then lyophilized. Glycopro-
teins were extracted from the cell lysates using 6 M guanidine
HCI, sequentially digested by trypsin and chymotrypsin after
reduction/alkylation and dialysis, followed by release of N-gly-
cans and O-glycans by peptide:N-glycosidase F digestion and
reductive elimination in 1 M NaBH,, 0.05 M NaOH, respectively,
with and without additional digestion by a2-3-sialidase (siali-
dase S, recombinant, Escherichia coli, Prozyme), as described in
detail previously (20). Released glycans were permethylated,
and permethylated sulfated glycans were enriched by amine
beads for negative ion mode MALDI-TOF/TOF analysis on a
4700 Proteomic Analyzer, according to previously published
protocols and MALDI-MS instrument settings (21).

Glycan Microarray—The ligand specificities of KN343, GL7,
human CD22-Fc, murine CD22-Fc, and SNA were interrogated
using a sialoside array. The sialoside array contains 59 com-
pounds, one more than previously reported (22). KN343 anti-
body was tested at 10 ug/ml for 1 h at 25°C. The array was
washed with PBS and probed with PE-labeled anti-mouse IgM
for 1 h at 25 °C (5 pug/ml, Jackson ImmunoResearch). For anal-
ysis of GL7 and SNA binding, directly conjugated GL7-FITC
(BioLegend) and SNA-FITC (Vector Laboratories) were used at
a concentration of 10 and 1 ug/ml, respectively. Both murine
CD22-Fc and human CD22-Fc were pre-complexed at a con-
centration of 10 pug/ml with 5 pug/ml PE-labeled anti-human
IgG1 (Jackson ImmunoResearch). The signal was detected and
measured using an Innoscan 1100AL confocal microarray scan-
ner and Mapix software (Innopsys). Mean signal intensities of
four spots were averaged.

Bead Binding Assay—Streptavidin-coated magnetic beads
(20 ul, 1.34 X 107 beads) were washed with HBSS/BSA and
mixed with Neu5Gca2-6GalB1-4GlcNAc-polyacrylamide-
biotin probe (1 mg/ml; 2 ul) in HBSS/BSA buffer (200 ul) for 2 h
SASBMB
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at room temperature. Beads were washed with HBSS/BSA
buffer (three times, 200 wl) then resuspended in 200 ul of
HBSS/BSA buffer (6.7 X 107 beads/ml). The concentration of
sialoside inhibitors was determined using the periodate-resor-
cinol assay. For the inhibition assay, serial dilutions of the sia-
loside inhibitors (50 wl) were first added to the 96-well compat-
ible flow cytometry tubes. Glycan polymer-coated beads (0.5
wl) and anti-human/murine IgG-FITC (0.31 ul) in 20 ul of
HBSS/BSA buffer were added, followed by addition of purified
human/murine CD22-Fc (0.025 pg in 30 ul of HBSS/BSA
buffer). After shaking for 30 min at room temperature, sam-
ples were analyzed by flow cytometry. All assays were carried
out in triplicate, and three independent measurements were
performed.

Oligosaccharide ~ Synthesis—Neu5Aca2-6Gal1-4-GlcNAcS-
ethyl azide and Neu5Gca2-6Galp1-4-GlcNAcB-ethyl azide
were prepared as described previously (23). The biotinylated
N-glycans were synthesized using a protocol that will be pub-
lished elsewhere.

For Neu5Aca2-6GalB1-4(6-sulfo)GlcNAcB-ethylamine,
6-O-sulfate-LacNAc (2.0 mg, 3.95 umol), ManNAc (1.2 mg, 1.4
eq), sodium pyruvate (3.2 mg), CTP (2.9 mg), and aldolase (0.1
mg) were dissolved in 400 wl of Tris-HCl buffer (50 mm, pH 8.5,
with 15 mm MgCL,). Neisseria meningitides sialic acid synthe-
tase (NmCSS) (50 milliunits) and hST6Gal-I (33 milliunits)
were added to the mixture and incubated overnight at 37 °C.
The reaction was monitored by TLC (iPrOH/NH,OH/H,O =
5:2:1) and stained with 10% sulfuric acid/ethanol solution. The
insoluble precipitates were removed by centrifugation, and the
supernatant was concentrated and purified by BioGel P-2 gel
filtration column. Fractions were lyophilized to give the final
product as a white powder (2.9 mg, 94% yield). "H NMR (600
MHz, D,0), 6 =4.61(d,] = 8.4Hz, 1H),4.46 (d,/ = 8.0 Hz, 1H),
4.44 (dd, J = 11.2, 2.1 Hz, 1H), 4.30 (dd, / = 11.2, 5.5 Hz, 1H),
4.05-3.93 (m, 3H), 3.93-3.73 (m, 8H), 3.73-3.60 (m, 5H), 3.57—
3.48 (m, 3H), 3.28 —3.13 (m, 2H), 2.65 (dd, J = 12.4, 4.7 Hz, 1H),
2.06 (s, 3H), 2.01 (s, 3H), 1.71 (t, ] = 12.2 Hz, 1H); ESI-MS m/z
calculated for C,,H,N,;0,,S [M + H"] was 798 and found was
798.

For Neu5Gca2-6GalB1-4(6-sulfo)GIcNAcB-ethylamine, 6-
O-sulfate-LacNAc (2.0 mg, 3.95 umol), N-glycolylmannos-
amine (1.2 mg, 1.4 eq), sodium pyruvate (3.2 mg), CTP (2.9 mg),
and aldolase (0.1 mg) were dissolved in 400 ul of Tris-HCI
buffer (50 mm, pH 8.5, with 15 mm MgCl,). NmCSS (50 milli-
units) and hST6Gal-I (33 milliunits) were added to the mixture
and incubated overnight at 37 °C. The reaction was monitored
by TLC (iPrOH/NH,OH/H,O = 5:2:1) and stained with 10%
sulfuric acid/ethanol solution. The insoluble precipitates were
removed by centrifugation, and the supernatant was concen-
trated and purified by BioGel P-2 gel filtration column. Frac-
tions were lyophilized to give the final product as a white pow-
der (2.9 mg, 94% yield). "H NMR (600 MHz, D,0): 8 = 4.66 (d,
J = 8.1 Hz, 1H), 4.54—-4.44 (m, 2H), 4.33 (dd, /] = 11.2, 5.5 Hz,
1H), 4.14 (s, 2H), 4.09 -3.63 (m, 16H), 3.62-3.53 (m, 3H), 3.35—
3.16 (m, 2H), 2.71 (dd, ] = 12.4,4.7 Hz, 1H), 2.10 (s, 3H), 1.75 (t,
J = 12.2 Hz, 1H); ESI-MS m/z calculated for C,,H,sN;0,,S
[M + H"] was 814 and found was 814.
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FIGURE 2. CD22 is unmasked on human GC B-cells compared with naive
and memory B-cells. Flow cytometry staining of naive (CD27~CD38"°*), GC
(CD27"CD38%), and memory (CD27"CD38 ) human tonsillar CD19* B-cells
with KN343 (A), human CD22-Fc (B), anti-human CD22 (C), and fluorescent
liposomes (D) displaying no ligand (naked) or a selective human CD22 ligand
(6'®"“Neu5Ac; targeted). Quantitated AMFI (mean fluorescence intensity) val-
ues represent background-subtracted values and represent the average and
standard error of three replicates and is representative of three independent
experiments. ¥, p < 0.05; N, naive; G, germinal center; M, memory. Statistical
analysis was performed by Student'’s t test.

Statistical Analysis—Student’s ¢ test was used for statistical
analysis using Prism software (GraphPad). p < 0.05 was consid-
ered as statistically significant.

Results

CD22 Is Unmasked on GC B-cells from Mouse and Human—
To investigate how altered CD22 ligands on GC B-cells affect
the ability of CD22 to recognize trans ligands, we carried out
binding studies with fluorescent liposomal nanoparticles bear-
ing selective ligands for human CD22 (M"®Neu5Ac) (24) and
mouse CD22 (BPANeu5Gc) (25). B-cells (CD197CD37) from
human tonsils were analyzed by flow cytometry using mark-
ers for differentiating naive (CD38'°“CD27), memory
(CD387CD277), and GC (CD38"CD277) B-cell populations
(Fig. 2). GC B-cells stained low with KN343 compared with
naive B-cells, whereas KN343 stained memory B-cells even
slightly higher than naive B-cells (Fig. 2A4). Minimal variation in
staining with the a2- 6-specific Sambucus nigra (SNA) lectin
was observed among subsets, indicating that the differential
staining with KN343 is not due to loss of a2—6-linked sialo-
sides. GC B-cells stained low with human CD22-Fc, and there
was no statistical difference between naive and memory B-cells
(Fig. 2B). Cell surface levels of CD22 remained high on all three
populations, although small differences were observed (Fig.
2C). Despite a similar amount of CD22, GC B-cells showed a
clear advantage over naive and memory B-cells in their ability to
recognize fluorescent liposomal nanoparticles bearing the
human CD22 ligand ™"®Neu5Ac (Fig. 2D). This enhanced abil-
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FIGURE 3. Unmasking of CD22 on murine GC B-cells relative to naive and
memory B-cells. Flow cytometry staining of naive (IgD*CD38"CD95 "), GC
(CD38CD95™), and memory (IgD~CD38*CD73"CD80*") murine CD19*
B-cells with GL7 (A), KN343 (B), murine CD22-Fc (C), anti-NeuGc (D), anti-mu-
rine CD22 (E), and fluorescent liposomes (F) displaying no ligand (naked) or a
selective murine CD22 ligand (6'3**Neu5Gc; targeted). Quantitated AMFI
(mean fluorescence intensity) values represent background-subtracted val-
ues and represent the average and standard error of three replicates and is
representative of three independent experiments. *, p < 0.05; N, naive; G,
germinal center; M, memory.

ity of CD22 to recognize trans ligands demonstrates that CD22
is unmasked on human GC B-cells relative to naive and mem-
ory B-cells, which correlates with lower levels of CD22 ligands
on these cells.

A parallel analysis was performed on mouse B-cells (CD19™)
for naive (IgD"CD38"CD957), GC (CD38 CD95"), and
memory (IgD~CD387CD737CD80™) B-cells (Fig. 3). GC
B-cells were the only population to stain brightly with GL7 (Fig.
3A). Unlike human naive and memory B-cells, the KN343 anti-
body did not show significant binding to any of the populations
in mice (Fig. 3B). Staining with murine CD22-Fc showed the
opposite staining pattern of GL7, with naive and memory
B-cells staining brightly (Fig. 3C). A polyclonal linkage-inde-
pendent anti-Neu5Gc antibody (5) exhibited the same pattern
as mCD22-Fc (Fig. 3D). Although CD22 expression remained
high on all three populations (Fig. 3E), liposomal nanoparticles
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displaying murine CD22 ligand ®"*NeuGc showed enhanced
recognition by GC B-cells (Fig. 3F). These results demonstrate
that unmasking of CD22 on GC B-cells relative to naive and
memory B-cells is conserved between the mouse and human.

Direct Detection of Sulfated Glycans on Human B-cells by
Mass Spectrometry—Given what is known about the specificity
of the KN 343 antibody, the staining of naive human B-cells with
KN343 has implied the presence of sulfated sialosides (15). To
obtain direct experimental evidence for sulfated sialosides on
human B-cells, 200 X 10° tonsillar B-cells were purified by
negative selection for matrix-assisted laser desorption ioniza-
tion-mass spectrometry (MALDI-MS)-based sulfoglycomic
analysis, focusing specifically on selective detection of the frac-
tionated and hence enriched permethylated sulfated glycans in
negative ion mode. From human tonsillar B-cells, sulfated com-
plex type N-glycans were readily detected (Fig. 44), which were
largely resistant to digestion with a sialidase specific for «2,3-
sialosides (Fig. 4B). These data confirm that a2-6-linked
Neu5Ac sialosides bearing a sulfate modification are abundant
on human B-cells. Analysis of O-glycans derived from these
samples also revealed the presence of sulfated glycans (Fig. 4C).
In a separate experiment, B-cells were purified from the periph-
eral blood of a healthy donor. Cells were activated by BCR stim-
ulation along with co-stimulation through TLR9. Activated
cells proliferated, as evident by dilution of CFSE, yet retained
KN343 staining (Fig. 4D). Sulfoglycomic profiling of these acti-
vated B-cells confirmed the presence of sulfated and sialylated
complex N-glycans (Fig. 4E) that were resistant to digestion
with a a2,3-sialidase (Fig. 4F). O-Glycans released from these
samples also revealed the presence of sulfated a2— 6-linked sia-
losides (Fig. 4, G and H). Similar MALDI-MS analyses were
carried out on glycans derived from murine B-cells, but no sig-
nificant signal attributable to sulfated glycan was detected to
support its presence at any appreciable amount, despite a good
recovery and detection of the non-sulfated glycans. Thus, the
MS-based sulfoglycomic profiling reveals that sulfated sialy-
lated glycans are readily detected on primary human B-cells and
are not lost 3 days after in vitro B-cell activation, but similar
sulfated glycans are not present or not detected on murine
B-cells.

Glycan Binding Specificity of GL7 and KN343—As described
above, and as shown previously (6, 15), the antibodies GL7 and
KN343 are valuable tools for detecting GC B-cell-specific gly-
cosylation patterns in mice and humans, respectively. Earlier
studies probing the glycan specificity of GL7 and KN343 using a
small and select panel of sialosides revealed that GL7 prefers
Neu5Ac a2-6-linked to an underlying LacNAc (6), whereas
KN343 recognizes Neu5Ac a2— 6-linked to an underlying Lac-
NAc bearing a sulfate group on the 6'-position of the GIcNAc
(15). To investigate the specificities of these antibodies in
greater detail, we used a glycan microarray to assess the speci-
ficity of each antibody toward a large number of glycans. Glycan
microarrays provide a semi-quantitative and comparative anal-
ysis for the binding of glycan-binding proteins to glycans cova-
lently printed onto a glass slide (26). Accordingly, we used a
sialoside array consisting of 57 sialosides, along with 2 non-
sialylated glycans as controls, containing a variety of Neu5Ac-
or Neu5Gc-containing glycans, which are a2—6- or a2-3-
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linked to an underlying LacNAc on a linear, N-, or O-linked
scaffold (Fig. 5) (22).

KN343 binding to the sialoside array was highly specific, as it
recognized only two glycans (Fig. 64). The glycans recognized
by KN343 were Neu5Aca2—-6GalB1-4(6-sulfo)GlcNAc and
Neu5Gcea2—-6GalB1-4(6-sulfo)GlcNAc, which is in keeping
with the specificity of this antibody for glycans bearing an
a2-6-linked Sia residue on a sulfated LacNAc core (15). It is
noteworthy that the ability of KN343 to recognize the Neu5Gc-
containing sulfated glycan was not reported previously. To
be certain that KN343 recognizes Neu5Gco2—6GalfB1-4(6-
sulfo)GlcNAc with an avidity in the same range of the corre-
sponding Neu5Ac glycan, the two glycans were printed in
2-fold serial dilutions (Fig. 6B). At lower printing concentra-
tions, a minor preference for the Neu5Ac-containing glycan
was evident, but was not enhanced, demonstrating that the
Neu5Ge-sulfated glycan is a good ligand for KN343. The fact
that Neu5Gc is abundant on murine B-cells (Fig. 3D), yet is not
stained by KN343 (Fig. 3B), reinforces our mass spectrometry
results indicating that sulfated CD22 ligands are not present at
detectable amounts on murine B-cells.

The antibody GL7 showed remarkable specificity for a2—6-
linked Neu5Ac on the sialoside microarray (Fig. 6C). Indeed, no
glycans that contained «2,3-linked sialosides or NeuGc-con-
taining sialoside showed appreciable recognition by GL7.
Within the family of a2— 6-linked Neu5Ac structures, GL7 dis-
played an unexpected preference for structures with extended
di- and tri-LacNAc repeats on either O- and N-glycans. This
specificity was evident on four individual sets of glycans as fol-
lows: core 2 O-glycans (glycans 44 —45); core 3 O-glycans (gly-
cans 46 —47); core 4 O-glycans (glycans 48 —49), and bianten-
nary N-glycans (glycans 53-55). Linear structures (glycans
38-40) also displayed this trend, but the effect was not as pro-
nounced, suggesting that underlying structural determinants
on O- and N-glycans preclude binding when the a2—6-linked
Neu5Ac is presented on only a single LacNAc unit. This trend is
not observed for the a2— 6-specific SNA (Fig. 6D), confirming
that the results obtained with GL7 do not simply reflect differ-
ential printing efficiency or presentation of the extended gly-
cans. The requirement for multi-LacNAc units to confer bind-
ing of sialosides by GL7 was validated in solution using an
ELISA, where immobilized GL7 was probed with glycans con-
taining a biotin tag at their reducing end. Using a disialylated
biantennary N-glycan bearing either one or three LacNAc
repeats on each arm, it was readily evident that the extended
sialoside had an ~100-fold decrease in IC,, for GL7 (Fig. 6E).

To test whether increased binding of GL7 to sialosides with
extended poly-LacNAc units relates to the ability of GL7 to
strongly stain murine GC B-cells, naive and GC B-cells were
probed with the LEL because it is specific for LacNAc units and
can be used to quantitatively assess the number of LacNAc
units on a cell surface (27). We found that murine GC B-cells
had higher staining with LEL compared with naive B-cells (Fig.
6F). Thus, GL7 displays a previously unrecognized preference
for a2—6-linked Neu5Ac sialosides extended with more than
one LacNAc repeat, and enrichment of these structures on
murine GC B-cells may contribute to the bright staining that
GL7 displays toward murine GC B-cells.
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FIGURE 4. Mass spectrometry analyses reveal that human tonsillar B-cells contain an abundance of sulfated sialylated glycans. A-C, human tonsillar
B-cells (200 X 10° were purified by negative selection, and N-glycans from extracted glycoproteins were released by peptide:N-glycosidase F digestion,
without (A) or with (B) further digestion by an a2-3-specific sialidase and permethylated, and the enriched sulfated glycan fractions were analyzed by
MALDI-MS in negative ion mode. C, analysis of O-glycan analysis of human tonsillar B-cells. D, human peripheral blood B-cells were purified by negative
selection, labeled with CFSE, and stimulated with a combination of anti-IgM, anti-IgG, anti-IgA, and CpG2006. After 3 days in culture, stimulated cells were
compared with non-stimulated cells for levels of CFSE and KN343 staining. E-H, similar negative ion mode sulfoglycomic profilings were carried out on
permethylated N-glycans (E and F) and from stimulated peripheral blood B-cells (G and H) before (E and G) and after (F and H) digestion with a «2-3-specific

sialidase. The major [M — H]~

sulfated N-glycan and O-glycan signals were assigned by glycosyl compositions fitted in terms of Hex, HexNAc, fucose, and

NeuAc, and the most likely structures annotated using the standard schematic symbols recommended by the Consortium for Functional Glycomics, without
implying specific linkages and stereochemistry. Structures related by a single NeuAc residue difference are indicated in the mass spectra for sialidase-treated
sample.

Biochemical Analysis of mCD22 and hCD22 Glycan Binding
Specificity—To more precisely understand how the specificity
of human and murine CD22 relates to the relevant sialosides
on naive and GC B-cells, four glycans were chemo-enzymat-
ically synthesized (Fig. 7A). This small panel of glycans
consisted of the following: Neu5Aca2-6Galf1-4-GlcNAc,
Neu5Aca2—6GalB1-4(6-sulfo)GlcNAc, Neu5Gea2—- 6Galf1-4-
GlcNAc, and Neu5Gea2—-6GalB1-4(6-sulfo)GlcNAc. Com-
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petitive bead binding assays were carried out in conjunction
with flow cytometry to analyze binding of these glycans to
human CD22 and murine CD22 (Fig. 7B). For human CD22, the
sulfate group afforded a clear 2-fold decrease in the IC;, value
for either the Neu5Ac- or Neu5Gc-bearing glycan. Consistent
with previous findings, minimal discrimination was observed
between the Neu5Ac- and the Neu5Gc-bearing glycans for
human CD22, which is in contrast to murine CD22 that had a

SASBMB

VOLUME 290-NUMBER 50-DECEMBER 11, 2015

LT02 ‘02 $Bgo0 uo ssireiqiTensq|y Jo AisieAiun ' /610°0q [ mmmy/:dny woiy pspeojumod


http://www.jbc.org/

Chart# Structure Chart# Structure
1 o | 18 o—o-?i'jﬁ
2 & 19 SHSES “, o
B
€0 68 a3 Tpe e pa My .
3 @l 20 o
_ 6S
O,
4 |* ‘”"E 21 & 5Ol T
5 @Ol 22 @O0l Oplg
s
6 | ®O 23 mO:,,, _—
a3 OpsllB
_es %O%
@*-Ol PErTs
7 24 305505 (M
8 *:0; @ 25 ) @, H
oﬁoﬁ —®
9 |e~O-m 26 | SR ey
10 | ¢~Ol=O-M 27 | &
.
11 | OO0 28 ‘)—I
12 | o=m 29 E"ﬂ/&}ﬁ @
o
13 |e=Orm 30 ! E‘)H
- - .0l
14 |¢-OnE-Onl 31 ! A
b4
15 | €O MOl 32 %WT
oy e
16 | ¢=O0nT-0=0Or® 33 il E" e I
17 5Oz E— 34 - e A
35 | oM

Unmasking of CD22 in the Germinal Center

Chart# Structure Chart# Structure
o .0, .0,
*..Op jer =
36 ; 53 | 4 om0
~ @ Oprlllys el @,
37 | ¢=0r@® CT I DGt L
38 | e=OM 85 | o e,
39 |0 MO M 56 OwOwill
40 | =000 57 OOl
‘x( @Ol
DOSN | i@, M,
M e 0w 58 | Oy Ml @
42 |e..,m 59 |y o m el

43 | Sop

44 as pe B;: —

45 @6 IpaNpa R .

B

46 | *wsOplgnTas

47 @505l Oprlig T

48 wsIpa e
a5 palps OB

@Ok~
' .\/o, -
i@

O

50

Ol @,
51 ' %o m-m

.. .0

O l@,
52 -

FIGURE 5. List of glycans on the sialoside array. Compounds numbered in blue are a2-3-linked sialosides, whereas compounds numbered in red are
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tosamine (GalNAc), and green circles are mannose (Man).

20-fold lower IC;, value for Neu5Gca2—6GalB1-4-GIcNAc
compared with its Neu5Ac counterpart. Unexpectedly, the sul-
fate group provided a 10- and 4-fold decrease in ICg, for
mCD22 binding to the Neu5Ac- and Neu5Gc-bearing glycans,

respectively.
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As an independent measure of specificity, the Fc-chimeras of
human and murine CD22 were applied to the sialoside microar-
ray (Fig. 84). As expected, both proteins showed remarkable
specificity for a2— 6-linked sialosides. Consistent with the bead
binding assay, as well as previous glycan array data (17), the top
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FIGURE 6. Glycan binding specificity of the KN343 and GL7 antibodies. A, probing the 59 glycan sialoside microarray with KN343 demonstrates that it
selectively recognizes Neu5Aca2-6GalB1-4(6S)GIcNAc and Neu5Gca2-6GalB1-4(6S)GIcNAc. B, printing concentration of Neu5Aca2-6Gal31-4(65)GIcNAc
and Neu5Gca2-6GalB1-4(6S)GIcNAc was titrated in 2-fold serial dilutions and probed with KN343. Cand D, probing a 59 glycan sialoside microarray with GL7
(C) and SNA (D) demonstrates that GL7 selectively recognizes glycans containing terminal a:2—6-linked Neu5Ac and prefers structures containing more than
one LacNAc repeat. A complete list of glycans is described in Fig. 5. E, direct binding of a complex N-glycan containing 1 (closed circles) or 3 (open squares)
LacNAc units per arm to GL7 by ELISA. F, staining of naive (CD197CD95 CD38*GL7~; blue) and GC (CD19*CD95*CD38 GL7™; red) B-cells for LEL. The
histogram on the left represents background staining without secondary antibody. RFU, relative fluorescence units.

hit for hCD22 was Neu5Aca2-6GalB1-4(6-sulfo)GlcNAc
(Fig. 8B). There was no clear preference for specific N- or O-gly-
cans nor was there a preference for extended poly-LacNAc
structures as observed with GL7 (Fig. 6C). For murine CD22,
Neu5Gc was clearly preferred over Neu5Ac sialosides, with the
exception of NeuSAca2—-6Galf1-4(6-sulfo)GIcNAc (Fig. 8B);
this result is consistent with the bead binding assay. Overall, the
more qualitative glycan microarray results support the solution
studies, which demonstrate that human CD22 has a clear pref-
erence for sulfated glycans, whereas murine CD22 has a prefer-
ence for NeuGc. These preferences match the glycans found on
naive and memory B-cells from mice and humans. These data
demonstrate the presence of high affinity CD22 ligands on
naive and memory B-cells maintain CD22 in a masked state,
whereas GC B-cells from both mice and humans lose the pre-
ferred sialoside ligand for CD22, resulting in unmasking of
CD22 relative to naive and memory B-cells (Fig. 9).

Discussion

Antibody affinity maturation within the GC is a critical
aspect of immunity that takes place through a program involv-
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ing mutation-driven BCR diversification, selection of clones
with the highest affinity, and expansion of selected clones (14).
Expression patterns unique to GC B-cells are of great interest
for providing a deeper understanding of the GC reaction.
Accordingly, the unexplored functional significance of distinct
patterns of glycosylation on GC B-cells has the potential to yield
critical insights into the GC reaction. Indeed, two changes in
glycosylation on GC B-cells, detected by the lectin peanut
agglutinin and the antibody GL7, are widely used to identify the
GC, yet the functional significance of these changes in glycosyl-
ation is unknown. We have shown that the loss of the preferred
CD22 ligand on GC B-cells is a conserved feature in both mice
and humans, but it occurs through different biochemical mech-
anisms unique to the nuances of the preferred ligand of CD22 in
these two species. The result in both species is the unmasking of
CD22 on GC B-cells, relative to naive and memory B-cells,
which manifests as an enhanced ability of GC B-cells to interact
with trans ligands.

On GC B-cells from mice and humans, lower levels of cis
ligands were clearly evident by flow cytometry. This finding had
been previously shown in mice (6) but not directly in humans
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using the appropriate markers to distinguish GC B-cells (28). In
humans, loss of the high affinity human CD22 ligand occurs
through loss of a2-6-linked sialosides bearing a 6-O-sulfate

SASBMB

DECEMBER 11,2015 +VOLUME 290-NUMBER 50

modification on GlcNAc residues. Validating a proposal made
previously (15), the KN343 antibody showed remarkable spec-
ificity for a2—6-linked sialosides bearing the sulfate modifica-
tion and that this sulfate modification is readily detected on
primary human B-cells by MS sulfoglycomic analysis. As gly-
cans bearing this sulfate modification were clearly shown to be
the highest affinity ligands for human CD22 in both solution
binding studies and a glycan microarray, these results provide
concrete evidence that loss of sulfated glycans on human GC
B-cells results in lower levels of cis ligands for CD22, leading to
its unmasking relative to naive and memory B-cells.

Multiple lines of evidence enable us to provide the first evi-
dence that this sulfate modification is absent on murine B-cells.
We show that KN343 recognizes Neu5Gca2-6GalBl-4(6-
sulfo)GIcNAc and its Neu5Ac counterpart as ligands, yet
KN343 fails to stain naive murine B-cells. Coupled with the
inability to detect sulfated glycans on murine B-cells by MS
sulfoglycomic analysis, we conclude that sulfated CD22 ligands
are found on human B-cells and not murine B-cells. Instead of
changes in the sulfate modification, loss of the high affinity
CD22 ligands on murine GC B-cells stems from loss of Neu5Gc
(6). Comparing the affinity gain provided by the sulfate modi-
fication for human CD22 (2-fold) to the affinity gain afforded by
the change from Neu5Ac to Neu5Gce (20-fold) suggests that
additional factors could also be at play on human GC B-cells
that contribute to unmasking of CD22. One possibility is differ-
ential levels of 9-O-acetylation of sialic acid because it is known
to prevent recognition by CD22 (29, 30).

In both mice and humans, high affinity CD22 ligands returns
on memory B-cells. Post-GC B-cells (memory B-cells) clearly
regained the high affinity CD22 ligand, and pre-GC (in vitro
stimulated) human B-cells also expressed the high affinity
CD22 ligand, as we demonstrated here for human B-cells and
demonstrated previously for mouse B-cells (31). The results
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FIGURE 9. Model for the conserved nature of unmasking of CD22 in the GC of mice and humans. Top, in human, CD22 on naive B-cells in mantle zone is
masked through interactions with its high affinity ligand (Neu5Aca2-6GalB1-4(6S)GIcNAC). Loss of the sulfate modification on GC B-cells results in the
appearance of Neu5Aca2-6GalB1-4GIcNAc glycans, which have a lower affinity for human CD22. The lower affinity cis ligands on GC B-cells will place CD22
in an unbound state (unmasked) at a higher frequency, enabling it to interact better with trans ligands. This sulfate modification is restored on memory B-cells,
returning CD22 to a masked state. Bottom, in mice, naive B-cells have abundant levels of Neu5Gca2-6Gal 31-4GIcNAc, the preferred ligand of murine CD22,
maintaining CD22 in a masked state. Loss of Neu5Gc on GC B-cells results in the appearance of glycans terminating in Neu5Aca2-6Gal31-4GIcNAc, which
unmasks CD22 due to the lower binding affinity of murine CD22 for the NeuAc-containing glycan. Paralleling the results in humans, the high affinity ligand of

murine CD22 is restored on memory B-cells, returning CD22 to a masked state.

demonstrate that loss of the high affinity CD22 ligand and
unmasking of CD22 on GC B-cells is a transient phenomenon
unique to the GC.

The conserved loss of high affinity ligands on GC B-cells in
mice and humans resulting in unmasking of CD22 suggests an
associated function. Decreased levels of cis ligands and subse-
quent unmasking of CD22 on GC B-cells has the potential to
participate in the biology of the GC B-cells in numerous ways.
Recently, we have shown that trans ligands on cells expressing a
cell surface autoantigen recruit CD22 to the immunological
synapse (7). Therefore, one intriguing possibility is that B-cells
acquiring autoreactivity in GC to cell surface autoantigens may
be clonally deleted through enhanced sensitivity of CD22 trans
ligand interactions. Recently, B-cell homing to the gut was
shown to occur through CD22-mediated interactions with
trans ligand interactions expressed on specialized endothelial
cells (9). As coordinated movement of GC B-cells between the
light zone and dark zone of the GC is critical in the selection
process (14), CD22 could participate in this migration. Another
possibility where unmasking of CD22 on GC B-cells could
make an impact is in B-T cell interactions (32). Indeed, several
studies have suggested that CD22 can modulate B-T cell in-
teractions (12, 32—35). Decreased cis ligands on GC B-cells
could also be a means of modulating the interactions between
CD22 and the BCR to regulate B-cell signaling or endocytosis.
Studies are underway to examine how CD22 ligands impact the
GC reaction as a whole.

In summary, loss of the high affinity ligand on GC B-cells
occurs in mice and humans through different mechanisms.
This loss results in unmasking of CD22 on GC B-cells relative to

30076 JOURNAL OF BIOLOGICAL CHEMISTRY

naive and is transient because memory B-cells return CD22
ligands to the state found on naive B-cells. The fact that differ-
ent mechanisms have evolved in mice and humans to unmask
CD22 on GC B-cells strongly suggests an important role for
CD22-ligand interactions in the GC reaction.
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