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HMGB1 to engage the Siglec-10 receptor and
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CD52, a glycophosphatidylinositol (GPI)-anchored glycoprotein, is
released in a soluble form following T cell activation and binds to
the Siglec (sialic acid-binding Ig-like lectin)-10 receptor on T cells to
suppress their function. We show that binding of CD52-Fc to Siglec-
10 and T cell suppression requires the damage-associated molecular
pattern (DAMP) protein, high-mobility group box 1 (HMGB1). CD52-
Fc bound specifically to the proinflammatory Box B domain of
HMGB1, and this in turn promoted binding of the CD52 N-linked
glycan, in a-2,3 sialic acid linkage with galactose, to Siglec-10. Sup-
pression of T cell function was blocked by anti-HMGB1 antibody or
the antiinflammatory Box A domain of HMGB1. CD52-Fc induced
tyrosine phosphorylation of Siglec-10 and was recovered from
T cells complexed with HMGB1 and Siglec-10 in association with
SHP1 phosphatase and the T cell receptor (TCR). Thus, soluble
CD52 exerts a concerted immunosuppressive effect by first seques-
tering HMGB1 to nullify its proinflammatory Box B, followed by
binding to the inhibitory Siglec-10 receptor, triggering recruitment
of SHP1 to the intracellular immunoreceptor tyrosine-based inhibi-
tory motif of Siglec-10 and its interaction with the TCR. This mech-
anism may contribute to immune-inflammatory homeostasis in
pathophysiologic states and underscores the potential of soluble
CD52 as a therapeutic agent.
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D52 is a GPI-anchored glycoprotein, expressed in the he-

matopoietic system on B and T cells, monocytes, macro-
phages, eosinophils, natural killer cells, and dendritic cells (1, 2)
and in the male reproductive tract by epithelial cells of the epi-
didymis from which it is released into the seminal fluid to be taken
up by sperm (3, 4). The mature human CD52 protein, comprising
just 12 amino acids, acts as a scaffold for the posttranslational
addition of a GPI anchor and an N-glycan (1, 2). CD52 was
identified originally as the target of the lymphocyte-depleting
rat monoclonal antibody, CAMPATH (1, 2), and subsequently
humanized as alemtuzumab. We reported that CD4" T cells
with high expression of CD52 have suppressor activity upon
activation, which is mediated by the release of soluble CDS52,
and that sialic acid-binding immunoglobulin-like lectin (Siglec-
10) on T cells is a receptor for soluble CD52 (5). Ligation of
Siglec-10 by soluble CD52 led to a decrease in phosphorylation
of the T cell receptor (TCR)-associated tyrosine kinases Lck
and ZAP-70 and suppression of T cell function (5). The Siglecs
function as inhibitory receptors, in some cases via cytoplasmic
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that
suppress phosphorylation-based signaling. Following their
phosphorylation by Src family kinases, ITIMs recruit Src ho-
mology 2 (SH2) domain-containing protein tyrosine phos-
phatases (SHP1 or SHP2), and in some cases the inositol
phosphatase SHIP (6, 7). For Siglec-7 and Siglec-9, the association
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of their ITIMs with SHP1 leads to coupled dephosphorylation
of the TCR (8). More recently, we reported that soluble CD52
(CD52-Fc) suppresses NF-kB-mediated signaling in innate im-
mune monocytes, macrophages, and dendritic cells and at high
concentrations depletes the short-lived prosurvival protein
Mcl-1, activating intrinsic apoptotic cell death (9).

Several lines of evidence support a key role for CD52 in im-
mune homeostasis. In a T cell transfer model, depletion of
CD52"e" cells markedly accelerated the onset of autoimmune
diabetes (5). Although a phenotype had not been identified in
CD52 knockout mice (10), we found that cytokine and hypo-
thermic responses to injection of low-dose lipopolysaccharide
(LPS) were significantly increased in our CD52 gene knockout
mice (9). Moreover, in wild-type mice, injection of CD52-Fc
suppressed responses to LPS (9). The therapeutic application
of alemtuzumab in chronic lymphocytic leukemia, T cell lym-
phoma, and autoimmune diseases such as multiple sclerosis
has been based on its ability to trigger complement-mediated
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Fig. 1. T cell suppression by soluble CD52 requires HMGB1 Box B and is antagonized by HMGB1 Box A. (4) Proliferation of human PBMCs incubated in serum-
containing IP5 medium (Iscove’s modified Dulbecco’s medium with 5% PHS) or serum-free medium (AIM V) for 48 h alone or with plate-bound anti-CD3
antibody (1 pg/mL) and CD52-Fc. (B) IFN-y production measured by ELISpot from human PBMCs (1 x 10°) incubated in serum-containing medium with no
antigen or tetanus toxoid (10 Lfu/mL) in the presence of CD52-Fc and neutralizing antibody to HMGB1. (C) Proliferation of human PBMCs incubated in serum-
free medium alone or with plate-bound anti-CD3 antibody (1 pg/mL), CD52-Fc and with increasing concentrations of disulfide-HMGB1, or HMGB1 Box B (D), or
HMGB1 Box A (E). Proliferation was measured as [>H] thymidine uptake. (F) IFN-y production measured by ELISpot from human PBMCs (1 x 10°) incubated in
serum-containing medium in the presence of HMGB1 Box A or HMGB1 Box B recombinant proteins and neutralizing antibody to HMGB1. Concentrations of
recombinant proteins in every figure are in pg/mL. Serum-free medium was used in experiments in A, C, D, and E.

lysis and deplete lymphocytes (2). However, because it would
preferentially target CD52"€" CD4" T cells and bind soluble
CD52, alemtuzumab should also enhance T cell immunity. This
may be beneficial in cancer and may explain why autoimmune
diseases appear de novo in at least a third of patients with
multiple sclerosis treated with alemtuzumab (11). Finally, the
immune regulatory function of CD52 is likely to extend to the
reproductive tract, where the presence of soluble CD52 in semen
(3, 4) may account for the immune suppression that prevents
rejection of the sperm allograft by the female host.

Another GPI-anchored protein, CD24, with a gene organization
structure resembling that of CD52 (12), was reported to bind
Siglec-10 by first associating with damage-associated molecular
pattern (DAMP) proteins, including high mobility group box 1
(HMGBI1) (13). HMGBI is a nonhistone nuclear DNA binding
protein with transcriptional regulatory properties now recognized
as a DAMP that drives a range of immune-inflammatory states,
including sepsis (14, 15). The key role of HMGBI in sepsis was
confirmed in HMGBI knockout mice (16) and by treatment with
blocking antibodies to HMGBI (14, 15). HMGBI comprises two
domains, the antiinflammatory Box A and proinflammatory Box B
domains, and a C-terminal acidic tail (14, 15). It is passively released
from cells undergoing necrosis and pyroptosis, and actively secreted by
monocytes and macrophages. HMGBI is normally present in the
circulation (17) and increases with inflammation (14, 15), but how its
complex functions are regulated to maintain immune-inflammatory
homeostasis is not fully understood. We observed that CD52-Fc
failed to suppress T cells in serum-free medium and queried
whether this could be explained by a requirement for DAMPs
present in serum. This led us to discover that soluble CD52 se-
questers HMGBL to abrogate its proinflammatory function, thereby
promoting binding of CD52 to the inhibitory Siglec-10 receptor.

Results

HMGB1 Box B Is Required for T Cell Suppression by Soluble CD52.
Initial studies showing suppression by CD52-Fc in vitro (5) were
performed in serum-containing medium. Subsequently, we observed
that CD52-Fc had no suppressive effect in serum-free medium

7784 | www.pnas.org/cgi/doi/10.1073/pnas.1722056115

(Fig. 14). Furthermore, addition of antibody to HMGBI re-
versed the suppressive effect of CD52-Fc in serum-containing
medium (Fig. 1B), and addition of HMGBI1 to serum-free
medium restored the suppressive effect of CD52-Fc in a
concentration-dependent manner (Fig. 1C). The disulfide form of
HMGBI used in these studies was biologically active in stimulat-
ing cytokine secretion from either PBMCs or the human THP-1
monocyte cell line, but inactive after disulfide reduction or as the
3S form in which cysteines are replaced by serines (S Appendix,
Fig. S1 A and B). This effect of HMGB1 was recapitulated by the
Box B domain of HMGBI1 (Fig. 1D) but not by the Box A do-
main (Fig. 1E). In fact, like antibody to HMGBI1, Box A blocked
suppression by CD52-Fc in serum-containing medium (Fig. 1F).
Thus, we concluded that the proinflammatory Box B of HMGBI is
necessary for suppression by CD52-Fc, whereas the antiin-
flammatory Box A blocks this effect.

HMGB1 Box B Promotes Binding of Soluble CD52 to Siglec-10. Solid
phase assays in microtiter plates showed that soluble Siglec-10-
Fc bound to plate-coated CD52-Fc only in the presence of
HMGBI1 (Fig. 24). This was corroborated with other coating
combinations, in which HMGBI (disulfide, but not 3S form) or
HMGBI1 Box B, but not Box A, was shown to bind CD52-Fc and
promote its binding to Siglec-10-Fc (Fig. 2 B-E). Moreover, Box
A blocked the binding of HMGBI1 to CD52-Fc (Fig. 2D). The
effect of HMGBI to promote binding of CD52-Fc to Siglec-10-
Fc was not observed with the other DAMPs, HSP70 and HSP90
(Fig. 24). This was also demonstrated by solution phase binding
and precipitation (Fig. 2F).

Binding of CD52-Fc to HMGB1 and Siglec-10 was then
quantified by surface plasmon resonance (SPR) (Fig. 3). In
steady-state binding experiments, CD52-Fc bound to immobi-
lized HMGBI in a concentration-dependent manner, with an
estimated Ky of 130 nM (Fig. 34). The control Fc did not bind
HMGBI (Fig. 3B). CD52-Fc bound to Siglec-10-Fc with an es-
timated K4 of 565 nM (Fig. 3C). This direct binding of CD52-Fc
to immobilized Siglec-10-Fc, not seen with plate binding, may be
due to greater sensitivity of the SPR sensor chip, but in addition
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Fig. 2. HMGB1 promotes binding of soluble CD52-Fc to Siglec-10. Binding of CD52-Fc to recombinant HMGB1 and Siglec-10-Fc is shown. Proteins immobilized in
flat bottom 96-well microtiter plate wells were as follows: CD52-Fc (at 10 pg/mL) (A and D), Siglec-10-Fc (at 10 ug/mL) (B), HMGB1, HMGB1 Box B, and HMGB1 Box
A (each at 20 pg/mL) (C). After blocking the plate with binding buffer, different proteins as indicated were added (50 pL per well, 10 pg/mL) to triplicate wells, and
binding was detected as described in S/ Appendix, S| Materials and Methods. Results are mean =+ SD of three separate experiments. () CD52-Fc or Fc (each 20 pg/mL)
and Siglec-10-Fc (10 pg/mL) were incubated separately or together with HMGB1 or HSPs 70 or 90 (each 20 pg/mL) overnight at 4 °C. CD52-Fc (or Fc) was then
precipitated (P) with Strep-Tactin beads and the pellet fractionated by SDS/PAGE and immunoblotted (IB) with anti-Siglec-10 antibody.

the coating concentration of Siglec-10-Fc for the SPR chip
(25 pg/mL) was higher than for the microtiter plate (10 pg/mL).
Notably, after addition of HMGBI1 the binding of CD52-
Fc to Siglec-10 increased (Fig. 3D), confirming the plate
assay results.

Sialylated CD52-Fc Glycan, in «-2,3 Linkage with Galactose, Is
Required for Binding to HMGB1 and Suppressor Function. The ter-
minal sialic acids on the N-linked glycan of CD52-Fc are required
for T cell suppression, consistent with binding to Siglec receptors
(5). Having now shown that CD52-Fc first binds to HMGBI, we
investigated the requirement of sialic acid for this interaction.
Treatment of CD52-Fc with neuraminidase to cleave its sialic
acids abolished its binding to HMGBI or Box B (Fig. 44).
Siglecs exhibit specificity for the different linkages between
terminal sialic acid and the underlying galactose of interacting
glycans, usually either in a-2,3 or a-2,6 positions (18). To de-
termine the nature of this linkage in CDS52, we first measured the

Bandala-Sanchez et al.

binding of CDS52-Fc to lectins that recognize specific sialyl-
galactose linkages (19). CD52-Fc bound strongly to Maackia
amurensis lectin I (MAAI) (Fig. 4B), which recognizes N-linked
glycans containing terminal sialic acid in «-2,3 linkage (Siaa2-
3Galpl). Binding was not observed to MAAII, which recognizes
O-linked glycans with terminal sialic acids in «-2,3 linkage or to
Sambucus nigra agglutinin (SNA), which recognizes sialic acids in
a-2,6 linkage. The requirement of the «-2,3 sialic acid confor-
mation for the function of CD52-Fc was confirmed by desialy-
lation of CD52-Fc with neuraminidase followed by resialylation
with specific sialyltransferases (Fig. 4C); the sialyltransferase that
adds the a-2,3 linkage restored full suppressive activity (Fig. 4D).
Similarly, HMGBI1 at increasing concentrations bound to CD52-
Fc after a-2,3 resialylation, but at higher concentrations also
bound to a lesser extent to a-2,6 resialylated CD52-Fc; Siglec-10,
however, exhibited absolute specificity for «-2,3 resialylated
CD52-Fc (SI Appendix, Fig. S2 A and B).
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Further details are provided in S/ Appendix, S| Materials and Methods.

CD52-Fc Induces Tyrosine Phosphorylation of Siglec-10. Most Siglecs
have ITIMs, which in the case of Siglec-7 and Siglec-9 negatively
regulate TCR signaling (8). The cytoplasmic tail of Siglec-10
contains four tyrosines, two of which (Y597 and Y667) are em-
bedded in ITIM-signaling motifs and likely to be involved in
intracellular signaling (20). As there are no reports of Siglec-10
phosphorylation, we determined whether CD52-Fc induced ty-
rosine phosphorylation of Siglec-10. In human PBMCs, in which
T cells were activated through the TCR with anti-CD3/CD28
antibody beads, we observed that CD52-Fc rapidly induced
phosphorylation of Siglec-10 (SI Appendix, Fig. S3 A and B).

The Trimolecular Complex of CD52-Fc—-HMGB1-Siglec-10 Interacts
with the T Cell Receptor. To identify CD52-Fc interacting ele-
ments at the cellular level, flow-sorted CD3*CD4* T cells were
activated for different times by anti-CD3/CD?28 antibodies in the
presence of CD52-Fc. Cells were lysed in digitonin buffer, and
CD52-Fc was precipitated with Strep-Tactin beads, fractionated
by SDS/PAGE under reducing conditions, and immunoblotted
with antibodies to CD52, HMGBI, Siglec-10, p-SHP1, or TCR
CD3 zeta. This demonstrated that CD52-Fc could be recovered
from cells in association with HMGBI, Siglec-10, p-SHP1, and
the TCR (Fig. 5). The association with HMGBI, Siglec-10, and
p-SHP1 was maximal within 5 min, followed by association with
TCR CD3 zeta. HMGBI1 was associated with CD52-Fc from
baseline, most likely because HMGBI is present in serum in
the medium.

Discussion

We show that binding of the proinflammatory DAMP protein
HMGBI by soluble CD52 (CD52-Fc) promotes ligation of sol-
uble CD52 with the Siglec-10 receptor and suppression of T cell
function. CD52-Fc bound specifically to the proinflammatory
Box B of HMGBI, not the Box A; however, Box A inhibited
binding of HMGB1 to CD52-Fc and suppression by CD52-Fc.
We found no evidence that HMGBI1 interacts directly with
Siglec-10, and in the absence of HMGBI there was little or no
T cell suppression by CD52-Fc. Binding of HMGBI1 to CD52-Fc
occurred at a high affinity (K4 130 nM), which is in the concentration
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range of free HMGBI detected in the circulation in the absence
of masking proteins (17). CD52-Fc bound only HMGBI1 and
not other DAMPs, HSPs 70 and 90, which along with HMGB1
were reported to bind the GPI-linked CD24 glycoprotein that
also interacts with Siglec-10 (13). Binding to HMGB1 and
Siglec-10 required terminal sialylation of the CD52 N-glycan in
an a-2,3 linkage to galactose. In activated T cells, Siglec-10 was
phosphorylated by CD52-Fc in the presence of HMGBI, fol-
lowed by its association with SHP1 phosphatase and the TCR.
These findings identify a critical role for HMGBI in the sup-
pressor function of soluble CD52 mediated by Siglec-10. Simi-
lar to Siglec-7 and Siglec-9 (8), the interaction of Siglec-10 with
SHP1 and the TCR following binding of CD52-Fc-HMGBI1 can
account for the effect of CD52-Fc to decrease phosphorylation
of TCR-associated tyrosine kinases (5).

HMGBI exists as fully reduced, disulfide and sulfonyl isoforms
(14, 15, 21). The cysteine in position 106 in the Box B is in-
dispensable for its activity and is abolished by oxidation or mu-
tation of this amino acid. The “disulfide” form of HMGB1 used
in the present study, the active, proinflammatory form that was
bound by CDS52-Fc, has a disulfide bridge between cysteine
residues 23 and 45, but the cysteine residue at position 106 re-
mains reduced. Extracellular HMGBI1 has been shown to bind
several cell membrane signaling molecules including Toll-like
receptors (TLRs) 2, 4, and 9 (22) and the receptor for ad-
vanced glycation end products (RAGE) and Mac-1 (23), but the
structural basis and physiological significance of these interactions
are unknown. However, it is clear that the proinflammatory ac-
tivity of HMGBL1 and its Box B is redox state-dependent and is
antagonized by its Box A (14, 15). Here, we observed antagonism
between the Boxes B and A in regard to binding to CD52-Fc and
T cell suppression by CD52-Fc. As well as suppressing T cell
signaling and function, we recently reported that soluble CD52
also suppresses innate immune responses in vitro and in vivo, in-
cluding to HMGBI itself (9), also shown here. In rodent
models, sepsis is mediated in part by the cellular release of
HMGBI1 and is ameliorated by injection of blocking anti-
bodies to HMGBI (14, 15). In light of our present findings, we
suggest that the protective effect of CD52-Fc that we observed

Bandala-Sanchez et al.
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with Clostridium perfringens type V neuraminidase or with vehicle alone to plate-bound proteins as indicated. (B) Binding of untreated CD52-Fc to lectins
(MAA |, MAA 11, and SNA) immobilized on a microtiter plate, showing that CD52-Fc binds MAA |, a lectin that recognizes sialic acid in «-2,3 linkage with
galactose. (C) Resialylation of neuraminidase-treated CD52-Fc with either «-2,3 (Cstll) or «-2,6 (PdST6Ga1l) sialyltransferases, confirmed by binding to MAA |
lectin (a-2,3 linkage) or SNA lectin (a-2,6 linkage). (D) ELISpot assay demonstrating functional activity of CD52-Fc reconstituted with sialic acid in a-2,3 linkage

with galactose. Data are mean + SEM of three independent experiments.

in the LPS sepsis model is explained first by sequestration of
HMGBI1 by CD52. The role of soluble CD52 as a regulator of
immune inflammation therefore encompasses both innate and
adaptive immunity.

Apart from CDS52, other soluble regulators are known to bind
HMGBI and subvert its inflammatory actions. Haptoglobin, an
acute phase protein that captures extracellular hemoglobin, can
form complexes with HMGBI that disrupt the proinflammatory
macrophage scavenger receptor CD163 (24). Clq, the first
component of the complement pathway, was shown to bind
HMGBI to then form higher order complexes with cell surface
RAGE and LAIR-1 and shift the differentiation of monocytes
toward antiinflammatory M2-like macrophages (25) In fact,
analogous to the mechanism of action of CD52-HMGBI1 com-
plexes to bind and signal through Siglec-10, Clg-HMGB1
complexes bind to LAIR-1 to augment phosphorylation of
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cytoplasmic ITIMs and recruitment of SHP-1 (25). In addition,
the detection of circulating HMGB1 was shown to be masked by
Ig (17), consistent with a mechanism whereby Ig binds extra-
cellular HMGBI1 to buffer its proinflammatory effects.

Lectin binding and sialoside reconstitution studies revealed
that «-2,3 sialic acid is the major sialic acid-galactose linkage in
recombinant CD52-Fc, responsible for its binding to Siglec-10
and bioactivity. The a-2,6 form was a minor component of
CD52-Fc and did not bind to Siglec-10. However, while CD52-Fc
preferentially bound HMGBI1 via a-2,3-linked sialic acid, binding
was also observed with reconstituted a-2,6-linked sialic acid, and
it is possible that this form is present in native CD52 (26). A
caveat of our study is that recombinant CD52-Fc produced in
HEK 293 cells may not necessarily mimic native CD52 produced
by a variety of cell types in vivo. Furthermore, how a complex
sialylated glycan on the short CDS52 peptide recognizes both
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Fig. 5. CD52-HMGB1-Siglec-10 trimolecular complex interacts with the
T cell receptor. Flow-sorted CD3*CD4™ T cells were incubated with anti-CD3/
CD28 antibody beads for the indicated times in the presence of CD52-Fc
(40 pg/mL) at 37 °C. The reaction was stopped with ice-cold PBS containing
protease and phosphatase inhibitors. Cells were washed in cold PBS with
inhibitors and solubilized in 1% digitonin buffer. CD52-Fc was precipitated
(IP) with Strep-Tactin beads, fractionated in SDS/PAGE under reducing con-
ditions, and immunoblotted (IB) with antibodies to CD52, HMGBH1, Siglec-10,
p-SHP1, or TCR CD3 zeta. Coomassie Brilliant Blue protein staining was
similar in all lanes.

HMGBI and Siglec-10 remains to be determined. While the N-
linked sialylated glycan is required for Siglec-10 binding and
bioactivity (5), the CD52 peptide contains several serine and
threonine sites for potential O-linked glycosylation, the function
of which has not been investigated.
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Previously, we found that CD52-Fc binds Siglec-10 and sup-
presses activation of CD4™ T cells (5). Here, we demonstrate that
this occurs by a concerted mechanism whereby CD52-Fc first se-
questers and inhibits bioactive disulfide HMGBI1, which promotes
binding of CD52-Fc to Siglec-10. It should be noted however that
Siglec-10, like Siglec-7 and Siglec-9, is also expressed by a range of
myeloid cells (6, 7). Therefore, in a mixed cell population such as
PBMCs, CD52-Fc could also suppress T cells indirectly via an
effect on antigen-presenting cells, even when T cells are directly
activated with anti-CD3 antibody. Our findings that Siglec-10 in
primary human cells is phosphorylated by ligation with CD52-Fc,
recruits SHP1, and interacts with the TCR to suppress T cell
signaling mirror those reported for Siglec-7 and Siglec-9 trans-
fected into the Jurkat T cell line (8) and provide a structural basis
for understanding how Siglec-10 suppresses T cell signaling.

Materials and Methods

Complete details of reagents and blood donors and methods for cell
purification and culture, cell proliferation and ELISpot assays, analysis of
CD52-Fc and HMGB1 binding to Siglec-10, lectin binding, desialylation
and resialylation of recombinant CD52-Fc, immunoprecipitation, and im-
munoblotting are provided in S/ Appendix, S| Materials and Methods.
Deidentified venous blood was obtained from healthy young adult
donors, with informed consent, through the Volunteer Blood Donor
Registry of The Walter and Eliza Hall Institute of Medical Research
(WEH]I), following approval by WEHI and Melbourne Health Human
Ethics Committees.
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