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Toll-like receptor 7 (TLR7) plays an essential role in development of systemic lupus erythematosus by co-stimulating B cells
reactive to the endogenous TLR7 ligand Sm/ribonucleoprotein (RNP), a crucial lupus self-antigen. However, how the TLR7-me-
diated autoimmune response is regulated is not yet known. In this study, we demonstrate that CD72, an inhibitory B cell
co-receptor known to prevent development of lupus, recognizes Sm/RNP at the extracellular C-type lectin-like domain (CTLD)
and specifically inhibits B cell response to Sm/RNP. Moreover, the CTLD of CD72¢, a lupus-susceptible allele, binds to Sm/RNP
less strongly than that of lupus-resistant CD72°. Reduced binding of CD72°¢ is supported by x-ray crystallographic analysis that
reveals a considerable alteration in charge at the putative ligand-binding site. Thus, CD72 appears to specifically inhibit B cell
response to the endogenous TLR7 ligand Sm/RNP through CTLD-mediated recognition of Sm/RNP, thereby preventing produc-
tion of anti-Sm/RNP antibody crucial for development of lupus.
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INTRODUCTION

CD72, a type II membrane protein expressed mostly in B
cells, contains a C-type lectin-like domain (CTLD) in the
extracellular region and an immunoreceptor tyrosine-based
inhibition motif (ITIM) in the cytoplasmic region (Nitschke
and Tsubata, 2004; Tsubata, 2012). By recruiting SH2 do-
main—containing phosphatase 1 (SHP-1) to the phosphor-
ylated ITIM, CD72 negatively regulates B cell antigen
receptor (BCR) signaling.

Several lines of evidence suggest that CD72 plays a role
in regulation of the development of systemic lupus erythe-
matosus (SLE), a prototype systemic autoimmune disease
characterized by production of autoantibodies to various
nuclear components and inflammatory lesions caused by
deposition of immune complexes. First, polymorphism of
CD?72 associates with lupus in both human and mice (Qu
et al., 2000; Hitomi et al., 2004). There are three character-
ized mouse CD72 alleles, i.e., CD72*, CD72", and CD72¢
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(Tung et al., 1986; Robinson et al., 1992;Ying et al., 1995).
CD72" and CD72" are highly conserved. In contrast, the ex-
tracellular region of CD72¢ has a marked difference from the
other alleles including several amino acid substitutions and
a seven—amino acid deletion in CTLD, although the amino
acid sequence of the transmembrane and cytoplasmic regions
of CD72° is identical to that of the other alleles. CD72 is
associated with lupus-like disease in MRL. Fas™#" mice (Qu
et al., 2000), and replacement of CD72° by CD72" reduces
the severity of the autoimmune disease (Oishi et al., 2013;
Xu et al., 2013). Second, CD72™"~ mice spontaneously de-
velop lupus-like disease when they age (Li et al., 2008), and
development of the disease is accelerated by Fas’ (Xu et al.,
2013). Remarkably, CD72™"~ Fas?”" mice on the C57BL/6
background develop severe autoimmune disease comparable
with that in MRL.Fas?#" mice (Xu et al., 2013), whereas
C57BL/6 mice carrying Fas?#" do not develop autoimmune
disease (Izui et al., 1984).

Although overexpression of CD72 negatively regu-
lates BCR signaling in B cell lines (Adachi et al., 2000),
studies with primary B cells from CD72™"~ mice showed
that CD72 only marginally regulates BCR signaling in-
duced by BCR ligation using anti-IgM antibody (Xu et al.,
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Figure 1. CD72 CTLD specifically binds to Sm/RNP.
(A-E) Conventional ELISA. Biotinylated CD72° and CD72°
CTLD proteins at the indicated concentrations were incu-
bated with ELISA plates coated with the indicated mole-
cules. CD72 CTLD proteins bound to the ELISA plates were
detected using alkaline phosphatase-conjugated strepta-
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2013). In contrast, BCR signaling is strongly regulated by
other ITIM-containing inhibitory receptors such as CD22
and PIR-B (Otipoby et al., 1996; Sato et al., 1996; Nitschke
et al., 1997; Ujike et al., 2002). Nonetheless, deficiency in
CD22 or PIR-B alone does not cause autoimmune disease
(Jellusova et al., 2010; Takai et al., 2011), and development
of autoimmune disease requires an additional defect in Si-
glec-G or Fas, respectively (Kubo et al., 2009; Jellusova et
al., 2010). To address the conflicting findings that CD72
does not regulate polyclonal BCR signaling induced by
anti-IgM antibody but strongly inhibits development of
lupus-like disease, we hypothesized that CD72 recognizes
lupus-related self-antigens and specifically regulates self-re-
active B cells without influencing overall BCR signaling of
polyclonal B cells. Here, we demonstrate that the CTLD
of CD72 binds to the Sm/ribonucleoprotein (RNP) an-
tigen, a lupus-related RINA-containing nuclear self-anti-
gen (Tan, 1989) and an endogenous TLR7 ligand (Lau et
al., 2005), and CD72 specifically regulates B cell response
to Sm/RNP but not a synthetic TLR7 ligand. Moreover,
x-ray crystallographic analysis showed marked alteration of
the putative ligand-binding site in CD72¢ compared with
CD72%, which appears to be involved in reduced bind-
ing affinity of CD72° to Sm/RNP. Because autoimmune
B cell response to Sm/RNP plays a crucial role in lupus
(James et al., 1995; Berland et al., 2006; Christensen et al.,
2006), our results strongly suggest that CD72 regulates
development of lupus by recognizing Sm/RNP and that
CD72° functions as an SLE susceptibility gene because of
poor binding to Sm/RNP.
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vidin and phosphatase substrate. Data are representative
of five independent experiments. (F and G) Competitive
ELISA. (F) Binding of biotinylated CD72° CTLD to Sm/RNP
in the presence of various concentrations of unbiotin-
ylated CD72% and CD72° CTLD proteins was measured.
Representative data of five independent experiments are
shown. (G) Mean + SD of percent inhibition of binding in
the presence of 100 pg/ml of the indicated competitors in
triplicate is shown. **, P < 0.01 (two-tailed Student's ¢ test).

RESULTS

CD72 CTLD binds to Sm/RNP

To address whether CD72 recognizes lupus-related self-anti-
gens, we constructed the expression plasmids encoding CD72*
CTLD or that of CD72° CTLD together with the His-tag
and Avi-tag, a peptide allowing biotinylation by the enzyme
BirA (Schatz, 1993; Beckett et al., 1999). By introducing these
vectors into BirA-expressing bacteria, we prepared biotin-
ylated CD72* CTLD and CD72° CTLD proteins. When we
examined binding of these proteins to lupus-related self-an-
tigens DNA, histone, Sm/RNP, and cardiolipin by ELISA,
both CD72* CTLD and CD72° CTLD bound to Sm/RNP
but not other self-antigens (Fig. 1, A-E). As CD72* CTLD
binds to Sm/RNP modestly better than CD72° CTLD, we
prepared CD72* CTLD and CD72¢ CTLD proteins without
tag and compared binding of these proteins to Sm/RNP by
competitive ELISA. CD72" CTLD inhibited the binding of
biotinylated CD72 to Sm/RNP more efficiently than CD72¢
CTLD (Fig. 1, F and G), suggesting that CD72* CTLD binds
to Sm/RNP more strongly than CD72° CTLD.

Next, we confirmed binding of CD72 CTLD to
Sm/RNP by surface plasmon resonance (SPR) analysis.
We prepared CD72* CTLD and CD72° CTLD proteins
without tag, immobilized these proteins, and then injected
various concentrations of Sm/RNP. Both CD72* CTLD
and CD72° CTLD bound to Sm/RNP in a dose-depen-
dent manner (Fig. 2, A and B). The dissociation constant
of CD72* CTLD was lower than that of CD72° CTLD
(Fig. 2 C), suggesting that CD72" binds to Sm/RNP with
higher affinity than CD72°. Collectively, CD72 specifi-
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Figure 2. SPR analysis of the binding of CD72? CTLD and CD72°¢
CTLD to Sm/RNP. (A and B) SPR sensorgrams representing bind-
ing of Sm/RNP to immobilized recombinant CD72° CTLDc/s (A) and
CD72¢ CTLDc/s (B) proteins. The indicated concentrations of Sm/RNP
were injected over the sensor chip. Arrows and arrowheads indicate
the beginning of association and dissociation phases, respectively.
RU, resonance units. (C) The kinetic parameter association rate con-

10 stant (k,,) and dissociation rate constant (k) were determined by

BlAevaluation software. Ky values were calculated from k., and Ky
values. A molecular weight of Sm/RNP was assumed to be 250 kD
to calculate the kinetic parameters. Data are representative of two
independent experiments.
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cally binds to Sm/RNP, and binding affinity of CD72" is
higher than that of CD72°.

X-ray crystallographic analysis of CD72° CTLD

and modeling of CD72¢ CTLD

To obtain structural insight of the function of CD72 CTLD,
we determined the crystal structure of CD72* CTLD in a
ligand-free form at 1.2 A resolution. The overall structure of
CD72" CTLD (Fig. 3 A) 1s very similar to that of the typi-
cal CTLD fold (Zelensky and Gready, 2005), which is com-
posed of two a helices, two antiparallel p sheets, and three
disulfide bonds. However, the amino acid sequence between
the a2 helix and the B3 strand is shorter than those of other
CTLDs (Fig. 3, B—G). Although this region contains vari-
ous secondary structures such as B strands and a Ca**-binding
site in some CTLDs (Feinberg et al., 2001; Swaminathan et
al., 2005), CD72" CTLD contains only a distorted p strand
and a short loop connecting the a2 helix and the f3 strand
without a Ca®'-binding site. In addition, an insertion at the
L1 loop region is observed in both mouse and human CD72
CTLDs. Interestingly, the insertion contains a unique cluster
of aromatic residues consisting of Tyr276, Tyr277 (Phe277 in
CD72°, and Tyr278 (Fig. 3 G) in mouse CD72 and Tyr281,
Tyr282, and Phe283 in human CD72.

Analysis of the electrostatic potentials of CD72* CTLD
reveals that there is a highly positively charged patch on the
surface in the region containing the B3 and P4 strands of
CD72* CTLD (Fig. 4 A). The 3 and P4 strands are involved
in ligand binding in other CTLDs such as eosinophil major
basic protein (EMBP) and dendritic cell-specific intracellu-
lar adhesion molecule 3—grabbing nonintegrin (DC-SIGN;
Feinberg et al., 2001; Swaminathan et al., 2005). Indeed,
EMBP contains a positively charged patch similar to that of
CD72* CTLD in the corresponding region involved in bind-
ing to sulfated glycosides with negatively charged sulfate ions
(Swaminathan et al., 2005), whereas the negatively charged
corresponding region of DC-SIGN interacts with Ca®" re-
quired for ligand binding (Fig. 4 B; Feinberg et al., 2001).
Thus, the positively charged patch found in CD72* CTLD
appears to be a part of its ligand-binding site that binds to

JEM Vol. 213, No. 12

ligands with a strong negative charge such as nucleic acid and
may be involved in recognition of Sm/RNP that contains
the small nuclear RNA.

To address the structure of CD72° CTLD, we first an-
alyzed distribution of amino acids in CD72" CTLD that are
different from CD72° CTLD (Fig. 4 C). All the amino acids
in CD72" CTLD that are substituted by different ones in
CD72¢ CTLD are located in the molecular surface (Fig. 4 D),
and both amino acids in the hydrophobic core region and
all the six cysteine residues forming the three intermolecular
disulfide bonds are conserved between CD72" and CD72°.
This strongly suggests that CD72° CTLD forms an overall
structure very similar to that of CD72" CTLD. Because of
this overall structural similarity between CD72* and CD72¢
CTLD, we generated the homology model of CD72° CTLD
based on the x-ray crystal structure of CD72" CTLD, as we
were unable to obtain good crystals of CD72° CTLD. The
model shows a very different charge distribution in the pu-
tative ligand-binding region compared with CD72* CTLD
(Fig. 4 A); substitutions of the basic residues of CD72* CTLD
located in the B3 and P4 strands (Fig. 4 C) result in genera-
tion of a negative-charge patch.To experimentally address the
distinct surface charge of CD72° CTLD, we examined the
binding properties to a cation exchange column (Fig. 4 E)
and found that CD72" CTLD tightly binds to the column,
whereas CD72° CTLD does not bind to the same column.
This result clearly demonstrates that the surface of CD72¢
CTLD is not so much positively charged as CD72* CTLD
and, thus, supports the presence of a negatively charged patch
in the homology model of CD72° CTLD.

CD72 specifically regulates B cell responses to Sm/RNP

As CD72 binds to Sm/RNP, we addressed whether CD72
specifically regulates B cell responses to Sm/RINP. We con-
jugated 4-hydroxy-3-nitrophenyl acetyl (NP) to BSA and
Sm/RNP (NP-BSA and NP-Sm/RNP, respectively) and li-
gated BCR with these antigens in B cells from CD72"" and
CD727~ quasimonoclonal (QM) mice. Because most of the
B cells in QM mice are reactive to NP (Cascalho et al., 1996),
treatment of QM B cells with NP-Sm/RNP and NP-BSA
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Figure 3. Structure of CD72° CTLD and comparisons to other CTLDs. (A) Overall structure of CD72% CTLD represented as a ribbon diagram. Disulfide
bonds are shown as a stick model. Secondary structures are indicated. Representative data of five independent experiments are shown. (B-F) Ribbon
models of CTLDs of DC-SIGN (B), EMBP (C), dectin-1 (D), CD69 (E), and CD94 (F) are represented as magenta, gray, yellow, cyan, and pink, respectively, and
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mimics interaction of anti-Sm/RNP and anti-BSA B cells
with corresponding antigens, respectively (Fig. 5 A).When we
stimulated CD72"* and CD727~ QM B cells with NP-Sm/
RNP, Ca** mobilization was augmented in CD727~ QM
B cells compared with CD72"" QM B cells (Fig. 5 B). In
contrast, the level of Ca®* mobilization induced by NP-BSA
in CD727~ QM B cells was similar to that in CD72"" QM
B cells. This result suggested that CD72 specifically regulates
BCR signaling induced by Sm/RINP.

‘We next addressed B cell proliferation by CFSE dilution
assay. B cell proliferation induced by anti-IgM antibody in
CD72~ QM B cells was similar to that in CD72"" QM
B cells (Fig. 5, C and D), in agreement with our previous
finding that anti-lgM-induced Ca*" mobilization and B
cell proliferation were not different between CD72"* and
CD7277 B cells (Xu et al., 2013). Treatment with NP-BSA
and NP-Sm/RNP did not induce proliferation of CD72"*
QM B cells. In contrast, NP-Sm/RNP but not NP-BSA
induced proliferation of CD727~ QM B cells (Fig. 5, C
and D). This result clearly demonstrated that CD72 regu-
lates B cell response to Sm/RINA but not BSA or anti-IgM.
As Sm/RNP is a TLR7 agonist (Lau et al., 2005), we ad-
dressed whether CD72 regulates other TLR7 ligands. When
we treated CD72"" and CD727"~ B cells with the synthetic
TLR7 agonist imiquimod (Hemmi et al., 2002), proliferation
of CD727~ B cells was comparable with that of CD72"" B
cells (Fig. 5, E and F), suggesting that CD72 regulates B cell
activation induced by Sm/RNP but not other TLR 7 agonists.
Thus, CD72 specifically inhibits B cell response to the en-
dogenous TLR7 agonist Sm/RINP.

As BCR endocytosis depends on BCR ligation—in-
duced activation of signaling molecules such as Rac (Phee
et al., 2001; Malhotra et al., 2009), we addressed whether
CD72 regulates BCR endocytosis. We incubated CD72"*
and CD72~ QM B cells with NP-BSA or NP-Sm/RNP
on ice so that BCRs on the surface were occupied by the an-
tigens. After washing, we incubated these B cells at 37°C and
measured the amount of remaining antigens on the cell sur-
face by flow cytometry. When BCR was ligated by NP-BSA,
the amount of NP-BSA on the cell surface was reduced in
CD727~ QM B cells at the same rate as in CD72"" QM B
cells (Fig. 6,A and B). In contrast, reduction of NP-Sm/RNP
was faster in CD727~ B cells than that in CD72"" B cells
(Fig. 6, C and D). This result clearly demonstrated that CD72
regulates BCR-mediated endocytosis of NP-Sm/RNP but

not NP-BSA. Collectively, CD72 specifically down-regulated
BCR signaling, B cell proliferation, and BCR-mediated en-
docytosis induced by Sm/RNP.

Coligation of CD72 and BCR is required for signal inhibition
CD72 inhibits BCR signaling by recruiting SHP-1 to its
phosphorylated ITIM (Nitschke and Tsubata, 2004; Tsubata,
2012). To address how CD72 specifically regulates B cell re-
sponse to Sm/RNP, we treated the B cell line BAL17-9T13
that expresses anti-NP BCR of IgM class with NP-Sm/RNP
or NP-BSA. CD72 was strongly phosphorylated and recruited
SHP-1 upon stimulation with NP-Sm/RNP, whereas treat-
ment with NP-BSA alone failed to enhance phosphorylation
or SHP-1 recruitment of CD72 (Fig. 7, A-D). Moreover, si-
multaneous treatment with Sm/RNP and NP-BSA did not
enhance phosphorylation or SHP-1 recruitment of CD72,
indicating that independent ligation of BCR and CD72 does
not induce signal inhibition and that coligation of BCR
and CD72 is required for CD72-mediated signal regulation
(Fig. 7 E) as is the case for other inhibitory co-receptors such
as FcyRIIB (Muta et al., 1994). Thus, the epitope of BCR
must be located on the ligand of CD72, i.e., Sm/RNP, to
induce CD72 phosphorylation and CD72-mediated signal
inhibition, resulting in specific down-modulation of the anti-
Sm/RNP B cell response.

CD72 regulates antibody production to Sm/RNP

To address whether CD72 regulates antibody production
to Sm/RNP, we immunized CD72"" and CD72™’~ mice
with Sm/RNP or NP—chicken y globulin (CGG) and mea-
sured titers of serum antibody to the immunized antigens.
After immunization with Sm/RNP, anti-Sm/RNP IgG was
not detected regardless of the genotype of mice. However,
CD727~ but not CD72"" mice produced a significant
amount of anti-Sm/RNP IgM (Fig. 8 B), and the ratio of
anti-Sm/RNP IgM to total IgM was also significantly in-
creased in CD72™~ but not CD72"" mice (Fig. 8, A and
C). In contrast, immunization with NP-CGG induced pro-
duction of anti-NP IgM (Fig. 8 E) and IgG (Fig. 8 H) in
both CD72"* and CD72~~ mice. CD72™’~ mice showed
increased anti-NP IgM titer (Fig. 8 E), but the ratio of anti-
NP IgM to total IgM was rather decreased in CD727/~ mice
(Fig. 8, D and F), indicating that increased anti-NP IgM pro-
duction in CD72~ mice is caused by enhanced polyclonal
IgM production but not enhanced specific antibody produc-

superposed on that of CD72° CTLD (green). The bound carbohydrate chains are represented as a stick model. The Ca®* ions for DC-SIGN and sulfate ions for
EMBP are represented as a CPK model. The structures between the a2 helix and the 83 strand are colored as red (CD72%) and black (other CTLDs). (G) Amino
acid sequences of CTLDs of mouse CD72% mouse CD72¢, human CD72, human CD69, mouse dectin-1, human CD94, human DC-SIGN, and human EMBP are
manually aligned based on their crystal structures. Among 17 groups of CTLDs classified on the basis of their domain organization and phylogeny, CD72,
CD69, dectin-1, and CD94 are members of the group V CTLDs. DC-SIGN and EMBP belong to groups Il and XII, respectively. The conserved cysteine residues
are shown in yellow. The cysteine residues of CD72% shown in orange are substituted by serine residues in CD72 CTLD proteins used for crystallographic
study. The secondary structures of CD72? CTLD are indicated above the sequences. Variable secondary structure regions between the a2 helix and 3 strand
are highlighted as red (CD72%) and gray (other CTLDs). The aromatic residues clustered at the L1 loop are shown in purple.

JEM Vol. 213, No. 12

2695

520z Jequeoe( 0 uo 3senb Aq jpd 09509102 Wel/g L ZE9/1L/1692/Z L/E L.Z/pd-ajoie/wal/bio ssaidny//:dpy woly pepeojumoq



JEM

Lys320
Lys319
DC-SIGN
(6 B0 B1 at L1 a2
mouse_CD72" _

232 CPCGWIPYQERCFYISHTLRSLEESQKYCTSLSSKLAAFDEPSKYYYEVSLPSGLEELLDRS 293
232 CPCGWIPYQKRCFYISHTLRSLEESQKYCTSLSSKLAAFNDPPKYFYQVSLPSGLEELLDRL 293

mouse_CD72%

mouse_CD72°

= L—M——Bs——h
294 KSYWIQ-MSKKWRHDYDSQSRYCDKIKKYYQKWKRTFSECAELHPCICESEAFRFPDGIHLN 354
294 KSYWIQEMSKKW------- SSYCDMIQIYNKKWARTFSECAELHPCICELEAFRFPDGIHLN 348

mouse_CD72"

moLlse7CD72a

mouse_CD72°

E 70
CD722 CTLD

50 P 1.0

50 . 5

40 P
3 30
< L 04 ~
£ 2 =
E 10 0.2 §
8 o [0 £
p g
% -10 8
S s S
] CD72¢ CTLD 5
=T e L10 ®©
o 4 1 0 B
3 ]
< ] (08 |

06 !
2.
0.4

] 0.2

01 o

-1

0 20 40 60 80

Retention volume (ml)

Figure 4. Surface charge distribution of CD72¢ CTLD is different from that of CD72* CTLD. (A and B) Electrostatic surface representation of CD72°
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the surface potentials is represented in the scale ranging from negatively (red) to positively (blue) charged. The positions of the substituted basic residues
between CD72° and CD72¢ at the B3 strand are indicated by allows. The bound carbohydrates and ions (sulfate in EMBP and Ca®* in DC-SIGN) are repre-
sented as stick and CPK models, respectively. (C) Amino acid sequence alignment of CD72% and CD72° CTLDs with the secondary structures of CD72? CTLD.
Substituted residues are highlighted in orange. The basic residues at the p3 and 34 strands of CD72? shown in blue are substituted in CD72° . The conserved
cysteine residues are shown in yellow. (D) Residues in CD72° CTLD, which are substituted in CD72¢ CTLD, are represented as the stick model (orange) in the
structure of CD72° CTLD. (E) Elution profiles of CD72° and CD72¢ CTLD proteins on a cation exchange column. Proteins were eluted with a linear gradient of
NaCl (0-1 M) in 50 mM Tris-HCI, pH 8.5. Representative data of two independent experiments are shown. mAU, milli-absorbance units.

tion. Moreover, production of anti-NP IgG was reduced in ~ Ca**

CD727~ mice (Fig. 8, G-1). Thus, CD72 specifically regu-
lates antibody production to Sm/RINP.

DISCUSSION

Here, we demonstrated that recombinant CD72 CTLD spe-
cifically binds to the lupus-related nuclear self-antigen Sm/
RNP using both ELISA and SPR. We also demonstrated
that treatment with NP-Sm/RNP induced augmented
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signaling, cell proliferation, and BCR endocytosis in
CD727~ NP-reactive QM B cells compared with CD72**
QM B cells, whereas these B cell responses to NP-BSA
were not augmented in CD727~ QM B cells. As interac-
tion of NP-reactive B cells with NP-Sm/RNP and NP-
BSA mimics that of Sm/RNP- and BSA-reactive B cells
with the corresponding antigens, respectively (Fig. 5 A),
this result suggests that B cell responses to Sm/RNP is
specifically augmented in the absence of CD72. Moreover,
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Figure 5. CD72 specifically regulates B cell responses to Sm/RNP. (A) Schematic representation of the experimental design to address B cell responses
to Sm/RNP using anti-NP B cells and NP-Sm/RNP. Stimulation of anti-NP B cells from QM mice with NP-Sm/RNP (right) mimics that of anti-Sm/RNP B cells
with Sm/RNP (left). (B) Ca®* signaling. Fluo-4/AM-loaded spleen B cells from CD72** and CD727/~ QM mice were stimulated with the indicated concentra-
tions (Ag conc.) of NP-BSA or NP-Sm/RNP, and the intracellular free calcium ion level was measured by flow cytometry for 300 s. The arrows indicate the
time point when NP-BSA and NP-Sm/RNP were added. Data are representative of five independent experiments. (C-F) B cell proliferation. Purified B cells
from CD72"* and CD727~ QM mice (C and D) or CD72** (WT) and CD72~~ C57BL/6 mice (E and F) were labeled with CFSE and cultured with indicated
concentrations of anti-IgM, NP-BSA, and NP-Sm/RNP (C and D) or LPS and imiquimod (E and F) for 48 (C and D) or 72 (E and F) h. CFSE fluorescence was
measured by flow cytometry. (C and E) The percentages of proliferated cells are indicated. (D and F) Mean + SD of triplicates is shown. Data are representa-
tive of five independent experiments. Ab, antibody.

immunization with Sm/RNP induced autoantibody pro-
duction to Sm/RNP in CD727"~ but not CD72"" mice.
Thus, the inhibitory receptor CD72 specifically down-reg-
ulates B cell responses to Sm/RNP.

We further demonstrated that coligation of BCR and
CD72 is required for both phosphorylation and SHP-1 re-
cruitment of CD72 (Fig. 7), the events essential for signal in-
hibition. This finding is in agreement with previous findings
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Figure 6. CD72 specifically regulates endocytosis of Sm/RNP.
(A-D) Splenic B cells from CD72** and CD72~ QM B cells were in-
cubated with NP-BSA (A and B) or NP-Sm/RNP (C and D) on ice for
30 min. After washing, cells were incubated at 37°C for the indicated
time and analyzed for remaining NP-BSA (A and B) and NP-Sm/RNP
(C and D) on the cell surface by flow cytometry. (A and C) Mean flu-
orescence intensity is indicated. (B and D) Percentages of remaining
NP-BSA (B) and NP-Sm/RNP (D) are calculated. Mean + SD of tripli-
cates is shown. Data are representative of four independent experi-
ments. *, P < 0.05; ¥, P < 0.01 (two-tailed Student's t test).

Cell number

NP > NP >
NP-BSA D NP-Sm/RNP
120 120
o 100 100 -o-CD72** Qv
£ 8 80 -8-CD727-Qm
g 60 60
o
= 40 40
= s L
20 20 |
ob— 0 —
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (min) Time (min)

with another inhibitory BCR co-receptor FcyRIIB (Muta
et al., 1994). Because these co-receptors are phosphorylated
at I'TIMs by BCR-associated kinases such as Lyn (Adachi et
al., 1998; Chan et al., 1998; Nishizumi et al., 1998), coliga-
tion of BCR and inhibitory co-receptors may allow their
ITIMs access to the kinases. As coligation of BCR and CD72
is achieved only when Sm/RNP, the ligand of CD72, inter-
acts with anti-Sm/RNP BCR, the requirement of coligation
with BCR may restrict CD72 to specifically inhibit activa-
tion of anti-Sm/RNP B cells.

Here, we demonstrated that NP-Sm/RINP but not NP-
BSA induces proliferation of anti-NP B cells in the absence
of CD72, whereas both of these antigens fail to induce prolif-
eration in the presence of CD72 (Fig. 5). This result indicates
that Sm/RNP carries a stronger B cell activation capacity,
which is abrogated by CD72. Sm/RNP that contains RNA
is known to be an endogenous ligand for TLR7 (Lau et al.,
2005), an RNA-recognizing TLR.As TLR7 is expressed in B
cells as well as innate immune cells, Sm/RINP activates Sm/
RNP-reactive B cells by inducing both BCR signaling and
co-stimulatory signaling through TLR7 (Lau et al., 2005).
Thus, Sm/RNP-reactive B cells tend to activation compared
with B cells with other specificities, and this tendency appears
to be involved in production of anti-Sm antibody that plays a
crucial role in development of lupus (James et al., 1995; Ber-
land et al., 2006; Christensen et al., 2006). This possibility is

2698

supported by the findings that TLR7 is required for both pro-
duction of anti-Sm antibody and development of lupus (Ber-
land et al., 2006; Christensen et al., 2006). Our finding that
CD72 negatively regulates B cell response to NP-Sm/RNP
but not NP-BSA suggests that CD72 specifically counteracts
to the tendency of activation in Sm/RNP-reactive B cells,
thereby preventing development of lupus. Here, we further
demonstrate that CD72 regulates B cell response to Sm/RNP
but not a synthetic TLR7 ligand imiquimod. This suggests
that CD72 regulates only response to Sm/RNP among var-
ious TLR7 ligands, probably because CD72 CTLD binds to
Sm/RNP but not other TLR7 ligands, and does not appear to
regulate TLR 7-mediated responses to microbial RINA crucial
for host defense to microbes (Diebold et al., 2004; Heil et al.,
2004; Lund et al., 2004). Our findings thus suggest a crucial
role of CD72 in immune homeostasis in which CD72 sup-
presses hazardous TLR7-mediated responses to the endoge-
nous ligand Sm/RNP, which is an inevitable consequence of
TLR7-mediated recognition of RNA, without influencing
beneficial TLR 7-medidated responses to microbial RNA.
CD72™~ mice produce autoantibodies to various nu-
clear antigens such as DNA and histone as well as Sm/RINP
(Xu et al., 2013) as is the case for patients with SLE, although
we failed to show binding of CD72 CTLD to DNA or his-
tone. However, a previous study demonstrated that immuni-
zation with Sm peptides induces production of autoantibodies
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to Sm and also various other nuclear components including
DNA and RNP in various animals, probably by the mech-
anism known as epitope spreading (Monneaux and Muller,
2002), and development of lupus-like disease in rabbits (James
et al., 1995). Thus, CD72 deficiency causes autoimmune re-
sponses to various nuclear antigens other than Sm/RNP by
epitope spreading resulting in production of antibodies to
various nuclear antigens. Although anti-DNA antibody is
produced in both human and mouse lupus, TLR9 involved in
immune response to DNA-related antigens (Leadbetter et al.,
2002) inhibits development of lupus (Christensen et al., 2006)
probably by competing with TLR7 activity (Nickerson et al.,
2010; Santiago-Raber et al., 2010). These findings suggest
that autoimmune response to RINA- but not DNA-related
antigens is dominant in regulation of development of lupus,
although the mechanisms are not yet elucidated. CD72 ap-
pears to efficiently regulate lupus development by inhibiting
B cell responses to Sm/RINP.

B cells express a variety of inhibitory receptors includ-
ing CD72, which negatively regulates BCR signaling by acti-
vating phosphatases such as SHP-1 (Tsubata, 2012). Many of
these inhibitory receptors including CD22 (Sgroi et al., 1993)
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(left) but not independent ligation of CD72 and
BCR (right) induces CD72 phosphorylation by
BCR-associated kinases such as Lyn. The re-
quirement of coligation restricts CD72-medi-
ated signal inhibition only in Sm/RNP-reactive
B cells. P, phosphate group; Y, tyrosine residue.
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and PIR-B (Takai, 2005) recognize ubiquitous self-antigens
such as sialic acids and MHC, respectively, and negatively reg-
ulate polyclonal BCR signaling induced by BCR ligation
using anti-IgM antibody. Some of the mice deficient in one
of these inhibitory receptors are lupus-prone (Tsubata, 2012),
but the impact of the deficiency in inhibitory receptors
other than CD72 in development of lupus is generally much
weaker than that of CD72 deficiency. Indeed, deficiency in
CD22 or PIR-B alone does not induce autoimmune disease
(Jellusova et al., 2010; Takai et al., 2011), and development
of autoimmune disease requires additional defect in Siglec-G
or Fas, respectively (Kubo et al., 2009; Jellusova et al., 2010).
The strong CD72-mediated regulation on lupus develop-
ment was not supported by the previous findings on signal
inhibition activity demonstrating that CD72 does not reg-
ulate polyclonal BCR signaling (Xu et al., 2013). However,
the finding presented here that CD72 specifically regulates
signaling through Sm/RNP-reactive BCR explains why
CD72 strongly regulates development of the disease without
affecting polyclonal BCR signaling. Thus, CD72 efficiently
regulates development of lupus without affecting polyclonal
B cell response by specifically regulating B cell response to
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Figure 8. CD72 specifically regulates antibody production to Sm/RNP. (A-I) WT and CD727/~ female C57BL/6 mice (9 wk old) were immunized with
Sm/RNP (n = 4-5 per group; A-C) and NP-CGG (n = 6 per group; D-I). After 14 d, serum levels of total IgM (A and D), total IgG (G), and titers of anti-Sm/
RNP IgM (B), anti-NP IgM (E), and IgG (H) were measured by ELISA. Pooled MRL.Fas””*" sera (1,000 U/ml), monoclonal anti-NP IgM B1-8, and anti-NP IgG
C6 were used as standards to determine the titers of anti-Sm/RNP IgM and concentrations of anti-NP IgM and anti-NP IgG. (C, F, and 1) The ratio of the
amount of antigen-specific Ig to total Ig was calculated. *, P < 0.05; **, P < 0.01 (Brunner-Munzel test).

Sm/RNP, which plays a central role in the development of
the disease. FcyRIIB is known as an inhibitory receptor that
recognizes the disease-related self-antigen IgG, a target of
rheumatoid factor. However, FcyRIIB regulates polyclonal B
cells stimulated by anti-IgM and development of lupus (Nim-
merjahn and Ravetch, 2008), although rheumatoid factor is
typically produced in patients with rheumatoid arthritis. In
contrast, CD72 specifically regulates self-reactive B cells by
recognizing pathogenic lupus self-antigen, thereby efficiently
preventing development of this disease.

Here, we demonstrated that CD72* CTLD binds to
Sm/RNP with higher affinity than CD72° CTLD. The dif-
ference in affinity to Sm/RNP between CD72" CTLD and
CD72° CTLD is modest as the K, value of CD72° CTLD is
only 50% higher than that of CD72" CTLD. However, there
are examples such as FcyRIIA, FcyRIIIA (Bruhns et al., 2009;
Gillis et al., 2014), and C3 (Heurich et al., 2011) in which a
similar modest difference in affinity between different allelic
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forms causes difference in biological responses and disease
susceptibility. Thus, weaker binding of CD72¢ to Sm/RNP
may compromise its regulation to prevent development of
lupus-like disease and therefore explains our previous finding
that CD72° is involved in development of severe lupus-like
disease in MRL. Fas™#" mice (Xu et al., 2013). As the impact
of CD72 in development of the disease is much weaker than
that of CD72 deficiency (Xu et al., 2013), modest reduction
of affinity to Sm/RNP in CD72° may be attributed to the
susceptibility of CD72-carrying mice to lupus.

We have determined the crystal structure of CD72°
CTLD at a very high resolution and, based on this struc-
ture, generated a homology model of CD72° CTLD. Be-
cause Sm/RNP is a large molecular complex composed of
11 peptides and 5 small RNAs, co-crystallization of CD72
with Sm/RNP would be very difficult. Thus, its ligand-bind-
ing site is still to be identified. Yet the electrostatic potentials
of CD72" CTLD and CD72° CTLD provide an interesting
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clue. A highly positively charged patch observed in the region
containing the B3 and B4 strands, which is the ligand-bid-
ing site in some other CTLDs (Feinberg et al., 2001; Swa-
minathan et al., 2005), suggests that this region could be a
binding site for negatively charged ligands. Because such
patches are widely observed among the nucleic acid-bind-
ing proteins (Nadassy et al., 1999), it is tempting to speculate
that it interacts in some way with the RNA component of
Sm/RNP. This hypothesis is further supported by the pres-
ence of the aromatic-rich sequence (Y276,Y277, and Y278
in CD727% at the edge of the positively charged patch be-
cause these aromatic residues may be preferred for the m-m
stacking to nucleic acid bases (Wilson et al., 2014). Moreover,
the fact that the same region of CD72° CTLD is negatively
charged could explain why CD72° CTLD shows a lower af-
finity to Sm/RNP than CD72" CTLD does. On the other
hand, our ELISA results clearly show single-stranded DNA
(ssDNA) binds to neither CD72* CTLD nor CD72° CTLD
(Fig. 1).In addition to the nucleic acid—mediated interaction,
protein—protein interactions between CD72 CTLD and Sm/
RNP may also contribute to the molecular recognition of
Sm/RNP by CD72, by which CD72 may distinguish Sm/
RNP from other TLR7 ligands.

In summary, we demonstrated here that the inhibitory B
cell receptor CD72 recognizes the endogenous TLR7 ligand
Sm/RNP and inhibits B cell response to this self-antigen.
As TLR7-mediated response to Sm/RNP is crucial for de-
velopment of lupus (James et al., 1995; Berland et al., 2006;
Christensen et al., 2006), these results suggest that CD72 pre-
vents development of lupus by inhibiting B cell response to
Sm/RNP in agreement with the previous finding that CD72
deficiency efficiently causes lupus-like autoimmune disease in
mice and also association of CD72 polymorphism with SLE
in both humans and mice.

MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from Sankyo Labo Service.
CD727~ mice (Xu et al.,2013) and QM mice (a gift from M.
‘Wabl, University of California, San Francisco, CA) were de-
scribed previously (Cascalho et al., 1996). All mice were bred
and maintained in the animal facility of Tokyo Medical and
Dental University under specific pathogen—free conditions.
For immunization, 9-wk-old mice were intraperitoneally in-
jected with 25 pg Sm/RNP (AroTec Diagnostics) or 100 pg
NP;,-CGG in 100 pl PBS mixed with an equal volume of
complete Freund’s adjuvant (Sigma-Aldrich) or 10 pg LPS
(Sigma-Aldrich), respectively. Experiments were approved by
the Institutional Animal Care and Use Committee of Tokyo
Medical and Dental University and were performed accord-
ing to our institutional guidelines.

Plasmids

The DNA fragments encoding CTLD of CD72" (resi-
dues 232-354) and CD72° (residues 232-348) were gen-
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erated by RT-PCR and cloned into Ndel/EcoRI-opened
pET-28a plasmid (EMD Millipore), followed by insertion
of the synthetic oligonucleotides encoding the Avi-tag se-
quence (Schatz, 1993; Beckett et al., 1999) into the Ncol
site (pET28aAviCD72'°CTLD and pET28cAviCD72°CTLD,
respectively). Alternatively, the DNA fragments encoding
CTLD of CD72" C234S/C338S (CD72" CTLDc¢/s) mu-
tant and CTLD of CD72° C234S/C332S (CD72° CTLDc/s)
mutant were generated by RT-PCR and inverted PCR and
cloned into Ndel/Sall-opened pET-28a (pET28aCD72*
CTLDc¢/s and pET28cCD72°CTLDc/s, respectively).

Reagents

NP-conjugated CGG, NP-conjugated BSA, and NP-con-
jugated Sm/RNP were prepared as described previously
(Oda and Azuma, 2000) with some modifications. In brief,
hydroxysuccinimide ester of NP (NP-OSu) was generated
by incubating 50 mM NP (Alfa Aesar) in 1,4-dioxane with
150 mM N-hydroxysuccinimide (Wako Pure Chemical In-
dustries) and 50 mM N,N-dicyclohexylcarbodiimide (Wako
Pure Chemical Industries) at 37°C overnight. NP-OSu was
incubated with CGG (Rockland Immunochemicals), BSA,
or Sm/RNP in 0.2 M NaHCO;-NaOH buffer, pH 9.0, at
room temperature overnight. After dialysis against PBS, pH
7.4, concentrations of NP, CGG, BSA, and Sm/RNP were
determined by spectrophotometry, and the conjugation ra-
tios of NP per CGG, BSA, and Sm/RNP were determined.
NP;5-BSA and NP-Sm/RNP, in which Sm/RINP was con-
jugated by 47% more NP than NP-BSA by weight ratio, were
used for stimulation of B cells in this study.

Recombinant CD72 CTLD proteins

For generation of biotinylated CD72 CTLD proteins, BL21AI
cells (Invitrogen) were transformed with pBirAcm encoding
the biotin ligase BirA (BL21AI-BirA) and maintained in the
presence of 10 pg/ml chloramphenicol. BL21AI-BirA was
transformed with pET28aAviCD72'CTLD or pET28aAvi-
CD72°CTLD and cultured in the presence of 50 uM biotin,
1 mM isopropyl p-p-thiogalactopyranoside, 0.2% arabinose,
50 pg/ml kanamycin, and 10 pg/ml chloramphenicol. For
generation of CD72 CTLD proteins for crystallization
and SPR, BL21DE3 (Invitrogen) was transformed with
pET28aCD72'°CTLDc/s and pET28cCD72°CTLDc/s and
was cultured in Luria-Bertani medium containing 1 mM iso-
propyl p-p-thiogalactopyranoside and kanamycin. The cells
were suspended in a buffer containing 50 mM Tris-HCI, pH
8.0, 300 mM NaCl, and 0.5% (vol/vol) Triton X-100 and
sonicated on ice. After centrifugation, the inclusion bodies
were washed in 50 mM Tris-HCI, pH 8.0, and 300 mM NaCl.
The washed inclusion bodies were resuspended in the solubi-
lization buffer containing 50 mM Tris-HCI, pH 8.0, 500 mM
NaCl, 6 M guanidine hydrochloride, and 40 mM dithioth-
reitol and completely denatured through overnight incuba-
tion at 37°C. Then, the concentration of dithiothreitol was
reduced to 20 mM, and the protein solution was applied onto
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a column of 50 ml His-Accept SF resin (Nacalai Tesque). Re-
folding of the bound protein was performed using a refolding
buffer containing 50 mM Tris-HCI, pH 8.5, 400 mM NaCl,
500 mM r-arginine hydrochloride, 10% (vol/vol) glycerol,
5 mM reduced glutathione, and 0.5 mM oxidized glutathione.
The column was washed with 150 ml of the refolding buffer
at a low flow rate (0.5 ml/min) and then the wash solution
containing 50 mM Tris-HCI, pH 8.0, and 400 mM NaCl in
the same way as the refolding buffer. The refolded protein was
eluted with the elution buffer containing 50 mM Tris-HCI,
pH 8.0, 300 mM NaCl, and 400 mM imidazole. The eluted
fraction was dialyzed against a buffer containing 20 mM Tris-
HCI, pH 8.0, and 300 mM NaCl at 4°C. CD72CTLDc/s
proteins were treated with thrombin protease (GE Health-
care) at 20°C overnight to remove the hexahistidine tag. The
cleaved protein was applied onto a Superdex 200 prep grade
column (HiLoad 26/600; GE Healthcare) equilibrated with
a buffer containing 20 mM Tris-HCI, pH 8.0, and 300 mM
NaCl. The fraction of the monomer CD72" CTLD was con-
centrated to 5-10 mg/ml at 25°C just before crystallization
experiments to avoid forming aggregation.

ELISA

ssDNA was prepared by heat denaturing calf thymus DNA
(Sigma-Aldrich). ELISA plates (Nunc-Immuno 96 MicroW-
ell Plate; PolySorp; Thermo Fisher Scientific) were coated
with 10 pg/ml ssDNA, histone, cardiolipin, Sm/RNP (Aro-
Tec Diagnostics), or NP¢-BSA. ELISA plates were then
blocked with PBS containing 1% BSA. Recombinant bioti-
nylated CD72 CTLD proteins were added to the ELISA plates
and detected by alkaline phosphatase—conjugated streptavidin
(BD). Alternatively, ELISA plates were incubated with mouse
sera, washed, and reacted with alkaline phosphatase—conju-
gated anti-mouse IgM (SouthernBiotech) or IgG antibody
(SouthernBiotech). After washing, ELISA plates were reacted
with phosphatase substrate (Sigma-Aldrich), and absorbance
at 405 nm was measured on aVmax kinetic microplate reader
(Molecular Devices). For competitive ELISA, Sm/RNP-
coated ELISA plates were incubated with a mixture of re-
combinant biotinylated CD72° CTLD protein (0.5 or 1 pg/
ml) and serially diluted nonbiotinylated CD72* CTLDc/s
or CD72° CTLDc/s recombinant proteins as competitors.
The bound biotinylated CD72° CTLD proteins were de-
tected by alkaline phosphatase—conjugated streptavidin (BD).
Total mouse IgM and IgG in mouse sera were determined by
standard sandwich ELISA.

SPR measurements

SPR analysis was done using a BIAcore T100 system (GE
Healthcare). 14 pM CD72° CTLDc¢/s and 15 uM CD72°¢
CTLDc/s recombinant proteins in 10 mM 2-(N-mor-
pholino) ethanesulfonic acid, pH 6.0, were covalently immo-
bilized on a CM5 sensor chip (GE Healthcare) to the level of
more than 5,000 resonance units by amine coupling methods
using a standard amine coupling kit (GE Healthcare). A con-
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trol surface was prepared by activating and blocking a CM5
sensor tip with 1 M ethanolamine without protein. Various
concentrations of Sm/RNP were injected over sensor chips
at a flow rate of 30 ul/min. An association step of 120 s was
followed by a dissociation step of 120 s. Responses to Sm/
RINP were corrected by the responses with a control surface
and those from a buffer only injection. Data were analyzed
by BIAcore T100 Evaluation software (version 2.0.2; GE
Healthcare) using a 1:1 binding model.

Cell culture

Mouse spleen B cells were prepared as described previously
(Nomura et al., 1996). Cells were labeled with 2 pM CFSE
(Molecular Probes) for 10 min. 2 X 10° CFSE-labeled cells
were cultured in 200 pl RPMI 1640 medium (Wako Pure
Chemical Industries) supplemented with 10% FCS (Nichirei
Biosciences), 50 uM 2-mercaptoethanol (Sigma), and 1% pen-
icillin/streptomycin (Nacalai Tesque) in a 96-well plate with
F(ab’), fragments of goat anti-mouse IgM antibody (Jack-
son ImmunoR esearch Laboratories, Inc.), NP-BSA, NP-Sm/
RNP, imiquimod (InvivoGen), or LPS (Sigma-Aldrich). After
48 or 72 h, cells were analyzed by flow cytometry using
FACS Verse flow cytometer (BD). For endocytosis assay, cells
were incubated with 1 pg/ml NP-BSA or NP-Sm/RNP on
ice for 30 min. After washing, 2 X 10° cells in 100 pl complete
culture medium were incubated at 37°C for various time.The
reaction was terminated by addition of ice-cold PBS contain-
ing 2% FCS. Cells were stained with biotinylated anti-NP
antibody (C6; a gift from Y. Takahashi, National Institute of
Infectious Diseases, Tokyo, Japan) together with Alexa Fluor
647—conjugated streptavidin (Molecular Probes) and analyzed
by FACS Verse flow cytometer (BD).

Measurement of intracellular Ca®* concentration

2 X 10° cells were incubated with 5 pg/ml Fluo-4/AM (Invi-
trogen) for 30 min. After washing, cells were stimulated with
NP-BSA or NP-Sm/RNP. Fluo-4 fluorescence was mea-
sured continuously using a FACS Calibur cell analyzer (BD).
Data were analyzed by FlowJo (Tree Star).

Immunoprecipitation and Western blotting

BAL17-9T13 cells were generated by introducing cDNAs
encoding heavy and light chains of anti-NP antibody 9T13
(Furukawa et al., 1999) into the B cell line BAL17 (a gift
from K. Takatsu, University of Tokyo, Tokyo, Japan). My-
coplasma contamination was not tested. Cells were stimu-
lated with 5 pg/ml NP-BSA, 5 pg/ml NP-Sm/RNP, or a
combination of 5 pg/ml NP-BSA and 5 pg/ml Sm/RNP
and lysed in Triton X-100 lysis buffer (1% Triton X-100,
10% glycerol, 150 mM sodium chloride, 20 mM Tris-HCI,
2 mM EDTA, 0.02% sodium azide, 10 pg/ml PMSE, and
1 mM sodium orthovanadate). Lysates were immunopre-
cipitated with anti-CD72 antibody K10.6 (a gift from N.
Tada, Tokai University, Tokyo, Japan;Tada et al., 1981) using
protein G—sepharose (GE Healthcare). Immunoprecipitates
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were separated by SDS-PAGE and transferred to polyvi-
nylidene fluoride membranes (EMD Millipore). Membranes
were incubated with anti-phosphotyrosine antibody pTyr102
(Cell Signaling Technology) together with HR P-conjugated
rabbit anti-mouse IgG1 (SouthernBiotech) and rabbit an-
ti-CD72 antibody (Santa Cruz Biotechnology, Inc.), fol-
lowed by incubation with HRP-conjugated anti—rabbit
IgG (Invitrogen). Alternatively, membranes were incubated
with rabbit anti-mouse CD72 (Santa Cruz Biotechnology,
Inc.) or rabbit anti-SHP-1 antibody (Santa Cruz Biotech-
nology, Inc.) followed by reaction with HRP-conjugated
anti—rabbit IgG (Invitrogen). Proteins were then visualized
using Chemi-Lumi One L (Nacalai Tesque). The inten-
sity of protein bands was quantified using ImageQuant TL
software (GE Healthcare).

Crystallization and structure analyses

Crystals of CD72" CTLD were obtained with the hang-
ing-drop vapor-diftusion method at 20°C by mixing 1 ul of
protein solution with 1 pl of reservoir solution containing
100 mM imidazole, pH 6.5, 1 M sodium acetate trihydrate,
and 10 mM hexamine cobalt (III) chloride. Well-shaped
hexagonal rod-like crystals grew within 7 d to a maximum
length of 0.6 mm. Before data collection, the crystals were
soaked in a solution containing 20% (vol/vol) glycerol and
crystallization reagents and flash cooled under a nitrogen
gas stream at 95 K. X-ray diffraction experiments were
performed at beamlines BL-5A, BL-17A, and NW12A in
KEK-PF and BL26B1 and BL38B1 in SPring-8. The data
were processed and scaled using HKL2000 (Otwinowski
and Minor, 1997) and truncated by the CCP4 program
suite (Winn et al., 2011). Initial phases were obtained by
molecular replacement using PHASER (McCoy et al.,
2007) with the structure of human CD69 (PDB accession
no. 1FM5; Natarajan et al., 2000) as a search model. Several
cycles of manual model rebuilding and refinement were
performed by using COOT (Emsley et al., 2010), REF
MAC (Murshudov et al., 2011), and PHENIX (Adams
et al., 2010). The refined models were validated by the
program MOLPROBITY (Chen et al., 2010). The statis-
tics for data collection and refinement are summarized in
Table 1. The protein homology model was built by SWI
SS-MODEL Workspace (Biasini et al., 2014). All structural
illustrations were prepared with the program PYMOL.
Structure-based amino acid sequence alignments (Fig. 3 G)
were prepared using the sequences of the CTLDs of mouse
CD72%, mouse CD72° (Tung et al., 1986; Robinson et al.,
1992; Powell et al., 1995), human CD72 (Von Hoegen et
al., 1990), human CD69 (Natarajan et al., 2000), mouse
dectin-1 (Brown et al., 2007), human CD94 (Boyington
et al., 1999), human DC-SIGN (Feinberg et al., 2001),
and human EMBP (Swaminathan et al., 2005). Structural
comparison of CD72* and other CTLDs were done using
crystal structures of human CD69 (Natarajan et al., 2000),
mouse dectin-1 (Brown et al., 2007), human CD9%4 (Boy-
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Table 1. Data collection and refinement statistics for x-ray crystal-

lographic analysis

Statistics CD72% CTLD
Data collection

Wavelength (A) 0.9800

Space group P,

Unit-cell parameters A
Resolution (A)
No. of observations

a=655;c=61.2
50-1.20 (1.22-1.20)°
510,694

No. of unique reflections 46,533
Completeness (%) 99.8 (100)
Average I[o(]) 42.8 (4.1)
Redundancy 11.0 (10.6)
Reym"” (%) 8.7 (79.4)
Refinement

Re (%) 12.8

Reree” (%%0) 14.8
Number of atoms

Protein 1,003
Heterogen 10

Water 170
Average B factor (A?) 18.0
Root-mean-square deviation from ideal

Bonds (A) 0.008
Angles (°) 1.21
Ramachandran plot

Favored region (%) 97.4
Allowed region (%) 2.6
Outlier region (%) 0

“Values in parentheses are for the highest-resolution shell.

Rym = XXi|I(h) = I(h)| /S2;1(h), where I(h) is the mean intensity after rejection.

‘R = X|F, - F|/X|Fol, where F, is the observed structure factor amplitude and F. is the
calculated structure factor amplitude.

“Reee is the same as R but was calculated using a random set containing 5% of the data that
were excluded during refinement.

ington et al., 1999), human DC-SIGN (Feinberg et al.,
2001), and human EMBP (Swaminathan et al., 2005).

Cation exchange column chromatography

0.5 mg CD72" and 0.06 mg CD72° CTLD proteins in 4 ml
50 mM Tris-HCI, pH 8.5, were applied onto a 5-ml cation ex-
change column (HiTrap SP HP; GE Healthcare) equilibrated
with the same buffer. The proteins were eluted with the linear
gradient from 0 to 1 M NaCl within 10-column volumes.

Statistical analysis

Data of in vitro experiments were analyzed by unpaired
two-tailed Student’s ¢ tests after equality of variance was
determined by an F test. Analysis was done using PRISM
(GraphPad Software). Data of in vivo immunization were an-
alyzed by nonparametrical Brunner-Munzel test that allows
for unequal variances using the R software. P-values <0.05
were regarded as statistically significant.

Data access

Coordinates and structure factors have been deposited in
PDB under accession no. 5B1R.
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