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Although SIGN-R1-mediated complement activation pathway has been shown to enhance the systemic
clearance of apoptotic cells, the role of SIGN-R1 in the clearance of radiation-induced apoptotic cells has
not been characterized and was investigated in this study. Our data indicated that whole-body fy-irra-
diation of mice increased caspase-3" apoptotic lymphocyte numbers in secondary lymphoid organs.
Following y-irradiation, SIGN-R1 and complements (C4 and C3) were simultaneously increased only in

Key W(gdst{ the mice spleen tissue among the assessed tissues. In particular, C3 was exclusively activated in the
X_l(r)riol;;m spleen. The delayed clearance of apoptotic cells was markedly prevalent in the spleen and liver of SIGN-
Sllz‘.l\ll)—Rl R1 KO mice, followed by a significant increase of CD11b" cells. These results indicate that SIGN-R1 and

complement factors play an important role in the systemic clearance of radiation-induced apoptotic
innate immune cells to maintain tissue homeostasis after y-irradiation.
© 2015 Elsevier Inc. All rights reserved.

Complement
Systemic clearance

1. Introduction of apoptotic cells have been linked with various inflammatory
diseases and autoimmune diseases such as atherosclerosis, sys-

Billions of cells undergo apoptosis as a part of physiological temic lupus erythematosus, and rheumatoid arthritis [2—4].

homeostasis (50 ~ 70 x 10%/each day) and are rapidly removed by
professional phagocytes in higher organisms [ 1]. Delayed clearance
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Therefore, the rapid clearance of apoptotic cells by phagocytes is
important for maintaining tissue homeostasis and for promoting an
anti-inflammatory response in an effort to prevent an immune
response against self-antigens [5].

In higher organisms, complements, such as C1q and mannose
binding lectin, directly bind to apoptotic cells and mediate the
opsonization of C3 on apoptotic cells [6]. In addition, professional
phagocytes, such as macrophages and immature DCs, efficiently
remove billions of apoptotic cells that are generated as a part of
physiological homeostasis [ 7]. Transmembrane pattern-recognition
receptors, including specific intercellular adhesion molecule-3-
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grabbing nonintegrin-related gene 1 (SIGN-R1), are involved in the
clearance of apoptotic cells [8]. SIGN-R1, a murine homolog of
human dendritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin (DC-SIGN), has been shown to bind to Clq
on splenic marginal zone (MZ) macrophages and also enhance C3
deposition on apoptotic cells for promoting systemic apoptotic cell
clearance [8].

Over the last century, ionizing radiation has been used for
treating a variety of human cancers [9]. Although the aim of
radiotherapy is to induce apoptotic and non-apoptotic cell death in
cancer cells, radiotherapy inadvertently also results in the damage
of normal tissues [10]. Lymphoid organs, such as the lymph nodes,
thymus, and spleen, are highly radiation-sensitive [11]. Thus, ra-
diation treatment can functionally alter the immune system and
break self-tolerance against apoptotic cells, causing various organ-
specific autoimmune diseases such as gastritis, thyroiditis, and
orchitis [12]. Although apoptotic lymphocytes are rapidly cleared
from the radiation field under physiological conditions [11], the
mechanisms involved in the clearance of radiation-induced
apoptotic cells remain largely unknown.

Here, we investigated the role of SIGN-R1 and complements in
the systemic clearance of radiation-induced apoptotic cells in vivo
and assessed the detailed clearance mechanism of radiation-
induced apoptotic cells.

2. Materials and methods
2.1. Mice, cells, and reagents

C57BL/6 mice were purchased from B&K Universal Limited
(Hull, England). SIGN-R1 KO mice were kindly provided by The
Consortium for Functional Glycomics (CFG, http://www.
functionalglycomics.org). To obtain C3-depleted mice, control
mice were injected intraperitoneally with 60 U/kg of cobra venom
factor (CVF) 1 day prior to the experimental challenge. All protocols
for the animal studies were approved by the Institutional Animal
Care and Use Committee (IACUC) of Konkuk University (Permit
Number: KU11107). Mouse lymphocytic leukemia cells (L1210)
were cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum and antibiotics. The following materials were pur-
chased: Carboxyfluorescein succinimidyl ester (CFSE; Molecular
Probes/LifeTechnologies), Tissue-Tek OCT compound (Sakura Fine-
tek Japan Co., Japan), CVF (Quidel Corporation, USA), Annexin-V
(Phoenix Flow System), and Apoptag® (S7110; Millipore, Billerica,
MA).

2.2. Antibodies and microscopy

Rabbit polyclonal antibody (PAb-C13) and hamster monoclonal
antibody against SIGN-R1 (22D1) were obtained as described pre-
viously [13,14] The following antibodies were purchased: Anti-
human Clq (Abcam), anti-mouse C3 (ICN Pharmaceuticals),
mouse C4 (ICN Pharmaceuticals), anti-activated caspase-3 (Cell
Signaling), anti-SER-4, anti-CD45R (B220), anti-TCRp, anti-F4/80
and anti-CD11b (BD Biosciences Pharmingen). As secondary re-
agents, we used HRP-, FITC-, or phycoerythrin-conjugated immu-
noglobulins (Jackson ImmunoResearch Laboratories). Following
whole-body y-irradiation or after intravenously injecting
apoptotic cells in mice, mouse tissues were snap frozen in OCT
compound. After fixing with cold acetone, 10 pm of the cry-
osections of the tissues were cut at —20 °C and immunolabeled as
described below (see Section 2.4) using the various antibodies
(antibodies enlisted in Section 2.2) and analyzed using a fluores-
cence deconvolution microscope (Olympus Corporation, USA).

2.3. Irradiation and generation of apoptotic cells

Mice or cells received y-irradiation using a >’Cs y-ray source
(Atomic Energy of Canada, Ltd., Ontario, Canada) at a dose rate of
3.2 Gy/min. Mice were sacrificed at 6 or 24 h and cryosections of
tissues were prepared and then immunostained. L1210 mouse
lymphoblast cells were exposed to 10 Gy of y-irradiation and
incubated for 5 days to induce apoptosis, which induced
apoptosis in 30% of the treated lymphoblast cells. A single-cell
thymocyte suspension (107 cells/ml of RPMI-1640 medium),
which was prepared with cells obtained from freshly isolated
thymus, was incubated with 3 mM dexamethasone and incu-
bated overnight to induce apoptosis, which induced apoptosis
in 70% of the treated thymocytes. Apoptosis induction for cells
was confirmed by conducting FACS analysis, which was per-
formed by staining the cells with Annexin-V and PI by following
manufacturer's protocols. Apoptosis induction for tissues was
confirmed by TUNEL assay following the manufacturer's
protocols.

2.4. Immunoblot analysis

Tissues were lysed in NP-40 buffer [10% Glycerol, 50 mM HEPES
(pH 7.4),150 mM Nacl, 2 mM CaCl,, 1% NP-40, and 1 mM PMSF that
was supplemented with protease inhibitor cocktail (Sigma-
—Aldrich, St. Louis, MO). Each lysed sample was mixed with an
equal volume of 5x sodium dodecyl sulfate (SDS) sample buffer
with 5% of mercaptoethanol and boiled at 100 °C for 10 min. The
proteins in the lysates were separated using SDS/PAGE gel elec-
trophoresis. The resolved proteins on each gel were transferred
onto a PVDF membrane, which was then incubated with a primary
antibody solution. The PVDF membranes were then washed three
times using a wash buffer. Antibody-reactive bands on the blots
were visualized by incubating the membrane with peroxidase-
labeled secondary antibodies followed by treatment with West-
ZOL plus (Intron). Signal was detected by using LAS-4200 (Fuji
film). Signal quantification was performed with Image] 1.47f (NIH)
on unprocessed image sections.

3. Results

3.1. y-irradiation induces apoptosis in lymphocytes, but not in
macrophages, in the secondary lymphoid organs

Twenty-four hours after administering whole-body y-irradi-
ation (6.0 Gy), the C57BL/6 mice were sacrificed and cryosections
of spleen, lymph nodes and thymus were prepared and then
immunostained for SIGN-R1 along with either B220 (a marker of
B cells) or TCRP (a marker of T cells). Administration of whole-
body y-irradiation decreased both T- and B lymphocytes in the
examined tissues (Fig. 1A). To characterize the underlying
mechanisms involved in lowering the lymphocyte numbers,
spleen sections obtained 6 h or 24 h post-irradiation were
immunostained for detecting caspase-3 (a marker of early
apoptotic cells) and SIGN-R1 (Fig. 1B). Caspase-3+ cells were
remarkably increased in the white pulp (WP) within 6 h after
irradiation, indicating that apoptosis was initiated immediately
after irradiation (Fig. 1B). To further characterize the caspase-3
positive cells, the spleen sections were immunostained by us-
ing antibodies against caspase-3 and SIGN-R1 along with either
B220 or TCRP (Fig. 1B). Most of the B cells and a small population
of T cells in the WP were caspase-3 positive (Fig. 1C), indicating
that apoptosis is the primary reason for the disappearance of
lymphocytes in the WP.
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Fig. 1. The effects of whole-body y-irradiation on lymphocytes and macrophages in secondary lymphoid organs. C57BL/6 mice were administered single whole-body y-irradiation
(6.0 Gy) at a dose rate of 3.2 Gy/min. Non-irradiated mice were used as control. (A) Twenty 4 h after y-irradiation, the cryosections of spleen, lymph nodes, and thymus from control
and y-irradiated mice were immunostained for SIGN-R1 (green) along with either B220 (red, a marker of B cells) or TCRf (red, a marker of T cells). (B) After 6 h or 24 h post-
irradiation, the cryosections of spleens from control and y-irradiated mice were immunostained for evaluating the expression of SIGN-R1 (green) and caspase-3 (red, a marker
of early apoptotic cells). (C) After 6 h post-irradiation, the cryosections of spleens from control and y-irradiated mice were immunostained for detecting SIGN-R1 (blue), caspase-3
(green), and B220 or TCRP (red). The representative areas of the white pulp were enlarged in below in-boxes.

3.2. Radiation-induced apoptotic cells increase and activate SIGN-
R1 in the spleen

To examine whether SIGN-R1 expression in the secondary
lymphoid organ tissues is altered after administration of whole-
body vy-irradiation, cryosections of spleen and lymph nodes of
irradiated mice were obtained 6 h or 24 h post-irradiation and
immunostained with antibodies against SIGN-R1. The increased
expression of SIGN-R1 was distinctly apparent in splenic MZ after
6 h following irradiation and in the lymph node medullar region
after 24 h following irradiation (Fig. 2A). To confirm these results
quantitatively, spleen and lymph node tissues shown in Fig. 2A
were used to perform immunoblotting for SIGN-R1. The data
indicated that there was increased SIGN-R1 expression at 6 h or
24 h in spleen or lymph node tissues, respectively (Fig. 2B).

To examine the role of early increased expression of SIGN-R1 in
the spleen after 6 h post-irradiation, spleen cryosections shown in
Fig. 2A (panels in 1st and 2nd columns) were immunostained for
evaluating the prevalence of apoptotic cells and for assessing SIGN-
R1 expression. Apoptotic cell numbers were significantly increased
in the entire tissue section of the spleen that was assessed (Fig 2C).
Notably, the number of apoptotic cells in the WP was higher than
that in the RP (Fig 2C). The SIGN-R1* macrophages in the splenic
MZ were significantly enlarged and mediated the uptake of a large
number of apoptotic cells (Fig. 2C). This finding was consistent with
that of a previous study, which showed that macrophages from
mice that were administered whole-body fy-irradiation had

enlarged and developed membrane ruffling [15]. To confirm that
SIGN-R1" macrophages were responsible for the uptake of the
radiation-induced apoptotic cells, CFSE-labeled radiation-induced
apoptotic L1210 cells were intravenously injected into mice for 1 h
and the splenic cryosections were immunostained for detecting
SIGN-R1 and SER-4. Although most of SER-4™ macrophages showed
the uptake of a few apoptotic cells, all of SIGN-R1" macrophages in
the splenic MZ performed efficient uptake of apoptotic L1210 cells
and primarily mediated uptake of the large aggregates of apoptotic
cells (Fig. 2D).

3.3. y-irradiation simultaneously increases complement C4 and C3
levels only in the spleen, leading to C3 activation

To assess whether y-irradiation increases complement levels
in vivo, the levels of C4 and C3 were evaluated by performing
immunoblot staining of the secondary lymphoid organ tissues
(Fig. 2B). Previous studies have demonstrated that C4 is cleaved into
C4a and C4b during its activation [16] and C4b migrates as 3 major
bands [sized 94—96 kDa («.C4), 72—77 kDa (BC4), and 32—35 kDa
(vC4)] on western blots [17]. After 6 h post-irradiation, yC4 was
increased only in the spleen and was not elevated in lymph node,
thymus, and liver (Fig. 3A). The increase of C3 was monitored by
performing immunoblot analysis of the same tissues by using
polyclonal anti-C3 antibody (Fig. 3A). This antibody dominantly
recognizes the two major components of native C3 («C3 and BC3),
as well as the fragments of aC3 (70 kDa iC3b fragment and 43 kDa
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Fig. 2. The effect of whole-body y-irradiation on the expression of SIGN-R1 and the activation of SIGN-R1* macrophages in the spleen. C57BL/6 mice were administered whole-
body y-irradiation (6.0 Gy) at a dose rate of 3.2 Gy/min. Non-irradiated mice were used as control. (A) After 6 h or 24 h post-irradiation, the cryosections of spleen from control or y-
irradiated mice were immunostained for SIGN-R1 (green). (B) After 6 h or 24 h post-irradiation, the tissue lysates of spleen and lymph nodes from control or y-irradiated mice were
immunoblotted for SIGN-R1. (C) After 6 h post-irradiation, the cryosections of spleens from control or y-irradiated mice were immunostained for SIGN-R1 (red) and the apoptotic
cells (green) were visualized with TUNEL assay. (D) After L1210 cells were exposed to 10 Gy of y-irradiation and incubated for 5 days, radiation-induced apoptotic L1210 cells were
labeled with 5 mM of CFSE (green) for 1 h at 37 °C and intravenously injected into mice. After 1 h, the spleen cryosections were obtained and immunostained for SIGN-R1 (blue) and
SER-4 (red). The representative area of the splenic MZ was enlarged in the below in-boxes with separate colors.

iC3b fragment) [18]. C3 level was rapidly increased in the spleen
than in lymph node, thymus, and liver after 6 h post-irradiation
(Fig. 3B).

Next, the activation of C3 was monitored by performing
immunoblot analysis of the tissues (Fig. 3A). The generation ratio of
43 kDa iC3b fragment, a marker of C3 activation, was also analyzed.
Previous studies have shown that after complement system is
activated, «C3 and the 70 kDa iC3b fragments are degraded and
43 kDa iC3b is then accumulated without fC3 accrual [18,19]. Our
data showed that the generation of 43 kDa iC3b was most signifi-
cant in the spleen, and was either present at low levels or absent in
other tissues (Fig. 3C). Thus, C3 activation predominantly occurred
in spleen following y-irradiation.

3.4. SIGN-R1 may mediate the systemic clearance of radiation-
induced apoptotic cells in vivo

SIGN-R1 first mediates the early recognition and uptake of
apoptotic cells in the splenic MZ, followed by participation in sys-
temic recognition and clearance of apoptotic cells in the SIGN-R1-

deficient liver through the complement deposition pathway [18].
Therefore, in this study, the role of SIGN-R1 in the systemic clear-
ance of radiation-induced apoptotic cells was examined in spleen
and liver tissues. Twenty four hours after the control mice and
SIGN-R1 KO mice were exposed to 6.0 Gy of y-irradiation, the
clearance of apoptotic cells in the spleen and liver of both mice was
compared by performing immunostaining of spleen and liver cry-
osections for visualizing apoptotic cells and SER-4 positive cells to
designate the splenic MZ. The remnant apoptotic cells were much
higher in the WP and RP of the SIGN-R1 KO spleen than in both
splenic regions of the control mice (Fig. 4A). Similarly, the remnant
apoptotic cells in the liver were also much higher in the SIGN-R1 KO
mice than in the control mice and these results were quantitatively
confirmed using several liver sections of both control and SIGN-R1
KO mice (Fig. 4B). Thus, SIGN-R1 mediates the systemic clearance of
radiation-induced apoptotic cells in the spleen and liver.

CD11b™ cells are one of the major scavenger cells that remove
apoptotic cells in vivo [20]. Therefore, we examined whether the
delayed clearance of radiation-induced apoptotic cells resulted in
the recruitment of CD11b™ cells in both spleen and liver of SIGN-R1
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Fig. 3. The effects of whole-body y-irradiation on the expression of complements and on the activation of complement in spleen. C57BL/6 mice were administered single whole-
body y-irradiation (6.0 Gy) at a dose rate of 3.2 Gy/min. Non-irradiated mice were used as control. (A) After 6 h or 24 h post-irradiation, the tissue lysates of spleen, lymph nodes,
thymus, and liver from control and y-irradiated mice were used for performing immunoblot analysis for evaluating the expression of complement C4. (B) As shown in Fig. 3A, but
the tissue lysates were used to perform immunoblot analysis for detecting complement C3 expression. GAPDH expression was used as loading control for blots shown in both (3A)
and (3B). (C) As shown in Fig. 3B, but the basal level of 43 kDa iC3b was normalized and the quantity of the generated 43 kDa iC3b was compared among tissues.

KO mice. The tissue cryosections that were immunostained for
CD11b and SER-4 showed that considerably higher numbers of
CD11b™ cells were recruited in the RP and WP regions of the SIGN-
R1 KO mice spleens than in the corresponding spleen regions of the
control mice (Fig. 4C). In addition, the numbers of CD11b™ cells
were remarkably increased in the liver of SIGN-R1 KO mice as
compared to the negligibly small numbers of the liver of control
mice (Fig. 4D). This finding was also quantitatively confirmed by
analyzing several liver sections of SIGN-R1 KO and control mice.

4. Discussion

In agreement with previous reports [15,21], our data also indi-
cated that lymphocytes in the secondary lymphoid organs were the
most vulnerable to irradiation and that the lymphocytes under-
went apoptosis within 24 h after administration of whole-body vy-
irradiation (Fig. 1). Recently, it was reported that SIGN-R1" mac-
rophages in the splenic MZ mediate the systemic clearance of
circulating apoptotic cells through the complement deposition
pathway [18]. Therefore, it could be expected that SIGN-R1 also
mediates a systemic clearance for radiation-induced apoptotic cells
in vivo. Expectedly, our data showed that SIGN-R1 deficiency
caused delayed clearance of apoptotic cells in the spleen and liver of
SIGN-R1 KO mice that were assessed 24 h post-irradiation (Fig. 4A
and B). In addition, 24 h post-irradiation, the numbers of CD11b™
cells in both spleen and liver of SIGN-R1 KO mice were higher than
those in the spleen and liver of control mice (Fig. 4C and D),
especially showing the noticeable increase of CD11b™ cells in the
WP of SIGN-R1 KO mice (Fig. 4C). These results provide a strong
indication that SIGN-R1" macrophages play an important role in
the systemic clearance of radiation-induced apoptotic cells in vivo
and the increased numbers of CD11b" cells into the white pulp of
SIGN-R1 KO mice is likely to compensate the delayed clearance of
apoptotic cells in the absence of SIGN-R1.

Previous studies have demonstrated that after 4—6 h post-
irradiation, there was a transient and rapid increase in the syn-
thesis of proteins, including complements such as C4, C3, and
other complement factors [22,23]. In agreement with the previ-
ous findings, our data indicated that single-dose whole-body -
irradiation (6 Gy) rapidly increased complements such as C4 and
C3 (Fig. 3A and B). In particular, simultaneous increase of C3 and
C4 was only observed in the spleen after y-irradiation adminis-
tration (Fig. 3). These data strongly indicate that C4-involved
complement pathways are predominantly activated in the
spleen. This finding was further supported by the data demon-
strating the evident activation of C3 only in the spleen after y-
irradiation, but not in other tissues such as lymph nodes, thymus,
and liver (Fig. 3C).

Furthermore, apoptotic cells are abruptly increased after y-
irradiation in the secondary lymphoid organs (Fig. 1). Previous
studies have shown that complement activation has direct effects
on the recognition and clearance of radiation-induced apoptotic
cells [15] and that the opsonization of apoptotic cells followed by
the activation of complement pathways enhances the clearance of
apoptotic cells [18]. SIGN-R1 has also been shown to dominantly
activate the classical complement pathway for the clearance of
apoptotic cells [18]. Therefore, the primary increase of complement
C4 and C3 (Fig. 3A and B) along with the increase of SIGN-R1 and
the activation of SIGN-R1™ macrophages, especially in the splenic
MZ (Fig. 2), provides the optimal condition for SIGN-R1 to rapidly
mediates the systemic clearance of a number of apoptotic cells in
the spleen (Fig. 4A).

In conclusion, this study elucidated the integral role of SIGN-R1
and complements in the clearance of radiation-induced apoptotic
cells. Furthermore, the findings of this study provided an insight
into the role of homologous human C-type lectins, such as DC-SIGN
and liver/lymph node-specific-SIGN (L-SIGN, DC-SIGN-R; CD209L),
in radiation-induced apoptotic cell clearance.
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The numbers of apoptotic cells were counted using 7 adjacent liver cryosections of control and SIGN-R1 KO mice and the average apoptotic cell numbers was also calculated (right
panel). (C) The splenic cryosections obtained from control and SIGN-R1 KO mice were immunostained for CD11b (red). (D) Representative images of CD11b" cells (red) in liver
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