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Abstract

Patten recognition receptors, which recognize pathogens or components of injured cells (danger), 

trigger activation of the innate immune system. Whether and how the host distinguishes between 

danger- versus pathogen-associated molecular patterns remains unresolved. We report that CD24-

deficient mice exhibit increased susceptibility to danger- but not pathogen-associated molecular 

patterns. CD24 associates with high mobility group box 1 (HMGB1), heat shock protein 70 

(HSP70) and heat shock protein 90 (HSP90), negatively regulates their stimulatory activity and 

inhibits nuclear factor-kappa B (NF-κB) activation. This occurs at least in part through CD24 

association with Siglec-10 in humans or Siglec-G in mice. Our results reveal that the CD24-Siglec 

G pathway protects the host against a lethal response to pathological cell death and discriminates 

danger- versus pathogen-associated molecular patterns.

Pathogen-associated molecular patterns (PAMPs) interact with Toll-like receptors (TLR) on 

innate immune cells to initiate protective immune responses (1-3). Danger-associated 

molecular patterns (DAMPs) (4), which are intracellular components such as HMGB1, 

HSP70, HSP90 and cellular RNA released during cellular injury, also induce TLR-

dependent inflammatory responses (5-8). Whether the host is able to discriminate between 

DAMPs and PAMPs is not clear.

We used an acetaminophen (AAP)-induced liver necrosis model (9) to identify genes that 

regulate the innate immune response resulting from tissue injury. A sublethal dose of AAP 

(10 mg/mouse), which is tolerated by wild-type (WT) mice, caused rapid death of CD24-

deficient (CD24-/-) mice within 20 hours (Fig. 1A). We then tested whether CD24 regulated 

the inflammatory response to AAP-induced liver injury because CD24 is expressed on liver 

oval cells and hematopoeitic cells, but not hepatocytes (10). Indeed, we detected a massive 
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increase in the inflammatory cytokines interleukin-6 (IL-6), monocyte chemotactic protein-1 

(MCP-1) and tumor necrosis factor-alpha (TNF-α) after AAP treatment (Fig. 1B). This was 

accompanied by increased amounts of serum alanine transaminase (ALT), which is 

indicative of liver damage (Fig. 1C), and liver hemorrhage and necrosis (Fig. 1D). These 

observations revealed that CD24 protects against AAP-induced hepatoxicity, most likely by 

regulating the inflammatory response.

CD24 is a small glycosyl-phosphoinositol-anchored protein that is able to provide 

costimulatory signals to T cells and has been implicated in the development of autoimmune 

disease (11-15). We set out to identify proteins that associate with CD24 because none of 

the known CD24 ligands provided insight into its protective effect in our liver injury model. 

We focused on proteins whose interactions can be disrupted by the cation chelator, EDTA, 

because more than 90% of the mass of CD24 is estimated to be derived from glycosylation 

(12), and because protein-polysaccharide interactions largely depend on cations. Briefly, we 

immunoprecipitated CD24 and its associated proteins from lysates of mouse splenocytes. 

The proteins eluted by EDTA were subjected to high throughput mass spectrometry analysis 

and SDS-PAGE. HMGB1, a prototypical DAMP molecule that activates the immune 

response following tissue damage (16), was among the most prominent proteins that we 

identified (Fig. 2A and table S1). HMGB1 coimmunoprecipitated with CD24 and this 

interaction was specific (Fig. 2B and C). A recombinant CD24-Fc fusion protein specifically 

coimmunoprecipitated recombinant HMGB1, demonstrating that the interaction between 

CD24 and HMGB1 was direct (Fig. 2D).

To determine whether the hypersensitivity to AAP observed in CD24-/- mice was the result 

of an enhanced immune response to HMGB1, we injected AAP-treated mice with antibodies 

to HMGB1 (fig. S1). In one representative experiment, blockade of HMGB1 rescued 87.5% 

of the mice that received AAP (Fig. 2E). Treated mice exhibited decreased ALT abundance, 

indicating reduced hepatocyte destruction (Fig. 2F). The production of IL-6, MCP-1 and 

TNF-α were also greatly reduced (Fig. 2G). Thus, CD24 protects against AAP-induced 

lethal hepatoxicity by dampening the immune response against HMGB1.

HMGB1 can be divided into two domains: an inhibitory A box and a stimulatory B box (17). 

To determine whether CD24 inhibits HMGB1 by binding to the inhibitory A box, we 

produced deletion mutants lacking either the A box or the B box. CD24-Fc 

immunoprecipitated full-length HMGB1 and the box B-containing mutant, but not the box 

A-containing mutant (fig. S2). Thus, inhibition of HMGB1 by CD24 does not require direct 

interaction with box A.

CD24 has no known mechanism for signal transduction. In order to understand how CD24 

negatively regulates HMGB1, we searched for a potential CD24 receptor that may transduce 

signals downstream of CD24. We were particularly interested in sialic acid-binding Ig-like 

lectins (Siglecs), which are cell surface receptors of the immunoglobulin super-family that 

recognize sialic acid-containing proteins (18). Siglecs are primarily expressed by cells of 

hematopoietic origin (18). Most Siglecs are considered to be negative regulators of the 

immune system because they contain one or more cytosolic immune receptor tyrosine-based 

inhibitory motifs (ITIMs) (18). To determine whether CD24 interacts with Siglecs, we 
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incubated splenocytes on plates coated with the recombinant extracellular domains of ITIM-

containing Siglec-5, -7, -10 or -11. Siglec-10, but not Siglecs -5, -7 or -11, bound to CD24 

(Fig. 3A). Flow cytometic analysis indicated that CD24 is the primary receptor for Siglec-10 

because WT but not CD24-/- splenocytes showed detectable binding to soluble Siglec-10-Fc 

(Fig. 3B). Furthermore, in COS cells, FLAG-tagged Siglec-10 coimmunoprecipitated with 

Siglec-10-Fc whereas the inactivating R119A mutation of Siglec-10 (analogous to the R97A 

in sialoadhesin (19)), abrogated the interaction (Fig. 3C).

We hypothesized that CD24, Siglec-10 and HMGB1 might form a tri-molecular complex 

because CD24 can interact with both HMGB1 and Siglec-10. Indeed, Siglec-10-Fc was able 

to immunoprecipitate HMGB1 from lysates of WT but not CD24-/- splenocytes (Fig. 3D), 

indicating that their interaction was strictly dependent on CD24 expression.

The likely murine homologue of Siglec-10 is Siglec-G (18). We prepared anti-Siglec-G anti-

sera by immunizing Siglecg-/- mice (20) with WT spleen cells (fig. S3). Using this antisera, 

Siglec-G coimmunoprecipitated CD24 (Fig. 3E). CD24-Fc showed stronger binding to WT 

splenocytes in comparison to Siglecg-/- splenocytes, indicating that Siglec-G contributed to 

CD24-Fc binding; however, consistent with previous reports of multiple CD24 receptors 

(12), Siglec-G-deficiency did not abrogate CD24-Fc splenocyte binding (fig. S4). We next 

determined if the absence of Siglec-G would also convey hypersensitivity to AAP. Indeed, 

only 25% of Siglecg-/- mice survived a sublethal dose of AAP (Fig. 3F). The enhanced 

susceptibility was accompanied by increased release of ALT (Fig. 3G), liver necrosis and 

hemorrhage (Fig. 3H), as well as increased amounts of inflammatory cytokines in the blood 

(Fig. 3I). To test whether the enhanced liver toxicity was mediated by HMGB1, we treated 

Siglecg-/- mice with antibodies to HMGB1. Inhibition of HMGB1 prevented mortality in 

90% of AAP-treated Siglecg-/- mice (Fig. 3J). Serum ALT and inflammatory cytokines were 

also largely diminished (Fig. 3K and L).

CD24 and Siglec-10 are unlikely to function by acting directly on hepatocytes because they 

are not expressed by these cells (10, 18). Dendritic cells (DCs), however, respond to 

HMGB1 (21) and express both CD24 (22) and Siglec-G (20). To test whether DCs can 

respond to HMGB1, we cultured bone marrow-derived DCs isolated from WT, CD24-/- or 

Siglecg-/- mice and stimulated them with HMGB1 or the TLR ligands LPS or poly I:C. 

HMGB1 stimulation resulted in significantly greater production of IL-6 and TNF-α by 

CD24-/- or Siglecg-/- DC than by WT DC (Fig. 4A). In contrast, CD24 or Siglec-G-

deficiency did not affect the production of inflammatory cytokines by DCs in response to 

LPS or poly I:C (Fig. 4A).

Siglec-10 associates with the tyrosine phosphatase SHP-1, a known negative regulator of 

NF-κB activation (23). In a subpopulation of B cells that reside in the peritoneum (20), the 

absence of Siglec-G results in the constitutive activation of NF-κB. To test whether 

activation of NF-κB by HMGB1 or LPS is affected by the absence of CD24 or Siglec-G, we 

assayed the nuclear translocation of the NF-κB subunit p65 in WT, CD24-/- and Siglecg-/- 

DCs. Both LPS and to a much lesser extent, HMGB1, induced nuclear translocation of p65 

in WT DCs; however, in CD24 or Siglecg-deficient DCs, HMGB1 caused even greater 

increases in nuclear translocation of p65 than did LPS (Fig. 4B). These data suggest that the 
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CD24-Siglec-G pathway may serve to decrease the host response to DAMPs, such as 

HMGB1, but not to TLR ligands of microbial origin (PAMPs), by selective repression of 

NF-κB.

To substantiate this hypothesis, we administered a lethal dose of LPS to WT, CD24-/- or 

Siglecg-/- mice. Neither the absence of Siglec-G nor CD24 affected the kinetics of LPS-

induced lethality (Fig. 4C) or production of inflammatory cytokines (Fig. 4D). Despite an 

established contribution of HMGB1 to the late stage of sepsis (24), potential amplification 

of HMGB1 signaling by mutation of CD24 or Siglecg did not affect host survival in 

response to LPS. Therefore, CD24 and Siglec-G are selective modulators of the host 

response to HMGB1, but not to TLR ligands such as LPS, despite their potential to induce 

release of HMGB1 (24, 25).

In addition to nuclear DAMPs, such as HMGB1, DCs also respond to cytoplasmic DAMPs 

such as HSP70 and 90 by TLR-dependent mechanisms (6). To determine if the CD24-

Siglec-G pathway also regulates host responses to HSP70 and 90, we first evaluated whether 

HSP70 and 90 associate with CD24 and Siglec-G. Coimmunoprecipitations revealed that 

CD24 associates with both HSP70 and HSP90 (Fig. 4E). Similar to HMGB1, Siglec-G 

association with HSP70 and HSP90 was CD24-dependent (Fig. 4F) and CD24-/- and 

Siglecg-/- DCs produced significantly higher IL-6 and TNF-α in response to recombinant 

HSP70 and HSP90 (Fig. 4G) compared to WT DCs. These data reveal a critical role for 

CD24 and Siglec-G in negative regulation of DC response to multiple DAMPs.

Our results suggest that CD24 partners with Siglec-10 in humans or Siglec-G in mice to 

negatively regulate the immune response to proteins released by damaged cells, but not to 

ligands of microbial origin. Pattern recognition receptors such as TLRs and RAGE mediate 

activation induced by DAMP (7, 8). Our data indicate that repression of response to 

HMGB1 may be achieved by inhibition of NF-κB activation. Inhibition may be mediated by 

SHP-1. SHP-1 associates with Siglec-10 via its ITIM motif (26) and deficiency of either 

Siglec-G or SHP-1 enhances NF-κB activation (20, 23). Given the role of HMGB1 in the 

pathogenesis of a number of diseases, including drug toxicity (9) and liver and cardiac 

ischemia and reperfusion (27, 28), this pathway may uncover new targets for disease 

intervention.

Although it is well established that the host can recognize “danger” induced by damaged 

tissue (4), it is unclear whether or how an immune responses triggered by tissue damage is 

regulated. By identifying the CD24-Siglec-G pathway that selectively suppresses the 

immune response to DAMPs, our data demonstrate a mechanism by which tissue injury and 

infection are distinguished, even though they both use the evolutionally conserved TLR 

(5-8).
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Fig. 1. 
CD24 negatively regulates the immune response to AAP-induced liver injury. CD24-/- mice 

or WT mice were treated with AAP (10 mg/mouse, dissolved in H20) or vehicle control. (A) 

Survival of mice 20 hours after treatment. Numbers on graph indicate the number of viable 

over total mice used per group. All WT mice remained healthy. (B) Serum levels of IL-6, 

MCP-1 and TNF-α at 6 hours after AAP injection (mean ± SD, n = 5; *P < 0.02, **P < 

0.009; ***P < 0.002, student’s t-test). (C) ALT levels measured at 6 hours after treatment 

(mean ± SD, n = 5; ***P < 0.00004, student’s t-test). Data shown in (B) and (C) have been 

repeated 2 times. (D) Livers were isolated at 9 hours after treatment. Representative images 

(20x) of H&E staining are shown (n = 3).

Chen et al. Page 6

Science. Author manuscript; available in PMC 2009 October 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
CD24 associates with, and negatively regulates the immune response to HMGB1. (A) 

Identification of CD24-associated proteins by coimmunoprecipitation. Silver-staining of the 

SDS-PAGE gel is shown. Arrows indicate the positions of HMGB1 and nucleolin, two 

abundant CD24-associated DAMP molecules. NS: proteins that coimmunoprecipitated with 

anti-CD24 non-specifically. (B) Confirmation of CD24-HMGB1 association by Western 

blot of EDTA-disassociated proteins. (C) Reciprocal immunoprecipitations of CD24 and 

HMGB1 were performed with splenocyte lysates isolated from WT mice. (D) Direct, cation-

dependent interaction between CD24 and HMGB1. Coimmunoprecipitation of recombinant 
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HMGB1 protein with CD24-Fc fusion protein or control IgG-Fc. The requirement for 

cations was confirmed by disruption of the complex with EDTA. This experiment has been 

repeated 3 times. (E) Mice received i.v. injections with either vehicle (PBS) or mouse 

HMGB1 mAb (clone 3B1, 150 μg/mouse) 30 minutes prior to i.p. injection of AAP. 

Composite data from two independent experiments are shown (n = 8). (F) Serum ALT at 6 

hours after treatment with AAP and HMGB1 antibodies (mean ± SD, n = 5, **P < 0.005). 

(G) Serum cytokine levels at 6 hours after treatment with AAP and HMGB1 antibodies 

(mean ± SD, n = 5, *P, 0.03, **P < 0.004). Samples in (F) and (G) represent two 

independent experiments, the statistical significance determined by student’s t-test.
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Fig. 3. 
The Siglec 10/G-CD24-HMGB1 axis negatively regulates immune responses to AAP-

induced liver injury. (A) Interaction between CD24 and Siglec-Fc fusion proteins. Data 

shown are optical density and have been repeated 3 times. (B) Flow cytometric analysis of 

CD24 interaction with Siglec-10. Representative histograms of two independent 

experiments are shown. (C) COS cells were transfected with FLAG-tagged WT or mutant 

(*, R119A) Siglec-10 cDNA or a vector control. Coimmunoprecipitations were performed 

48 hours later. (D) Lysates from WT or CD24-/- splenocytes were used to 

coimmunoprecipitate Siglec-10-Fc, CD24 and HMGB1. (E) Lysates from WT and CD24-/- 

spleen cells were precipitated with either Siglec-G antibodies or control mouse Ig. The 

precipitates were probed with Siglec-G antisera and mAbs specific for CD24 and HMGB1. 

(F) Percent survival 20 hours after AAP treatment. Numbers on graph represent the number 

of surviving mice over total mice used. (G) ALT release in serum 6 hours after AAP 

treatment (mean ± SD, *P < 0.005, n=5). (H) 20x images of H&E staining of livers 

harvested 6 hours after AAP injection. (I) Cytokine production in blood measured 6 hours 

after AAP treatment (mean ± SD, n=5. *P <0.05, **P < 0.009, ***P < 0.002). (J) Survival 

of WT and Siglecg-/- mice 20 hours after treatment. (K) ALT release in the blood 6 hours 
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after treatment (mean ± SD, n = 5, *P < 0.006). (L) Cytokine release in the blood 6 hours 

after treatment (mean ± SD, n = 5, *P < 0.03, **P < 0.0006, ***P < 0.0004). (K-L) are 

representative of two independent experiments. Statistical significance was determined by 

the student’s t-test.
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Fig. 4. 
CD24 and Siglec-G negatively regulate immune responses to HMGB1, HSP70 and HSP90, 

but not to LPS and poly I:C. (A) Production of cytokines by DCs. DCs cultured from WT, 

CD24-/- or Siglecg-/- bone marrow were stimulated with LPS (100 ng/ml), polyI:C (10 

μg/ml) or increasing doses (5, 10 and 20 μg/ml) of HMGB1 for 6 hours, the supernatants 

were analyzed for the levels of inflammatory cytokines, using cytokine beads array. Data 

represents the mean ± SD for three independent cultures of DCs in each genotype and have 

been repeated at least three times. (B) BMDCs isolated from WT, CD24-/- or Siglecg-/- mice 
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were stimulated under the indicated conditions for 6 hours. The nuclear lysates were 

prepared and the activation of NF-κB was assessed by blotting for the p65 subunit of NF-

κB. The loading of nuclear protein was determined by amounts of Sp1 protein. Fold 

induction over medium control are provided underneath the photograph. Data are 

representative of two independent experiments. (C) Age-matched male mice received i.p. 

injections of LPS (450μg/mouse). Kaplan Meier survival plots are shown. No statistical 

significance was found by log-rank tests. (D) Cytokine production in the serum 4 hours after 

LPS injection (mean ± SD, the statistical significance of the differences between the control 

and one of the treated groups were determined by student’s t-test. *P < 0.03, **P < 0.002). 

The numbers of mice used are the same as (C). (E) Coimmunoprecipitation of CD24 and 

Hsp70 and Hsp90. (F) Siglec-G associates with Hsp70 and Hsp90 through CD24. The same 

precipitates used in Fig. 3E were analyzed for Hsp70 and Hsp90 by immunoblot. (G) 

Deficiencies in CD24 and Siglec-G enhanced production of IL-6 and TNF-α at 6 hours after 

stimulation with HSP70 and HSP90. Data shown represent the mean ± SD of cytokines from 

4 independent isolates of DCs from each genotype and have been repeated twice.
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