1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Mol Immunol. 2008 April ; 45(7): 2038-2044. doi:10.1016/j.molimm.2007.10.019.

The Induction of HMGB1 Release from RAW 264.7 Cells by
Transfected DNA

Weiwen Jiang? and David S. PisetskyaP.*

a Division of Rheumatology and Immunology, Department of Medicine, Duke University, Durham,
NC 27710, USA

b Medical Research Services, Durham Veterans Affairs Medical Center, Durham, NC 27705, USA

Abstract

High mobility group protein 1 (HMGB1) is a non-histone nuclear protein that can activate innate
immunity when in an extracellular location. As shown in /n vitro studies, while polyinosinic-
polycytidylic acid [poly (1:C)] and LPS, TLR3 and TLR4 ligands respectively, can induce
HMGBL release from macrophages, CpG DNA, a TLR 9 ligand, does not. Since DNA displays
distinct immunostimulatory activity when transfected into cells, we investigated whether
transfected DNA can induce HMGBL release from macrophages. In these experiments, using
RAW 264.7 cells as model, we show that DNA, either natural DNA or synthetic oligonucleotides,
can induce HMGB1 release when used to stimulate cells with the transfection reagent
Lipofectamine 2000®; release occurred irrespective of the intrinsic activity of the DNA. The
induction of HMGBL release by transfected DNA was dependent on IFN-B as shown by the
inhibitory effects of an antibody. In addition, JNK activation mediated HMGB1 release induced
by a transfected phosphorothioate oligonucleotide but not by transfected natural DNA. Together,
these findings indicate that transfected DNA can stimulate macrophages to release HMGB1 under
conditions in which free DNA is inactive and suggest a role of DNA in inducing inflammation
when bound to molecules that influence its entry into cells.
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1. Introduction

HMGBL1 is a non-histone nuclear protein whose function depends on location. Inside the
cell, HMGB1 binds DNA to modify chromatin architecture as well as mediate transcription
(Czura, Wang et al. 2001; Thomas 2001). HMGB1 is a nuclear component in most cells,
although it can also appear on the cell surface, shuttle between the nucleus and cytoplasm as
well as exit the cell (Bianchi and Manfredi 2004; Lotze and Tracey 2005; Muller, Ronfani et
al. 2004). Once outside the cell, HMGBL1 can serve as a cytokine and induce a broad array of
pro-inflammatory activities (Ulloa and Messmer 2006; Wang, Bloom et al. 1999). The
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importance of these activities has been established in animal models of inflammatory
diseases such as sepsis and rheumatoid arthritis, where blocking HMGL1 activity can
ameliorate disease (Kokkola, Li et al. 2003; Sunden-Cullberg, Norrby-Teglund et al. 2006;
Wang, Bloom et al. 1999). As such, extracellular HMGBL1 can act as an alarmin to induce
innate immunity or to promote inflammatory disease pathogenesis (Harris and Raucci 2006).

As shown in /n vitro studies, HMGB can exit the cell following cell death or the activation
of Toll-like receptors (TLRs) (Bell, Jiang et al. 2006; Jiang and Pisetsky 2006; Scaffidi,
Misteli et al. 2002). Both events are prominent in sepsis where HMGB1 may be a target of
new therapy. Thus, stimulation of either TLR4 by LPS or TLR3 by poly (I:C) can promote
the extracellular translocation of HMGB1 from the nucleus, a process measured by the
appearance of HMGBL in the cell media and loss of nuclear staining by an HMGB1
antibodies (Jiang, Li et al. 2005). This translocation involves protein acetylation and
phosphorylaton which alter the charge of HMGBL1 to allow entrance in secretory lysosomes
in the cytoplasm eventual for secretion (Bonaldi, Talamo et al. 2003; Youn and Shin 2006).
With dead cells, extracellular HMGBL1 results from passive release as permeability barriers
break down during necrosis (Scaffidi, Misteli, and Bianchi 2002) or late apoptosis (Bell,
Jiang et al. 2006).

In contrast to stimulation of TLR3 or 4, stimulation of TLR9 by CpG DNA, either bacterial
DNA or CpG DNA oligonucleotides (ODN), fails to induce significant amounts of
extracellular HMGBL1 (Jiang, Li, Gallowitsch-Puerta, Tracey, and Pisetsky 2005). The
limited expression of extracellular HMGBL1 by TLR9 stimulation is notable since, under the
same conditions, CpG DNA can potently induce the production of other inflammatory
mediators such as TNF-a and nitric oxide. The differences in the outcome of stimulation by
the various TLRs, which could be relevant to host defense in infection, may reflect different
downstream signaling events. Thus, stimulation of TLR 3 and TLR4 but not TLR9 involves
the TRIF pathway (Takeda and Akira 2005). Together, these findings suggest that cell
activation by only certain pathways leads to HMGBL1 release.

CpG DNA, either natural DNA or synthetic ODN, can stimulate cell activation through
TLR9 when incubated in a free, soluble form with cells. Recent studies suggest that TLR9 is
not the sole receptor for DNA, however, and that DNA can activate the immune system by
non-TLR mechanisms (Ishii, Suzuki et al. 2001; Jiang, Reich et al. 2004; Stetson and
Medzhitov 2006). These mechanisms, which operate when DNA is internalized into the
cytoplasm of cells via transfection agents, do not depend on CpG motifs and occur with
mammalian as well as bacterial DNA. Thus, mammalian DNA, which is inactive in free
form because of its paucity of CpG motifs, can stimulate responses when introduced cells by
a transfection reagent; transfected bacterial DNA is also active although the pattern of
response differs from that of free DNA. The activity of transfected DNA most likely reflects
the interaction with non-TLR cytoplasmic nucleic acid sensors that may mediate the
response to nucleic acids from intracellular organisms (Bowie and Fitzgerald 2007).

Since immune activation by free DNA may differ from that of transfected DNA, we have
investigated whether transfected DNA can stimulate macrophages to release HMGB1 under
conditions in which free DNA is inactive. In this study, we have therefore assessed whether
DNA internalized with transfection reagents can induce macrophage release of HMGBL1. In
results present herein, using the RAW 264.7 murine macrophage cell line as a model, we
show that transfected DNA can induce HMGB1 release by a mechanism involving IFN-
pand JNK. Taken together with prior findings, these results suggest that DNA can stimulate
HMGB1 release from macrophages although this activity depends on the manner in which
DNA contacts cells and stimulates downstream mediators.
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2. Materials and Methods

2.1 Cells and reagents

RAW 264.7 cells were purchased from ATCC (Manassas, VA) and cultured in RPMI-1640
supplemented with 10% fetal bovine serum and 200 pg/ml gentamicin. Calf thymus DNA
(CT DNA) and E. coliDNA (EC DNA) was purchased from Sigma-Aldrich (St. Louis,
MO). Phosphadiester (Po) or phosphorothioate (Ps) oligonucleotides (ODN) were purchased
from Midland Certified Reagents (Midland, TX). Compounds used in this study included a
Ps CpG ODN designated 1826 (5"-TCCATGACGTTCC TGACGTT-3’); a control Ps GpC
ODN (5'-TCCATGAGCTTCCTGAGCTT-3") designated as control; a Po ODN with the
same sequence as the control Ps ODN designated Pol; and a Po ODN with the same
sequence as 1826 designated Po2. In addition, there were two Po ODNSs with two
consecutive sequences of 1826 (designated LO2) or two consecutive sequences of the
control ODN (designated LO1). These ODNs were 45 bases long and included additional 5
bases at the end of the consecutive sequences. Lipofectamine® 2000 (lipofectamine) was
purchase from Invitrogen (San Diego, CA) and FUGENE 6 was purchased from Roche
Applied Biosciences (Indianapolis, IN). INK inhibitor and 1400W were purchased from
Alexis Corp (San Diego, CA). Recombinant IFN-B (rIFN-B), rat anti-IFN-p monoclonal
antibody and IFN-B ELISA kit were purchased from R&D Systems (Minneapolis, MN).

2.2 Cell culture

RAW 264.7 cells were plated in 6-well culture plates for 2-3 hours and washed twice with
Opti-MEM (Invitrogen). Cells were then stimulated with DNA or DNA-lipofectamine
complexes for 20 to 24 hours and supernatants were collected for IFN-p and HMGBL assay.
DNA-liposome complexes were formed by pre-incubation of DNA and lipofectamine in
Opti-MEM for 30 minutes at room temperature. For inhibition studies, anti-IFN-p antibody
or a cell permeable JNK inhibitor were pre-incubated with cells for 30 minutes and cells
were subsequently stimulated with DNA-lipofectamine complex for 20 hours.

2.3 Biochemical and immunochemical assays

3. Results

The levels of IFN- in supernatants were measured by ELISA and assays were performed in
accordance with the manufacturer’s instructions (R&D Systems).

For Western blotting of HMGB1, supernatants were collected after 20 to 24 hours of culture
and concentrated by Centricon YM-10 (Millipore, Billerica, MA). The volume of the
concentrated supernatants was adjusted to 70 .l for equal loading and samples were
resolved on 4-12% NUuPAGE® Tris-Bis SDS polyacrylamide gel (Invitrogen). Protein was
transferred to PVDF membranes (Invitrogen), blocked with 5% dry milk in TBS-Tween and
blotted with either a rabbit anti-HMGBL1 polyclonal antibody (BD Pharmingen, San Diego)
or a mouse monoclonal anti-HMGB1 antibody (R&D Systems). The membrane was then
incubated with HRP-conjugated anti-rabbit IgG followed by Super Signal® West Femto
substrate (Pierce, Rockford, IL). Images were captured by exposing the membrane to a CCD
camera (FluorChem8900, Alpha Innotech, San Leandro, CA).

3.1 The induction of HMGB1 release by transfected DNA

In previous studies, we showed that CpG DNA, either bacterial DNA or a synthetic ODN,
fails to induce HMGBL release from murine macrophages despite the induction of other
mediators (Jiang, Li et al. 2005). Since stimulation by DNA may vary depending upon the
pathway of internalization, we have therefore investigated whether DNA, when complexed
with a trasnfection reagent, can induce HMGB1 release. For this purpose, we have used the
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murine macrophage cell line RAW 264.7 cells a model since these cells respond well to
TLR9 stimulation and release HMGB1 when stimulated with LPS or poly (I:C). In these
experiments, CT DNA and EC DNA were used as natural DNA while an active and inactive
form of phosphorothioate compounds were used as models for synthetic oligonucleotides.
Supernatant HMGB1 level was measured by Western blotting.

As data presented in Figure 1A show, both natural and synthetic DNA, regardless of
intrinsic activity, induced the release of HMGB1 from RAW 264.7 cells when complexed
with lipofectamine. For EC DNA, a limited amount of HMGB1 was observed with free
DNA although the amount released was substantially greater when the DNA was
transfected. Similarly, these DNA, when complexed with FUGENE 6, a nonliposome
transfection reagent, also induced HMGBL1 release from RAW 264.7 cells (data not shown).
The induction of HMGBL1 release by CT DNA was dose dependent as increasing amounts of
CT DNA when mixed with a constant amount of lipofectamine produced greater amounts of
HMGBL1 in the media (Figure 1B). These results are consistent with previous findings and
indicate the marked change in activity of DNA when it is transfected into cells.

In these experiments, we have used natural DNA which has high molecular weight. Thus,
the comparison between natural and synthetic DNA involves differences of both backbone
structure as well as length. To determine the properties of a synthetic Po ODN, we therefore
investigated the response of two 20-base Po ODNs with the same sequence as the Ps ODNs
tested before. These compounds, like the corresponding Ps ODNS, also failed to stimulate
HMGB1 when incubated with cells in a free form. They differed from the Ps ODNs,
however, since they did not acquire activity when transfected with lipofectamine (Figure
2A). We therefore tested the activity of a longer version of the Po ODN which has either
two copies of the 1826 sequence or two copies of the control ODN sequences; these
compounds were 45 bases long and had 5 additional bases at the end of the consecutive
sequences. In contrast to the short Po ODNSs, the 45 base compounds induced HMGB1
release when transfected into RAW 264.7 cells (Figure 2B). These results indicate that Po
and Ps ODN may differ in the structural requirement for stimulation when transfected into
cells.

3.2 Therole of IFN-B in HMGB1 release induced by transfected DNA

As shown by other investigators, DNA transfected into cells can induce type | IFN
expression in an IRF3-dependent manner (Stetson and Medzhitov 2006). Since IFN-a. can
mediate HMGBL1 release induced by TLR3 stimulation (Jiang and Pisetsky 2006), we
therefore studied the role of IFN-B, another type I IFN, in HMGBL1 release induced by
transfected DNA. As shown in Figure 3A, transfection of DNA with lipofectamine induced
the production of IFN-f in RAW 264.7 cells, with CT DNA showing the highest IFN-f
levels. In addition, stimulation of TLR3 and TLR4 also induced IFN-B production and
HMGBL release by RAW 264.7 cells Figure 3B.

To evaluate the role of IFN-p in HMGBL1 release by transfected DNA, the effects of
blockade of IFN-B by an anti-IFN- monoclonal antibody (mAb) were tested. As shown in
Figure 4A, the addition of anti-IFN-B mADb to cultures of RAW 264.7 cells inhibited
HMGBL release induced by transfected DNA. Neutralizing IFN-B with a mAb also reduced
HMGB1 release induced by poly (1:C) or LPS (Figure 4B), indicating a role of this cytokine
in the actions of other TLRs

To evaluate further the effect of IFN- in HMGBL release, we treated RAW 264.7 cells with
recombinant IFN-B and measured HMGBL1 release in culture supernatants by Western
blotting. As shown in Figure 4C, the addition of rIFN-p dose dependently induced HMGB1
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release by RAW 264.7 cells. These results indicate a direct role of IFN-B in HMGB1
release.

3.3 The effects of INK activation on HMGB1 release induced by transfected DNA

We have previously shown that transfected mammalian DNA can activate MAPKSs although
free DNA does not (Jiang, Reich and Pisetsky 2004). In addition, we have previously
reported that JINK activation is required for HMGBL release induced by LPS or poly (I:C).
To evaluate the role of JINK in HMGB1 release induced by transfected DNA, we used a JNK
inhibitor to determine whether it could block the release process. As shown in Figure 5A,
with transfected DNA, JNK activation was observed with EC and CT DNA as well as the
inactive and active ODN; these levels far exceeds those observed with free DNA. The
effects of the INK inhibitor differed, however, with the natural and synthetic DNA (Figure
5B). Whereas the JNK inhibitor dose dependently inhibited HMGB1 release induced by
transfected CpG ODN or GpC ODN, it did not affect HMGB1 release by RAW 264.7 cell
cultures transfected with CT DNA or EC DNA. These results indicate that transfected DNA
can activate JNK under conditions in which free DNA is inactive, and that JNK inhibition
can block HMGBL1 release depending on the structure of the stimulating DNA.

4. Discussion

Results of this study provide new insights into the mechanisms of HMGBL release and show
that DNA, while unable to stimulate HMGB1 when incubated directly with RAW 264.7
cells, can nevertheless stimulate this release when transfected into cells. This release
depends on the action of IFN-B which, like IFN-a,, can also induce HMGB1 release. The
transformation of the immune activity of DNA by transfection is consistent with previous
results indicating that mammalian DNA acquires immune activity in the context of
transfection reagents (Shirota, Ishii et al. 2006; Zhu, Reich et al. 2003). Together, these
results suggest that transfection allows access of DNA to other, non-TLR receptors, which
do not require the presence of CpG motifs.

The entry of DNA into cells and the trafficking among compartment are poorly understood,
although synthetic ODN are increasingly used as immunomodulatory agents and are
currently under trial for a number of clinical indications. Unlike other TLR ligands, both
natural and synthetic DNA must enter cells for activity. Since TLR9 is functional in a
lysosomal compartment, free DNA, when incubated with macrophages, accesses the
cytoplasmic space for uptake into lysosomes where activation by TLR9 occurs (Latz,
Schoenemeyer et al. 2004). Ultimately, activation depends on the content of
immunostimulatory CpG motifs since even high concentrations of mammalian DNA or an
non-CpG ODN fail to activate cells (Pisetsky and Reich 2000).

In contrast to the situation with free DNA, transfected DNA displays distinct structure-
function relationships for stimulation, with both CpG and non-CpG DNA similarly active.
Furthermore, as shown in previous studies as well as results presented herein, transfected
DNA can activate certain signaling pathways (e.g., JNK) much more effectively than free
DNA (Jiang, Reich and Pisetsky 2004). Transfected DNA also leads to the presence of DNA
in the cytoplasm although it appears to differ from that free DNA since it leads to
macrophage activation even in the absence of immunostimulatory motifs.

The activation of macrophages by transfected DNA may reflect interaction with non-TLR
internal receptors that are usually inaccessible to free DNA. As shown in recent studies,
cytoplasmic nucleic acids can activate a number of receptor systems which may be
important in triggering innate immunity (Meylan, Tschopp et al. 2006). Such cytoplasmic
nucleic acid, which may be mimicked by transfected DNA, may result from either viral or
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bacterial infection as well as entrance of DNA into cells in the form of immune complexes
as may occur in SLE. Thus, cytoplasmic RNA can activate cells through a retinoic acid-
inducible gene I/melanoma differentiation-associated gene 5 (RIG-I/MDAJ5) signaling
pathway (Andrejeva, Childs et al. 2004; Yoneyama, Kikuchi et al. 2004). This pathway
involves signaling through the adapter caspase recruitment domain adapter inducing
interferon-beta (Cardif) followed by the activation of NF-xB and IRFs through the
recruitment of IKK and TBK1 (Meylan, Tschopp, and Karin 2006). In addition, cytoplasmic
DNA can activate immune cells to produce IFN-B through an IRF3-dependent pathway,
however, the cytoplasmic receptor for this pathway is yet to be identified (Stetson and
Medzhitov 2006).

Our study extends these findings by showing that transfected DNA can also induce
macrophages to release HMGB1, an endogenous molecule with alarmin activity. Similar to
activation by LPS or poly (I:C), this release appears to be dependent on IFN-B, a cytokine
which can be induced by transfected but not free DNA. The role of IFN-p was established
by showing that neutralizing IFN-B by an antibody can inhibit HMGBL release induced by
transfected DNA. It is of interest, in this regard, that a previous study showed that
transfected Po ODNs can induce IFN-B production if the length of these ODNSs is greater
than 25 bases (Stetson and Medzhitov 2006). In our studies, Po ODNSs with the same
sequence and length (20 bases) as the Ps ODNSs did not induce HMGBL1 release even when
transfected. With the length of these Po ODNSs increased to 45 bases, these compounds also
induced HMGBL release when complexed with lipofectamine. These findings point to a
difference in the size requirement for stimulation by transfected DNA.

In a previous study, we showed that the HMGBL1 release induced by LPS and poly (I:C)
depends on JNK activation (Jiang and Pisetsky 2006). JNK activation may be important to
this release process since JNK activation can lead to the activation of AP-1 (Derijard, Hibi et
al. 1994) and AP-1 mediates IFN-f transcription (Maniatis, Falvo et al. 1998). In our
studies, while we found that transfected DNA activates JNK, the role of INK in HMGB1
release differ depending on DNA backbone structure. As such, HMGB1 release induced by
transfected Ps ODNs appeared dependent on JNK. On the other hand, inhibition of INK did
not prevent HMGBJ1 release induced by a natural DNA. These findings are consistent with a
large body of data indicating that Po and Ps DNA may utilize different signaling
transduction pathways despite a common interaction with TLR9.

While these studies involve transfected DNA, the mechanism we postulate may nevertheless
occur during infection or inflammatory disease. During infection, internal nucleic acids most
likely arise from intracellular viruses or microorganisms. During inflammation, the internal
nucleic acid may result from immune complexes or complexes of DNA with DNA binding
molecules that functionally “transfect” DNA into cells. Among these molecules, HMGB1
itself has transfecting properties and can promote DNA entry into cells (Bottger, Vogel et al.
1988; Kato, Nakanishi et al. 1991). In the setting of cell death or inflammation, extracellular
DNA-HMGBL1 complexes may form from nuclear material extruded or released from dead
and dying cells; activated cells may also release these complexes. In addition, such
complexes may form because of a high concentration of extracellular DNA and HMGB1.

Whatever their origin, such complexes may allow access of DNA to internal nucleic acid
receptors which lead to a cycle of cytokine production and HMGB1 release that further
intensifies inflammation by expanding the array of pro-inflammatory mediators released. As
shown in studies on immune complexes in SLE, HMGB1 may also affect activation because
of triggering of other receptors (i.e. RAGE) as well as its to interact with TLR9 in the
lysosomal compartment in way that determine stimulation by CpG DNA (lvanov, Dragoi et
al. 2007; Tian, Avalos et al. 2007). The interaction of DNA and HMGBL in inflammation
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may therefore be multifaceted. Future studies are in progress to determine whether DNA-
HMGBL1 complexes can act similarly as transfected DNA and to identify agents that can
block this distinct pathway of DNA stimulation.
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Cardif caspase recruitment domain adapter inducing interferon-beta
CT DNA calf thymus DNA

EC DNA Escherichia coli DNA

HMGB1 high mobility group protein 1

IFN-B interferon beta

IKK IxB kinase

IRF interferon regulatory factor

LPS lipopolysaccharide

MDA melanoma-differentiation-associated gene
ODN oligonucleotide
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Po phosphordiester

Ps phosphorothioate
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TBK Tank-binding kinase
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The effects of transfected DNA on the induction of HMGBL1 release from RAW 264.7 cells.
10 g E. coli DNA (EC DNA), calf thymus DNA (CT DNA), control ODN (ctrl ODN) or
1826 ODN were incubated with RAW 264.7 cells for 24 hours with or without 3 pl
lipofectamine (A). CT DNA, 0, 1, 5 and 10 g, was complexed with 3 pl lipofectamine and
incubated with RAW 264.7 cells for 24 hours. Supernatants were collected and HMGB1 was
detected by Western blotting.
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Figure2.

The influence of ODN length on the release of HMGBL in cells stimulation with ODN-
lipofectamine complexes. 10 g Po ODNs with same sequences as control ODNs (Pol) or
1826 (Po2) were incubated with RAW 264.7 cells with or without 3 I lipofectamine for 24
hours (A). 10 g phosphodiester ODN (45 bases) with either two GpC control ODN
sequence (LO1) or two 1826 sequence (LOZ2) were incubated with RAW 264.7 cells with or
without 3 pl lipofectamine for 24 hours (B). Supernatant HMGBL levels were measured by
Western blotting.
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Figure 3.

The effects of transfected DNA on the induction of IFN-f production. CT DNA (10 pg),
control ODN (10 p.g) and 1826 ODN (10 pg) were complexed with 3 pl lipofectamine. The
DNA-lipid complexes were incubated with RAW 264.7 cells for 24 hours and supernatant
IFN-P levels were measured by ELISA (A). RAW 264.7 cells were stimulated with 1826
ODN (10 pg/ml), LPS (0.5 pg/ml) or poly (1:C) (0.25 pg/ml) for 20 hours and supernatant
IFN-P levels were measured by ELISA (B). Each bar represents three separate experiments.
Error bar depicts standard deviation.
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Figure 4.

The effect of IFN- mediated HMGB1 release induced by transfected DNA. CT DNA,
control ODN or 1826 ODN complexed with lipofectamine was incubated with RAW 264.7
cells for 24 hours in the presence of a mouse monoclonal anti-IFN-f neutralizing antibody
(ADb) (A). LPS or poly (I:C) was incubated with RAW 264.7 cells for 20 hours in the
presence of anti-IFN-p antibody (B). RAW 264.7 cells were also incubated with
recombinant IFN-p 0, 100, 500 and 1000 U/ml for 24 hours (C). Supernatant HMGBL levels

were determined by Western blotting.
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Figure5.

The effects of INK on HMGB1 release induced by transfected DNA. DNA-liposome
complexes were incubated with RAW 264.7 cells for 24 hours, washed and fresh media was
added and incubated for 2 hours. Cells were then stimulated with the same DNA or DNA-
liposome complex for 30 minutes and cellular protein was isolated (A). Cellular p38 levels
were used as protein loading control. RAW 264.7 cells were stimulated with DNA-liposome
complexes in the presence of JNK inhibitor 0, 1, 2.5 M for 24 hours (B). Supernatant
HMGBL levels were measure by Western blotting.
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