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Endotoxin, a constituent of Cram-negative bacteria, stimulates macrophages to  
release large quantities of tumor necrosis factor (TNF) and interleukin-I (IL-I), 
which can precipitate tissue injury and lethal shock (endotoxemia). Antagonists 
of TNF and IL-I have shown limited efficacy in clinical trials, possibly because 
these cytokines are early mediators in pathogenesis. Here a potential late 
mediator of lethality is identified and characterized in a mouse model. High 
mobility group-I (HMC-1) protein was found t o  be released by cultured mac- 
rophages more than 8 hours after stimulation with endotoxin, TNF, or IL-I. Mice 
showed increased serum levels of HMC-1 from 8 to 32 hours after endotoxin 
exposure. Delayed administration of antibodies to  HMC-1 attenuated endo- 
toxin lethality in mice, and administration of HMC-1 itself was lethal. Septic 
patients who succumbed to infection had increased serum HMC-1 levels, sug- 
gesting that this protein warrants investigation as a therapeutic target. 

Mortality rates for systemic bacterial infec- dotoxin (lipopolysaccharide, LPS) stimulates 
tion have not declined significantly, despite the acute, early release of cytoltines such as 
advances in antibiotic therapy and intensive TNF and IL-1 P from macrophages, and it is 
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after serum TNF and IL-1 have returned to 
basal levels. Moreover, mice deficient in 
TNF die within several days of LPS admin- 
istration (6), suggesting that mediators other 
than TNF might contribute causally to endo- 
toxin-induced death. 

To identify potential "late" mediators of 
endotoxemia, we stimulated murine macro- 
phage-like RAW 264.7 cells with LPS and 
analyzed the conditioned culture medium 
by SDS-polyacrylamide gel electrophore- 
sis (PAGE). LPS stimulation for 18 hours 
induced the appearance of a 30-kD protein 
that was not apparent at earlier time points. 
The NH2-terminal sequence of this late-ap- 
pearing factor (Gly-Lys-Gly-Asp-Pro-Lys- 
Lys-Pro-Arg-Gly-Lys-Met-Ser-Ser) was 
identical to murine HMG-1, a 30-kD mem- 
ber of the high mobility group (HMG) 
nonhistone chromosomal protein family (7, 
8). Based on the HMG-1 sequence in Gen- 
Bank (accession no. M64986), we designed 
primers and isolated HMG-1 cDNA after 
polymerase chain reaction (PCR) amplifi- 
cation. Recombinant HMG-1 (rHMG-1) 
protein was expressed in Escherichia coli, 
purified to homogeneity, and used to gen- 
erate polyclonal antibodies (9). 

Immunoblot analysis revealed that large 
amounts of HMG-1 were released from RAW 
264.7 cells in a time-dependent manner (Fig. 
lA), beginning 6 to 8 hours after stimulation 
with LPS. Cell viability, as judged by trypan 
blue exclusion and lactate dehydrogenase re- 
lease, was unaffected by LPS concentrations 
that induced the release of HMG-1, indicat- 
ing that HMG-1 release was not due to cell 
death. HMG-1 mRNA levels were unaffected 
by LPS treatment (Fig. lB), indicating that 
HMG-1 release is unlikely to be linked to 
increased transcription of the gene. Stimula- 
tion of RAW 264.7 cells for 18 hours with 
TNF (5 to 100 ng/ml) or IL-1 p (5 to 100 
ng/ml) also induced HMG-1 release in a cy- 
tokine dose-dependent manner. In contrast, 
stimulation with interferon-? (IFN-y) alone 
did not induce HMG-I release, even at con- 
centrations up to 100 Ulml; however, IFN-y 
increased by three- to fivefold the amount of 
HMG-1 released by stimulation with either 
TNF or IL-I (10, 11). Pulse labeling experi- 
ments with 35S-methionine revealed that 
most of the HMG-1 released during the first 
12 hours after TNF and IFN-y stimulation 
was derived from a preformed protein pool. 
Radioactivity was incorporated into newly 
synthesized HMG-I from 12 to 36 hours after 
macrophage stimulation (I  0, 11). 

We next examined the inducible release of 
HMG-1 from other cell types. LPS triggered 
HMG- 1 release from human primary peripheral 
blood mononuclear cells and primary rnacro- 
phages from LPS-sensitive mice (C3WHeN), 
but not from macrophages from LPS-resistant 
C3H/HeJ mice (11, 12). Human primary T 

cells, rat adrenal (PC-12) cells, and rat primary 
kidney cells did not release HMG-1 after stim- 
ulation with LPS, TNF, or IL-1p. Like other 
macrophage products (for example, TNF, IL- 
lp, and macrophage migration inhibitory fac- 
tor), HMG-1 lacks a classical secretion signal 
sequence, so the mechanism of release remains 
to be determined. 

To determine if HMG-1 was released sys- 
temically during endotoxemia in mice, we 
measured serum HMG-1 levels after LPS 
administration. Serum HMG-1 was readily 
detectable 8 hours after administration of a 
median lethal dose (LD,,) of LPS and was 
maintained at peak, plateau levels from 16 to 
32 hours after LPS treatment (Fig. 1C). 
About 20 to 50 kg of HMG-1 was released 
into the murine circulation within 24 hours 
after endotoxin administration [assuming a 
distribution half-life (t,,,) of 3 min and an 
elimination t,,, of 20 min]; this is compara- 
ble to the quantity of TNF and IL-1 released 
by LPS treatment. The kinetics of HMG-1 
appearance in the blood of LPS-treated mice 
differs from that of previously described le- 
thal LPS-induced mediators. 

Passive immunization of unanesthetized 

mice with a single dose of antibodies to HMG-1 
(anti-HMG-1) 30 min before a lethal dose 
(LD,,) of LPS did not prevent LPS-induced 
death (Fig. 2A). Based on the kinetics of 
HMG-1 accumulation in serum (Fig. lC), and 
the relatively short biological half-life of anti- 
bodies to cytokines (3, 13), we reasoned that 
complete neutralization of a late-appearing me- 
diator might require repeated dosing. Adminis- 
tration of anti-HMG-1 in two doses (one 30 
min before LPS and one 12 hours after LPS) 
increased the survival rate of the mice to 30%. 
With three doses of antiserum (-30 min, + 12 
hours, +36 hours), 70% of the treated mice 
survived, as compared with 0% survival in 
controls treated with three matched doses of 
preimmune serum (P < 0.05). No late death 
occurred over 2 weeks, indicating that anti- 
HMG-1 did not merely delay the onset of LPS 
lethality, but provided lasting protection. 

To investigate whether antibody treatment 
could be delayed until after administration of 
LPS, we injected anti-HMG-1 beginning 2 
hours after LPS (followed by additional doses 
at 12 and 36 hours after LPS). This delayed 
treatment conferred significant protection 
against an LD,, of LPS (Fig. 2B). Preimmune 

Fig. 1. (A) Release of HMC-1 from cultured A TNF - + 
macrophages after stimulation with LPS. Mu- 
rine macrophage-like RAW 264.7 cells (Ameri- 30 kD - 
can Type Culture Collection, Rockville, Mary- 
land) were cultured in RPMl 1640 medium, 12: 
10% FBS, and 1% glutamine. When 70 t o  80% ,U 10- 
confluence was reached, cells were resuspend- 
ed in serum-free OPTI-MEM I medium and '1 
seeded onto tissue culture plates (5 x lo6 cells 6: 
per well). After 2 hours, RAW 264.7 cells were -= 4- 
treated with LPS (E. coli 0111:B4, 100 ng/ml) .- 
and proteins in the cell-conditioned medium 

'- 
Coomassie- stained SDS-PACE gels, and subject- 
ed to  NH,-terminal sequencing analysis (Com- 

: 
were fractionated by SDS-PACE, excised from 

Time (hours) 
monwealth Biotechnologies, Richmond, Virginia). 
Polyclonal antisera against purified recombinant 
HMC-1 were generated in rabbits (Biosynthesis, 
Lewisville, Texas); immunoblotting showed that 

m- H m - 1  

antiserum reacted with native HMC-1 released 
by RAW cells (inset). HMC-1 levels were mea- 
sured by optical intensity of bands on immuno- 
blots with NIH 1.59 image software, with refer- 
ence to  standard curves generated with purified 
rHMC-1. Data are shown as the mean t- SE (n = 
3). (B) Expression of HMC-1 mRNA in macro- 
phages. Murine macrophage-like RAW 264.7 cells 
were cultured in RPMl 1640, 10% FBS, and 1% 
glutamine, and stimulated with LPS (1 kg/ml) for 
0,8,12, and 16 hours as indicated. Total RNA was 
isolated with the SV Total RNA Isolation System 
(Promega) and levels of HMC-1 mRNA were de- 
termined by reverse transcriptase (RT)-PCR with 
the Access RT-PCR System (Promega; P-actin 
primers, 5'-TCATCAACTCTCACCTTCACATCCC- 
T-3' and 5'-CCTACAACCATTTCCCCTCCAC- 

0 8 12 16 (hours) 

CATC-3'; and HMC-1 primers, 5'-ATCCCCA- 
AACCACATCCTA-3' and 5'-ATTCATCATCAT- Time (hours) 
CATCTTCT-3'). (C) Accumulation of HMC-1 in 
serum of LPS-treated mice. Male BalbIC mice (20 to  23 g) were treated with LPS [ lo mg/& 
intraperitoneally (ip)]. Serum was assayed for HMC-1 by immunoblotting; the detection limit is -50 pg. 
Data are shown as the mean +. SE (n = 3). 
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seruinaeated colltrols all developed lethargy, noglobulin G (IgG) fraction from anti-HMG-1 
piloerection, and diarrhea before death, whereas and administered it to mice exposed to an 
anti-HMG-1-treated inice remained well LD,,, of LPS (11, 14). The highest dose of 
groomed and active, had no diairl~ea, and were anti-HMG-1 IgG tested, 5 mg per mouse, con- 
viable. To clarify that anti-HMG-1 protected ferred complete protection against an LD,,, of 
mice from LPS lethality, we purified the Immu- LPS, whereas all control mice given conlpara- 

" Ab (0 2 - 0.4 + 0 4 ml) 3 Ab (0 2 mi) 
a Ab (0 2 - 0.4 ml) c Preimmune (0.2 + 0 4 + 0 4 ml) 
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Fig. 2. (A) Anti-HMC-I protect against o LPS alone v LPS + HMG-1 (1U 0 wg) 

LPS Lethality in mice. Polyclonal anti- A LPS + HFVIG-I (I o tlg) 0 I P S  + HFV1G-1 (50 0 pg) 

bodies against rHMC-1 were generated C 
in rabbits, and antiserum was assayed o 
for specificity and titer by enzyme- A 

linked irnrnunosorbent assay and ~ r n -  80 - 

munoblotting. Antibodies reacted spe- 
cifically with HMG-1 and did not cross- 60 - 
react with LPS, other bacterial proteins, 5 
TNF, or IL-ID. lmmunoblots of lysates - 

of macrophages or E. coli transformed 
with plasmid containing HMC-I  cDNA $ 2o 

ble doses of rabbit IgG died (Table 1). Treat- 
ment with anti-HMG-1 IgG (2 mg per mouse) 
significantly reduced serum HMG-1 levels, 
whereas no reduction was observed after treat- 
ment with a lower dose of antibodies (0.5 mg 
per mouse) or with control IgG (5 mg per 
mouse). Antiserum against a chemically syn- 

revealed only one band of immunore- 
act~vity. Male Balb/C mice (20 t o  23 g) 

Fig. 3. Increased serum HMG-1 160 - 
levels in human sepsis. Serum was 
obtained from 8 healthy subjects 140 - 
and 25 septic patients infected 
with Cram-positive [Bacillus fragi- $ : 
lis (one patient), Enterococcus fae- 5 100 - 
calis (one patient), Streptococcus 5 
pneumoniae (four patients), Liste- 2 80 - 

ria monocytogenes (one patient), 
or Staphylococcus aureus (two pa- 5 60 : 
tients)], Cram-negative [E. coli $ 40 - 
(seven patients), Klebsiella pneu- 
moniae (one patient), Acineto- 20 - 

bacter calcoaceticus (one patient), 0 7 

thesized peptide corresponding to the first 12 
amino acids of HnlG-1 also significantly atten- 
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uated the lethality of endotoxemia in mice (15). 
To determine if HMG-1 was toxic. we 

administered highly purified rHMG-1 to un- 
anesthetized BalbIC mice (10 to 50 kg  per 
mouse). Within 2 hours. the mice developed 

were randomly grouped (10 mice per o ' ;o ' l o  ' $0 ' 80 ' 100 ' 120 
group) and treated with an LD,,, of LPS 
(25 mg/kg). Anti-HMC-I (Ab) or prelm- Time (hours post LPS) 
mune serum (0.2 m l  per mouse, ~ p )  was 
administered 30 min before LPS. Additional doses of prelmmune (0.4 ml, ip) or anti-HMG-I (0.4 
ml, ip) were administered at 12 and 36 hours after LPS as indicated. (0) Delayed administration of 
anti-HMC-I protects against LPS lethality in mice. Male Balb/C mice (20 to  23 g) were randomly 
grouped (seven mice per group) and treated with an LD,,, of LPS. Anti-HMC-I or preimmune 
serum (0.4 m l  per mouse) was administered at 2, 24, and 36 hours after LPS. (C) Administration of 
rHMC-1 is lethal t o  mice. Recombinant HMC-1 was purified and LPS content determined by the 
Limulus Amoebocyte Lysate Test (Bio-Whittaker, Walkersville, Maryland). Purified rHMC-1 protein 
contained <2.5 ng of LPS per microgram of rHMC-1. Male Balb/C mice (20 t o  23, 10 animals per 
group) were injected with a nonlethal dose of LPS (3.1 mg/kg, ip). Purified rHMG-1 protein was 
administered intraperitoneally in the doses indicated at 2, 16, 28, and 40 hours after LPS. 

Pseudomonas aeroginosa (one pa- 
tient), Fusobacterium nucleatum 
(one patient), Citrobacter freundii Normal Survivors Non-Surviviors 
(one patient)], or unidentified Septic patients 
pathogens (five patients). Serum 
was fractionated by SDS-PACE, and HMC-1 levels were determined by immunoblotting analysis with 
reference to  standard curves of purified rHMC-1 diluted in normal human serum; the detection limit is 
-50 pg. *P < 0.05 versus normal. **P < 0.05 versus survivors. 

signs of endotoxemia. including lethargy. pi- 
loerection, and diarrhea. At higher doses (500 
k g  per mouse); three of five mice died at 18; 
30, and 36 hours after rHMG-1 administra- 
tion. Toxicity and lethality were not observed 
in control mice treated with a protein fraction 
purified from E. coli transformed with a plas- 
mid devoid of HMG-1 cDNA (9),  indicating 
that the toxicity we observed was specific to 
HMG- 1. To exclude the possibility that en- 
dotoxin contamination of HMG- 1 prepara- 
tions mediated lethality, we injected rHMG-1 
into LPS-resistant mice. rHMG-1 (500 yg  
per mouse) was lethal within 16 hours both to 
C3H!HeJ ( 1 1  = 4)  and C3H!HeN ( n  = 3) 
mice, indicating that HMG-1 itself is toxic 
even in the absence of LPS signal transduc- 
tion. When sublethal doses of rHMG-1 were 
injected into Balb!C mice together with sub- 
lethal doses of LPS, the con~billed challenge 
was lethal to 90% of the mice. as compared 
with 0% lethality in mice exposed to LPS or 
HMG-1 alone (Fig. 2C). Thus, HMG-1 itself 
mediates lethality in both LPS-sensitive and 
LPS-resistant mice. 

Animal models of human sepsis. including 
the muline endotoxemia model used here, have 
inherent limitatiolls (16). As an initial step in 
deteimining whether HMG-1 participates in the 
pathogenesis of human sepsis, we studied 8 

Table 1. Protection against LPS lethality by anti- 
HMC-1 IgC. BalbIC mice (male, 20 to 23 g, three 
to six mice per group) were injected intraperito- 
neally with IgC purified from anti-HMG-I or con- 
trol rabbit IgC 30 min before injection of an LD,,, 
of LPS. All mice were then treated with additional 
doses of anti-HMC-I IgC or control IgC at 12 and 
24 hours after LPS. Serum HMC-1 levels were 
determined by immunoblots (under denaturing 
conditions) 14 hours after LPS challenge (n = 3 
per group). ND, not determined. 

Survival Dose of HMC-1- Serum 
HMG-1 2 weeks immunoreactive 

I ~ C  (mg~mouse) (ng/ml) after LPS 
(%I 

0 1003 2 180 0 (016) 
0.5 10702 20 17(116) 
2.0 41 5 2 240 50 (316)* 
5.0 N D 100 (313)* 

* P  < 0.05 versus treatment with control rabbit IgC. 
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normal subjects and 25 critically ill septic pa- 
t~ellts with bacteremia and sepsis-induced organ 
dysfunction. HMG-1 was not detectable in the 
serum of normal subjects, but significant levels 
were observed in critically ill patients with sep- 
sis (Fig. 3), and these levels were higher in 
patients who succumbed as compared to pa- 
tients with nonlethal infection. 

HMG-1 is a highly conserved protein with 
>95% amino acid identity between rodent and 
human (1 7-20). It has previously been charac- 
terized as a nuclear protein that binds to cmci- 
form DNA (21), and as a membrane-associated 
protein termed "amphoterin" that mediates neu- 
rite outgrowth (19, 20). Extracellular HMG-1 
interacts directly with plasminogen and tissue 
type plasminogen activator (tPA), which en- 
hances plasmin generation at the cell surface; 
this system plays a role in extracellular prote- 
olysis during cell invasion and tissue injury 
(19). In addition, HMG-1 has been suggested to 
bind to the receptor for advanced glycation end 
products (RAGE) (22). 

As with other inflammatoly mediators 
such as TNF and IL-1, there may be protec- 
tive advantages of extracellular HMG- 1 when 
released in nontoxic amounts. Macrophages 
release HMG-1 when exposed to the early, 
acute cytokines, indicating that HMG-1 is 
also positioned as a mediator of other inflam- 
matory conditions associated with increased 
levels of TNF and IL-1 (for example, rheu- 
matoid arthritis and inflammatoly bowel dis- 
ease). Indeed, in most inflammatory scenari- 
os, LPS is probably not the primary stimulus 
for HMG-1 release; it seems more likely that 
TNF and IL-1 function as upstream regula- 
tors of HMG-1 release. The delayed kinetics 
of HMG- 1 release suggest that serum HMG- 1 
levels may be a convenient marker of disease 
severity. Moreover, the observations that 
HMG-1 itself is toxic, and that anti-HMG-1 
prevents LPS lethality, point to HMG-1 as a 
potential target for therapeutic intervention. 
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Ploidy Regulation of Gene 
Expression 

Timothy Galitski,' Alok J. Saldanha,'e2 Cora A. Styles,' 
Eric 5. Lander,',' Gerald R. Fink1,'* 

Microarray-based gene expression analysis identified genes showing ploidy- 
dependent expression in isogenic Saccharomyces cerevisiae strains that varied 
in ploidy from haploid t o  tetraploid. These genes were induced or repressed in 
proportion t o  the number of chromosome sets, regardless of the mating type. 
Ploidy-dependent repression of some G, cyclins can explain the greater cell size 
associated wi th  higher ploidies, and suggests ploidy-dependent modifications 
of cell cycle progression. Moreover, ploidy regulation of the FLO77 gene had 
direct consequences for yeast development. 

Changes in the number of chromosome sets 
occur during the sexual cycle, during meta- 
zoan development, and during tumor progres- 
sion. Organisms with a sexual cycle double 
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their ploidy upon fertilization and reduce 
their ploidy by half at meiosis. In the devel- 
opment of almost all plants and animals, spe- 
cialized polyploid and polytene cell types 
arise though endocycles, cell cycles lacking 
cell division (1). Aberrant cell cycle control 
during tumor progression is thought to result 
in polyploidy and altered cell behavior (2). 

Cells of different ploidy typically show very 
different developmental, morphological, and 
physiological characteristics. However, a lack 
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