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The importance of the macrophage in innate immunity is under-
scored by its secretion of an array of powerful immunoregulatory
and effector molecules. We report herein that macrophage migra-
tion inhibitory factor (MIF), a product of activated macrophages,
sustains macrophage survival and function by suppressing activa-
tion-induced, p53-dependent apoptosis. Endotoxin administration
to MIF�/� mice results in decreased macrophage viability, de-
creased proinflammatory function, and increased apoptosis when
compared with wild-type controls. Moreover, inhibition of p53 in
endotoxin-treated, MIF-deficient macrophages suppresses en-
hanced apoptosis and restores proinflammatory function. MIF
inhibits p53 activity in macrophages via an autocrine regulatory
pathway, resulting in a decrease in cellular p53 accumulation and
subsequent function. Inhibition of p53 by MIF coincides with the
induction of arachidonic acid metabolism and cyclooxygenase-2
(Cox-2) expression, which is required for MIF regulation of p53.
MIF’s effect on macrophage viability and survival provides a
previously unrecognized mechanism to explain its critical proin-
flammatory action in conditions such as sepsis, and suggests new
approaches for the modulation of innate immune responses.

apoptosis � arachidonic acid � Cox-2 � sepsis

The macrophage is a pivotal mediator of innate immunity and
a vanguard of the host response to tissue invasion (1). Once

activated, macrophages produce an assortment of microbicidal
effectors and immunoregulatory cytokines that act to eliminate
the invasive agent and influence the course of the ensuing,
cognate immune response. An overly robust macrophage re-
sponse, however, can lead to pathological sequelae that contrib-
ute significantly to septic shock, autoimmune diseases, and
various granulomatous disorders (2).

Innate immune responses are kept in check by specialized
counterregulatory mechanisms (3). One such proposed mecha-
nism involves apoptosis or programmed cell death, which is
induced in macrophages by stimulation with bacterial toxins such
as lipopolysaccharide (LPS; refs. 4 and 5).

Apoptosis has been suggested to limit the half-life of activated
macrophages and to restrict the expression of their inflammatory
products to the site of tissue invasion (6–8). The LPS-induced
apoptotic response in macrophages has been shown to require
the production of nitric oxide (NO), the intracellular accumu-
lation of the tumor suppressor gene product p53, and activation
of a caspase-dependent cytolytic pathway (4–6, 9).

Historically, activated T cells were considered to be the source
of macrophage migration inhibitory factor (MIF) and mono-
cyte�macrophage populations to be the target of its migration
inhibitory effects. More recent studies have established that
monocytes�macrophages, in fact, are the primary site of MIF
production after exposure of the host to bacterial endo- and
exotoxins (LPS, toxic shock syndrome toxin-1, and streptococcal
pyrogenic exotoxin), malaria pigment (hemozoin), or cytokines
(TNF-� and INF-�; refs. 10–12). Once released, MIF modulates

the expression of proinflammatory mediators by macrophages,
and is an important component of T cell activation (10, 13). The
expression of MIF also has been tightly linked to the lethality
associated with Gram-negative and Gram-positive septic shock
in various experimental models (14–16). Deletion of the MIF
gene (15) or immunoneutralization of MIF (14, 16) confers
protection against these conditions, even in mice with a TNF-
�-deficient background (16), verifying an intrinsic role of MIF in
the innate immune response and the pathogenesis of sepsis.

MIF�/� mice are resistant to endotoxic shock (15), but the
molecular mechanism that underlies this resistance is unknown.
The recent observation that MIF can regulate p53 activity in vitro
(17) suggested to us a potential means to explain MIF’s global
proinflammatory properties in sepsis and other inflammatory
conditions (14, 15, 18). Programmed cell death is a potentially
important pathway in the regulation of the host inflammatory
response (19–21), and we hypothesized that deficits in the
regulation of p53-dependent apoptotic pathways in macrophages
could both explain the sensitivity of MIF�/� mice to endotox-
emia and suggest new approaches for therapeutic intervention.

Materials and Methods
Apoptosis and Cell Viability. Male 129�Bl6 F3 MIF�/� and MIF�/�

mice were injected intraperitoneally (i.p.) with either vehicle or
LPS (Escherichia coli 0111:B4, 15 mg�kg) in 0.4 ml sterile PBS.
After 18 h, peritoneal macrophages were collected by lavage and
immediately assessed for apoptosis by an ELISA that detects
cytoplasmic oligonucleosomes (Roche Diagnostics). Resting pri-
mary mouse macrophage apoptosis [10 �g�ml LPS and 100
units�ml IFN-� (R & D Systems)] and RAW 264.7 macrophage
apoptosis [1 mM sodium nitroprusside (Calbiochem)] also was
quantified by ELISA. Results are expressed as OD405 and
represent relative DNA fragmentation. Annexin-V-FLUOS
Staining Kit (Roche Diagnostics) was performed as described by
the manufacturer. Apoptotic cells were visualized by fluores-
cence microscopy and expressed as a percentage of apoptotic
cells. Cell viability of peritoneal macrophages was analyzed by
trypan blue exclusion. Viability was calculated as the percentage
of dead vs. total cells. Light microscopy analysis of morphologic
features of apoptosis was additionally quantified by scoring cells
displaying characteristic cell shrinkage and apoptotic bodies
(data not shown).
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p53 Luciferase Assay. RAW 264.7 macrophages were transiently
transfected (16 h) by using Fugene 6 transfection reagent (Roche
Molecular Biochemicals) and 2 �g of the multimeric, p53-
responsive luciferase plasmid, p53-Luc (Stratagene, La Jolla,
CA) and 0.1 �g of Renilla pRL-TK vector (Promega). Cells then
were treated with recombinant MIF (rMIF; refs. 22 and 23) or
vehicle (PBS) for an additional 8 h, followed by 1 mM sodium
nitroprusside (SNP) overnight. Luciferase and Renilla luciferase
activities were measured by the Dual Luciferase Reporter Assay
System (Promega) on a TD-20�20 luminometer (Turner De-
signs, Sunnyvale, CA). Results are expressed as fold-increase
over control after normalizing ratios of luciferase�Renilla lucif-
erase and averaging quadruplicate samples.

MIF Plasmid Construct and Transfection. The MIF coding region was
amplified by PCR by using the following primers: 5�-
CACCATGCCGATGTTCATCGTAAAC-3� and 5�-GGC-
GAAGGTGGAGTTGTTCC-3�. The MIF ORF was verified by
sequencing and cloned into TOPO TA Eukaryotic Expression
Vector pcDNA 3.1 GS (Invitrogen). Transfection of pcDNA
GS�MIF into RAW 264.7 cells was by the use of the liposome
reagent, Fugene 6 (Roche Molecular Biochemicals). Transfec-
tion efficiencies generally ranged between 10–15% of cells being
transfected as assessed by �-galactosidase expression and sub-
strate staining as described (24). Optimal transfection consis-
tently resulted in a 4- to 5-fold increase in extracellular MIF
levels (3–6 ng�ml in vector control transfectants vs. 20–30
ng�ml MIF in supernatants from cells expressing pcDNA
GS�MIF) as assessed by ELISA (25) and Western blotting of
MIF of cell supernatants. In addition to MIF Western blotting,
transfected MIF expression levels were routinely analyzed by
immunoblotting of cell supernatants with anti-V5 epitope anti-
bodies, a C-terminal fusion protein generated by cloning into the
pcDNA 3.1 GS vector (data not shown). For MIF neutralization
experiments, isotype control mAb or a neutralizing anti-MIF
monoclonal antibody (25) were added at 20 �g�ml just before
transfection. Of note, the anti-MIF antibody is specific for
MIF-dependent processes and does not interfere with cycloox-
ygenase-2 (Cox-2) induction in response to other stimuli such as
IL-1� or TNF-� (unpublished observations).

Western Blotting and ELISA. p53 (mAb Pab 122; PharMingen),
phospho-specific Ser15p53 (Cell Signaling Technology; Beverly,
MA), and Cox-2 (Santa Cruz Biotechnology) antibodies were
used for immunoblotting, which was performed as previously
described (25). For TAT-fusion protein experiments, transduced
levels were analyzed by Western blotting of nontransduced and
transduced parallel cultures of MIF�/� and MIF�/� macro-
phages plated at 0.5 � 106 cells per milliliter. Briefly, lysates (40
�g total protein) were immunoblotted with an anti-hemagglu-
tinin (anti-HA; Roche Molecular Biochemicals) antibody that
recognizes an epitope on the TAT-fusion protein (26). Male
129�Bl6 F3 MIF�/� and MIF�/� mice were injected i.p. with
either vehicle or LPS (E. coli 0111:B4, 15 mg�kg) in 0.4 ml sterile
PBS. After 18 h, peritoneal macrophages were collected by
lavage and plated at 0.5 � 106 viable cells per milliliter for an
additional 24 h, at which time supernatants were collected for
determination of TNF-�, IL-1�, and prostaglandin E2 (PGE2)
concentrations by ELISA (R & D Systems). Nitric oxide was
measured by Griess’s assay as described (15).

TAT-Fusion Proteins and Purification. TAT-fusion protein con-
structs were the kind gift of S. Dowdy (Washington University,
St. Louis) and have been previously described (26, 27). Fractions
containing the TAT-fusion proteins underwent buffer exchange
on PD-10 columns (Amersham Pharmacia) into TE (10 mM
Tris�1 mM EDTA, pH 7.5); TAT-p53DD, TAT-p73DD) or PBS
(TAT-GFP). TAT-fusion proteins were added to primary mac-

rophages (0.5 � 106 cells per milliliter) 15 min before challenge
with 10 �g�ml LPS and 100 units�ml IFN-� and incubated for
24 h. Apoptosis was analyzed by Annexin-V-FLUOS Staining
Kit (Roche Molecular Biochemicals) followed by f luorescence
microscopy.

Results
Potentiation of Macrophage Apoptosis in MIF�/� Mice. We isolated
peritoneal macrophages from MIF�/� and MIF�/� mice primed
in vivo with endotoxin (LPS) and observed that a significantly
lower proportion of recovered MIF�/� macrophages were viable
(MIF�/� mice, 58% � 1.6% viability, vs. MIF�/� mice, 79.1% �
4% viability, P � 0.02). Decreased macrophage viability was
accompanied by a substantial increase in macrophage apoptosis,
as assessed by DNA fragmentation and by characteristic mor-
phologic changes visible under light microscopy (Fig. 1A and
data not shown).

Macrophages obtained from the endotoxin-treated MIF�/�

mice showed significantly less production of the proinflamma-
tory mediators TNF-�, IL-1�, and PGE2, whereas the levels of
NO released were comparable between the MIF�/� and MIF�/�

macrophages (Table 1 and ref. 15). The decreased level of
TNF-� production in the MIF-deficient macrophages argues
against a dominant role for TNF-�-induced death in these cells
(15, 28) and supports the inference, in accordance with prior
studies (4), that NO is the primary mediator of apoptosis in this
model.

Exogenous MIF Suppresses NO-Induced Macrophage Apoptosis. Re-
cent results obtained from a cell-based genetic screen have
identified MIF to inhibit p53-dependent cell cycle arrest, extend

Fig. 1. MIF modulates activation-induced macrophage apoptosis. (A) MIF-
deficient mice are sensitized to LPS-induced peritoneal macrophage apopto-
sis. MIF�/� and MIF�/� mice were injected i.p. with either vehicle or LPS (E. coli
0111: B4, 15 mg�kg) in 0.4 ml of sterile PBS. After 18 h, peritoneal macro-
phages were collected by lavage and immediately assessed for apoptosis by an
ELISA that detects cytoplasmic oligonucleosomes. (B) MIF rescues RAW 264.7
macrophages from nitric oxide-induced apoptosis. RAW 264.7 macrophages
were transfected with an MIF-expressing plasmid, pcDNA GS�MIF, or an
empty pcDNA GS control plasmid for 20 h. The NO donor, SNP, was added at
1 mM for 16 h, and DNA fragmentation was assessed by ELISA. Data are
mean � SD of three experiments.
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fibroblast life span, and decrease NO-induced apoptosis in RAW
264.7 macrophages (17). Despite these findings, however, no
mechanism of action for p53 inhibition by MIF has been
proposed. We sought to confirm the finding that MIF could
effectively inhibit macrophage apoptosis in vitro as an explana-
tion for the sensitization of MIF�/� macrophages to endotoxin-
induced apoptosis observed in vivo (Fig. 1 A). It was recently
suggested that MIF may be posttranslationally modified and this
unspecified modification could be important for its bioactivity
(29). To ensure complete bioactivity of MIF, eliminate any
possibility of contamination of recombinant proteins, and closely
mimic a setting of increased MIF expression by macrophages, we
performed transient transfection experiments with an MIF-
expressing plasmid construct. Transient transfection of the MIF-
expressing plasmid into RAW 264.7 macrophages inhibited
macrophage apoptosis induced by the NO donor, SNP, as
assessed by DNA fragmentation (Fig. 1B) and fluorescent
annexin staining [vector control (2 �g) � SNP � 44% � 3.5%
apoptotic cells vs. MIF plasmid (2 �g) � SNP � 11.6% � 1.5%
apoptotic cells, P � 0.01). Of note, transfection with the MIF
plasmid (2 �g transfection condition) consistently resulted in a
4- to 5-fold increase in extracellular MIF compared with empty
vector as determined by both ELISA and Western blotting (see
Materials and Methods). It is also important to note that, whereas
only �10% of cells contain the MIF-expressing plasmid after
transfection (2 �g transfection condition), MIF’s autocrine
action (25) will be exerted on the entire population of cultured
cells.

Exogenous MIF Suppresses NO-Induced p53 Accumulation. Treatment
of RAW 264.7 macrophages with NO leads to an accumulation
of p53 protein in cells (30), and both rMIF and ectopically
expressed MIF significantly attenuated the NO-stimulated in-
crease in intracellular p53 protein levels (Fig. 2A and data not
shown). NO treatment was associated with a coordinate increase
in the phosphorylation of p53 on Ser15, and immunoblotting for
phosphorylated p53 was a sensitive means to detect the influence
of MIF on intracellular p53 content.

We next sought to determine whether there was a correspond-
ing decrease in functional p53 activity in MIF-treated macro-
phages vs. controls. A p53-sensitive promoter assay was used to
investigate the relative transactivation potential of p53 in cells
challenged with NO in the presence or absence of rMIF. NO
treatment of RAW 264.7 cells transfected with a p53-luciferase
construct strongly induced p53-dependent transcription in cells
that had not been pretreated with rMIF. By contrast, cells
exposed to either rMIF or transfected with an MIF-expressing
plasmid and then challenged with NO displayed p53-dependent
transactivation only slightly above control (Fig. 2B and data not
shown). Taken together, these data indicate that MIF acts to
inhibit macrophage apoptosis by decreasing the intracellular

accumulation and subsequent function of the tumor suppressor
protein p53.

MIF Induces Arachidonic Acid Metabolism in Macrophages. It has
been suggested that arachidonic acid metabolism and the ex-
pression of Cox-2 negatively regulates NO-mediated p53 accu-
mulation and apoptosis in macrophages (31). We previously
observed that MIF induces cytoplasmic phospholipase A2 activ-
ity in fibroblasts, leading to an increase in arachidonic acid
production by these cells (25). Because the expression of en-
zymes mediating arachidonic acid metabolism are frequently
coupled (32), we examined whether Cox-2 activity in macro-
phages was regulated by MIF and whether it was mechanistically
linked to the suppression of NO-dependent p53 accumulation by
MIF. Transfection of an MIF-expressing plasmid into macro-
phages induced the expression of Cox-2 mRNA and protein
when compared with vector controls, and this effect was atten-
uated by the addition of a neutralizing anti-MIF mAb (Fig. 3A).
After challenge with NO, Cox-2 expression and p53 accumula-
tion were inversely related in MIF-treated macrophages, sug-
gesting a potential role for Cox-2 in MIF-mediated suppression
of p53 (Fig. 3B). Moreover, when p53 accumulation was exam-
ined in cells exposed to MIF in the presence of a neutralizing
anti-MIF mAb, there was a nearly complete inhibition of Cox-2
induction and a comparable restoration of p53 accumulation that
was inversely related to the expression of Cox-2 (Fig. 3C). As
expected, macrophages exposed to both MIF and anti-MIF
antibody showed an increase in the level of NO-mediated
apoptosis corresponding to the restored level of p53 as shown in
(Fig. 3C and data not shown).

Inhibition of p53 Accumulation by MIF Requires Cyclooxygenase
Activity. To further elucidate the role of MIF-mediated Cox-2
expression in suppressing p53-dependent apoptosis, we added
indomethacin, a potent inhibitor of cyclooxygenases, to block the
formation of arachidonate metabolites in macrophages (33).

Table 1. MIF is required for production of
proinflammatory mediators

LPS stimulated MIF�/� MIF�/�

TNF-�, pg�ml 250 � 7 130 � 7*
IL-1�, pg�ml 760 � 90 370 � 40*
PGE2, pg�ml 5,800 � 400 400 � 25*
NO, ng�ml 44 � 4 42 � 5

MIF�/� and MIF�/� mice were injected i.p. with either vehicle or LPS.
Peritoneal macrophages were cultured ex vivo for an additional 24 h, at which
time supernatants were collected for determination of TNF-�, IL-1�, and PGE2

concentrations by ELISA. Nitric oxide was measured by Griess’s assay as de-
scribed (15). Results shown are from two mice per group and represent the
mean � SD of triplicate samples from each. *, P � 0.01 by Student’s t test.

Fig. 2. MIF inhibits p53 accumulation and function. (A) RAW 264.7 macro-
phages were pretreated overnight with 50 ng�ml rMIF. The NO donor, SNP,
then was added at 1 mM for 4 h. Lysates were assessed for total p53 and p53
Ser15 phosphorylation by Western blotting. (B) RAW 264.7 macrophages were
transiently cotransfected with the multimeric p53 responsive luciferase plas-
mid, p53-Luc, and the Renilla pRL-TK vector for 16 h. rMIF or vehicle then were
added to cells for 8 h, followed by the addition of 1 mM SNP, as indicated, for
16 h. Results are expressed as fold increase over control after normalizing
ratios of luciferase�Renilla luciferase from quadruplicate samples.
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Macrophage apoptosis induced by NO was almost completely
suppressed by overexpression of MIF, and cells exposed to
indomethacin were resistant to the anti-apoptotic effects of MIF
(Fig. 3D). Of importance, the inhibition of Cox activity by
indomethacin was associated with a restoration of p53 to levels
observed in the absence of MIF expression (Fig. 3D). These data
indicate that the induction of Cox-2 activity by MIF is required
for the MIF-mediated suppression of p53 accumulation and
macrophage apoptosis in response to NO challenge.

MIF�/� Macrophages Are Resistant to Activation-Induced Cox-2 Ex-
pression and Activity. We next sought to examine the relationship
between MIF-induced Cox-2 expression and the previously
observed susceptibility of MIF�/� macrophages to apoptosis in
vivo (Fig. 1 A). Resting peritoneal macrophages from MIF�/�

and MIF�/� mice were isolated and treated in vitro with LPS
together with IFN-�, a potent and well-characterized stimulus
for activation-induced macrophage apoptosis (30). The level of
Cox-2 expression and PGE2 release was almost 10-fold less in the
MIF-deficient vs. the wild-type macrophages (Fig. 4A). Treat-
ment with LPS�IFN-� revealed an inverse relationship between
the level of MIF-modulated Cox-2 activity and the extent of
apoptosis in LPS�IFN-�-challenged MIF�/� and MIF�/� mac-
rophages (Fig. 4B). Of importance, the addition of rMIF to the
MIF�/� macrophages partially restored the defect in LPS�IFN-
�-mediated Cox-2 expression, PGE2 production, and suppres-
sion of apoptosis.

PGE2 Inhibits Enhanced Activation-Induced Apoptosis in MIF�/� Mac-
rophages. These data suggest that the conversion of arachidonic
acid into PGE2 is a critical component of MIF-mediated inhi-

Fig. 3. MIF induction of Cox-2 inhibits p53. (A) MIF induces Cox-2 expression in RAW 264.7 macrophages. Increasing concentrations of pcDNA GS�MIF plasmid
or pcDNA GS vector control (lanes 1 and 2) were transfected into macrophages, and Cox-2 expression was examined. (B) Inverse relationship between MIF-induced
Cox-2 and p53 expression. RAW 264.7 macrophages were transfected with either pcDNA GS vector control or pcDNA GS�MIF plasmid. SNP (1 mM) was added
to cells as indicated for an additional 4 h. (C) Suppression of MIF-induced Cox-2 and p53 restoration by anti-MIF. Same as B but in the presence of anti-MIF or
isotype control. (D) Inhibition of MIF-induced arachidonate metabolism restores p53 accumulation and function. Indomethacin was added at the time of
transfection to inhibit the activity of cyclooxygenases. Data are the mean � SD of three determinations and are representative of three independent experiments
(*, P � 0.01, and **, P � 0.05 for MIF vs. vector).

Fig. 4. MIF is required for LPS-induced Cox-2 expression, activity and sup-
pression of apoptosis in murine peritoneal macrophages. (A) Resting perito-
neal macrophages were stimulated for 18 h with 10 �g�ml LPS and 100
units�ml IFN-� together with or without mouse rMIF. Results shown are the
mean � SD of duplicate samples (PGE2) and are representative of two inde-
pendent experiments. (B) Restoration of Cox-2 expression and activity by rMIF
rescues MIF�/� macrophages from augmented activation-induced apoptosis.
Cells were treated as in A and assessed for apoptosis by ELISA of cytosolic
oligonucleosomes as shown. Results shown are the mean � SD of duplicate
samples and are representative of three independent experiments. *, P � 0.04
for LPS�IFN-��MIF vs. LPS�IFN-� treatment alone.
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bition of p53-dependent macrophage apoptosis. Because
MIF�/� macrophages are resistant to LPS-induced Cox-2 ex-
pression and activity, but highly sensitive to LPS-mediated
apoptosis, we then performed add-back experiments to verify a
direct role for PGE2 in MIF’s capacity to inhibit macrophage
apoptosis. As shown in Fig. 5, peritoneal macrophages obtained
from MIF�/� mice and treated with PGE2 were strongly pro-
tected from the augmented apoptosis associated with treatment
of MIF�/� macrophages with LPS�IFN-�. MIF�/� macrophages
by contrast were only minimally protected by PGE2 addition.

Dominant-Negative p53 Inhibits Enhanced Activation-Induced Apo-
ptosis in MIF�/� Macrophages and Restores Function. The inhibition
of activation-induced apoptosis in MIF�/� macrophages by
PGE2 suggested to us that direct inhibition of p53 could similarly
suppress this enhanced apoptosis and potentially restore the
proinflammatory function of these cells. To examine the precise
role of p53 in primary mouse macrophage apoptosis, we used the
TAT transducible protein system (26, 27), which has been shown
to transduce greater than 99% of any given cell population (26).
A well characterized p53 tetramerization dominant-negative
domain was generated as a fusion protein with TAT and
expressed as a recombinant protein (27). Enhanced LPS-
mediated macrophage apoptosis associated with the lack of
endogenous MIF was completely abolished in the presence of
dominant negative p53 (TAT-p53DD) (Fig. 6A). When macro-
phages were treated with a dominant-negative mutant of the p53
family member p73 (TAT-p73DD) or green fluorescent protein
(TAT-GFP), no significant decrease in activation-induced apo-
ptosis was observed (data not shown). To determine whether
inhibition of cellular p53 by TAT-p53DD could restore proin-
flammatory function to the MIF�/� macrophages, we analyzed
the levels of TNF-� released from LPS�IFN-�-treated cells. As
shown in Fig. 6C, MIF-deficient macrophages produced signif-
icantly lower amounts of TNF-� than did the MIF-containing
cells, which is consistent with earlier findings (Table 1 and ref.
15). However, when apoptosis was inhibited by dominant-
negative p53, the levels of TNF-� production were restored to
levels seen in the MIF�/� macrophages. These results suggest
that the enhanced apoptosis observed in MIF�/� macrophages
depends on p53 and that an increase in cellular p53 and
subsequent apoptosis confers decreased proinflammatory func-
tion to MIF-deficient cells.

Discussion
We conclude that MIF regulates the activation pathway leading
to LPS-stimulated macrophage apoptosis by functionally inacti-

vating p53 activity. This finding is manifest by an increase in
activation-induced arachidonic acid metabolism and a decrease
in NO-induced p53 accumulation. Conversely, activated macro-
phages deficient in MIF display decreased arachidonic acid
metabolism that results in decreased macrophage survival, in-
creased apoptosis, and a corresponding decrease in proinflam-
matory function. The ability of an inhibitory p53 to completely
suppress the enhanced activation-induced macrophage apoptosis
inherent in MIF-deficient cells strongly implies that p53 is
responsible for this phenomenon. Moreover, the restoration of

Fig. 6. Dominant-negative p53 inhibits enhanced activation-induced apo-
ptosis in MIF�/� macrophages and restores function. Peritoneal macrophages
from MIF�/� and MIF�/� mice were treated with or without 250 nM TAT-p53DD

for 15 min before stimulation with 10 �g�ml LPS and 100 units�ml IFN-� for
24 h. (A) Activation induced apoptosis was assessed by fluorescent-annexin
staining and fluorescence microscopy. (B) Anti-hemagglutinin (HA) immuno-
blot analysis of primary macrophages from MIF�/� and MIF�/� mice trans-
duced with TAT-p53DD, demonstrating equivalent transduction efficiencies.
(C) Supernatants from indicated samples were assessed for TNF-� production
by ELISA. Data shown are the mean � SD of duplicate samples and are
representative of two independent experiments. *, P � 0.05 for LPS�IFN-
��TAT-p53DD vs. LPS�IFN-� alone.

Fig. 5. The Cox-2 product, PGE2, rescues activation-induced apoptosis in
MIF�/� macrophages. Resting peritoneal macrophages from MIF�/� and
MIF�/� mice were stimulated with 10 �g�ml LPS and 100 units�ml IFN-� in the
absence or presence of exogenously added PGE2. PGE2 was added to cultures
4 h after the addition of LPS�IFN-� to mimic relative time of PGE2 accumula-
tion in MIF�/� macrophages. Data shown are the mean � SD of duplicate
samples and are representative of two independent experiments. *, P � 0.03
for LPS�IFN-��PGE2 vs. LPS�IFN-� alone.
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macrophage function to MIF�/� macrophages by inhibition of
p53 further implies that increased apoptosis is at least partially
responsible for the decrease in proinflammatory cytokine pro-
duction in these cells. The precise role of macrophage apoptosis
in macrophage function in the presence of MIF is less easy to
predict. Our results suggest that, whereas there is a moderate
amount of activation-induced macrophage apoptosis in MIF�/�

cells, inhibition of p53 suppresses macrophage apoptosis but
confers no additional proinflammatory function as assessed by
TNF-� production. We conclude that MIF is required for the
maintenance of activation-induced p53 induction and macro-
phage apoptosis and that, when MIF is lost, cell survival and
function are compromised.

The ability of MIF to sustain macrophage function by regu-
lating p53-dependent apoptosis provides the first mechanism to
explain the global hyporesponsiveness of MIF�/� macrophages
to LPS, and the resistance of MIF�/� mice to endotoxic shock
(14, 15). Whereas various immune effector cells have been
known for some time to undergo apoptosis as a consequence of
activation (20, 34), the impact of this phenomenon on the
evolution of the innate immune response has only recently
become an area of high interest (19). Immune cell dysfunction
late in sepsis is an important complication of the host response
to bacterial products, and programmed cell death appears to be
a significant contributor to the depression of late phase host
responses (7, 19, 34). Inhibition of the cytokine mediators that
affect sepsis progression thus far has proven disappointing in the
clinic—in part because of the complexity of their regulatory
actions (19). Exploration of the apoptotic pathways that con-
tribute to sepsis lethality may be instructive both for revealing

important regulatory features of the late-phase of the sepsis
response, and for suggesting new targets for potential therapeu-
tic intervention (34). Potential intracellular effectors of MIF
action that have been described to date include components of
the mitogen-activated protein (MAP) kinase pathway (25), the
c-Jun coactivator JAB1 (35), and the proliferation-associated
gene product PAG (36).

Our findings additionally support an emerging body of data
that the Cox-2 isozyme is of critical importance in the tissue
pathology associated with septic shock (37, 38). Regulation of
p53 function via MIF induction of Cox-2 therefore is likely to be
an important mechanism for the overall proinflammatory spec-
trum of action of MIF. Whether functional inactivation of p53 by
MIF modulation of Cox-2 activity extends beyond the macro-
phage and the innate immune response is also of interest. MIF
and the target of nonsteroidal anti-inflammatory drug (NSAID)
therapy, Cox-2, are highly expressed in colon carcinoma (39, 40),
and MIF has been implicated to be a proliferative and�or
survival factor for these cancer cells (40). It is noteworthy that
prophylaxis with NSAIDs has been reported to reduce the
development of adenocarcinoma of the colon (41). Inhibition of
MIF-induced Cox-2 activity by NSAIDs may underlie the pro-
tective effect of these drugs in oncogenesis, and supports a
potentially fundamental link between MIF expression and p53
function in a variety of cell systems.
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