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SUMMARY

By targeted disruption of the MIF gene, we have established a mouse strain de®cient in macrophage

(Mw) migration inhibitory factor (MIF). Despite previous reports indicating an essential role of

MIF in endotoxaemia, an injection of lipopolysaccharide (LPS) into the MIF-de®cient mice

(maintained under speci®c pathogen-free conditions) caused shock. No signi®cant difference was

detected between the MIF-de®cient mutant and normal mice in susceptibility to LPS for

endotoxaemia or tumour necrosis factor-a (TNF-a) formation upon LPS injection. Peritoneal Mw

from the two strains produced TNF-a in response to LPS with similar dose responses.

Dexamethasone suppressed the LPS-induced TNF-a response of Mw, but no difference was

detected between the Mw from the two strains. These results suggest that endogenous MIF has no

signi®cant effect on the LPS-induced TNF-a production and no effect on suppression of the

response by glucocorticoids. Thus, MIF is not crucial for LPS-induced immune responses leading to

shock.

INTRODUCTION

Macrophage (Mw) migration inhibitory factor (MIF) was the

®rst lymphokine to be reported.1,2 This factor was identi®ed by

its ability to inhibit the migration of guinea-pig peritoneal Mw

in vitro and shown to play an important role in delayed type

hypersensitivity.1±4 The cDNA encoding human MIF was later

described as a 700-base transcript that produced a 12 500-MW

polypeptide of 115 amino acids.5 Transfection of this cDNA

into COS-1 cells resulted in secretion of MIF activity into the

culture supernatants.5

The mouse homologue of the human MIF cDNA was

isolated and demonstrated 89% identity to the human MIF

cDNA, with 90% identity at the amino acid sequence level.6

The 12 500-MW mouse MIF protein inhibits mouse monocyte

migration and is thought to play a central role in lipopoly-

saccharide (LPS)-mediated endotoxaemia.6±9 MIF is a major

pituitary cytokine that is released in response to physiological

stress induced by LPS.7 Recombinant mouse MIF greatly

enhances lethality when co-injected with bacterial LPS,

and polyclonal antibodies against the recombinant protein

conferred full protection to mice from LPS-induced lethal

endotoxaemia.7 MIF is also considered a proin¯ammatory

cytokine that is released by Mw in response to LPS.10 In

addition, Mw stimulated by the recombinant mouse MIF

secrete TNF-a, a potent mediator of endotoxaemia.11,12 The

critical role of MIF as an immunoregulator was underscored by

the ®nding that the recombinant MIF was shown to abrogate

the glucocorticoid-mediated inhibition of proin¯ammatory

cytokine in LPS-stimulated monocytes.13 These data collec-

tively indicate that MIF plays a central role in the toxic

response to endotoxaemia. Interestingly, enzymatic activities of

MIF have been demonstrated in two independent in vitro

experimental systems. Thus, MIF may have a unique effector

function distinct from that of a typical cytokine.14,15

The mouse MIF genomic gene was cloned by three groups

and was con®rmed as a single functional gene.16±18 In the

present experiments, we established a mouse strain de®cient in

the MIF gene. The MIF null mice appeared to be normal in

development. More surprisingly, despite previous evidence for

the pathogenic role of MIF in endotoxaemia, administration of

LPS to MIF-de®cient mice maintained under speci®c patho-

gen-free (SPF) conditions resulted in immunological responses

that were comparable to those of LPS-treated normal mice.

MATERIALS AND METHODS

Animals

Mice were purchased from Japan SLC (Hamamatsu, Japan).
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They were maintained in a SPF environment. All procedures

were performed in accordance with internal regulations.

LPS and dexamethasone (Dex)

Escherichia coli 0111:B4 LPS was purchased from Difco

(Detroit, MI) for in vivo use and from Sigma (St. Louis,

MO) for in vitro use. Dex was purchased from Sigma.

Targeted disruption of the MIF gene in mice

The MIF gene was obtained from a l-phage DNA clone

previously isolated from a 129/SVJ mouse genomic library.18 A

gene targeting vector was generated using a 6.0-kb XbaI

fragment that contains all of the MIF exons subcloned. A

201-bp SacI fragment consisting of the 3k region of exon 1 and

the 5k region of intron 1 was replaced with a pMC1-neo poly

(A) cassette in a forward orientation relative to MIF gene

transcription. A DT-A cassette was also introduced at the 3k
¯anking region for negative selection.

R1 embryonic stem (ES) cells were cultured, transfected

and subjected to positive selection using G418 according to the

procedure described previously.19 Resistant colonies were

selected, replated individually and subjected to genotype

analysis using the polymerase chain reaction (PCR). PCR

primers were designed from the thymidine kinase (TK)

promoter region of the neo gene (NF1: ATTCGCCAATGA-

CAAGACGCTGG) and from an upstream sequence of the

MIF gene (BX2: ACCGGTCGGATGTCTCACTTGTT) that

was not included in the targeting construct. Subsequently,

BamHI-digested DNA from PCR-positive clones was subjected

to Southern analysis using an external probe to con®rm that

the MIF gene had undergone homologous recombination.

Germline chimeras were generated using the aggregation

method, as described by Nagy et al.,20 with slight modi®ca-

tions. Tail DNA samples from agouti pups obtained from

mating with C57BL/6 (B6) mice were analysed by the Southern

method. Homozygous mutant pups were generated by inter-

crossing heterozygous mutant mice. Genotype analyses of

descendants backcrossed to B6 or BALB/c were performed by

PCR using two sets of primers: one for the mutant allele

consisting of BX2 and NF1, another for the wild-type allele

consisting of BX2 and a sequence of intron1 (WT1:

TGTGTCCTCCCTGCAAACCTGT). Approximately 100 ng

of genomic DNA obtained from tail cuts was subjected to PCR

ampli®cation, as follows, using ExTaq (Takara, Tokyo,

Japan): 33 cycles of 95u for 25 seconds, 69u for 5 seconds

and 72u for 1 min.

Determination of MIF and tumour necrosis factor-a (TNF-a)

The 12 500-MW MIF protein was detected by Western blotting

using the method described previously.16 Soluble fractions of

brain were prepared by homogenization with a polytron

homogenizer in 50 mM Tris, 1 mM Pefabloc SC (Roche

Diagnostics, Mannheim, Germany), 10 mM E-64 (Sigma),

and subsequent centrifugation at 13 000 g for 1 hr in a

microcentrifuge. Concentration of total protein in the super-

natants was calculated as (1.55A280x0.76A260) mg/ml.21 The

supernatants containing equal amounts of the total protein

were incubated with 40 mM dithiothreitol (DTT) and were

subjected to Western blot analysis using polyvinylidene

¯uoride (PVDF) membrane (Millipore, Bedford, MA). Serum

samples from heart blood and culture supernatants of

peritoneal Mw described below were also subjected to Western

blot analysis after treatment with DTT. The membranes were

probed with rabbit polyclonal antibodies against mouse

MIF.22 To con®rm the speci®city of the antibody, it was used

to af®nity purify MIF from the crude extract, and this af®nity-

puri®ed protein was determined to be MIF by using amino acid

sequence analysis. The enhanced chemiluminescence system

(ECL) (Amersham Pharmacia Biotech, Uppsala, Sweden) was

used for detection. TNF-a was measured using an enzyme-

linked immunosorbent assay (ELISA) kit (Endogen, Woburn,

MA, USA).

Histological analysis

Mice were killed, autopsied and the tissues were removed for

histopathological analysis. The tissues were ®xed in 10%

neutral-buffered formalin, embedded in paraf®n, sectioned and

stained with haematoxylin and eosin. Peripheral blood samples

were obtained from the retro-orbital plexus using 75-mm

heparinized capillary tubes (Funakoshi, Tokyo, Japan), and

the blood cells were analysed using a Sysmex automatic

Figure 1. Targeted disruption of macrophage (Mw) migration inhibi-

tory factor (MIF) and detection of the disruption in offspring. (a) The

endogenous MIF gene. The numbered closed boxes denote exons.

BamHI (B), SacI (S) and XbaI (X) sites are indicated. Polymerase chain

reaction (PCR) primers used to detect the wild-type allele are shown as

right and left arrow heads. (b) The targeting vector. Neo and DT-A

indicate neomycin resistance gene and diphtheria toxin A gene,

respectively, oriented as indicated by arrows. The wavy lines represent

plasmid sequence (not to scale). (c) The targeted MIF gene. A BamHI±

XbaI fragment was used as probe for Southern blot analysis. PCR

primers used to detect mutant allele are shown as right and left arrow

heads. (d) A Southern blot analysis of genomic DNA from offspring of

heterozygous crossing digested with BamHI, showing expected

fragments for the wild-type (4.4 kb) and targeted (3.4 kb) alleles.

Wild-type (+/+), heterozygous (+/±) and homozygous (± /±)

offspring are indicated.
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microcell counter K-2000 (Toa Medical Electrics, Kobe,

Japan).

Flow cytometry analysis

Splenocytes were prepared by dissociation between frosted

glass slides. After blocking surface Fc receptors with the 2.4G2

anti-mouse FcR monoclonal antibody (mAb) (prepared from

hybridomas obtained from the American Type Culture

Collection [ATCC], Rockville, MD), the cells were stained

with the following antibodies: ¯uorescein isothiocyanate

(FITC) anti-mouse CD45 (30-F11; Pharmingen, San Diego,

CA); biotinylated anti-mouse CD3e (145±2C11; Pharmingen);

streptavidin±phycoerythrin (PE) (Pharmingen); allophycocya-

nin (APC) anti-mouse CD45R/B220 (RA3-6B2; Pharmingen);

PE anti-mouse CD4 (RM4-5; Pharmingen); APC anti-mouse

CD8a (53-6.7; Pharmingen); and biotinylated anti-mouse

immunoglobulin M (IgM) (331.12; Pharmingen). The stained

cells were analysed using a ¯uorescence-activated cell sorter

(FACSVantage; Becton-Dickinson, San Jose, CA) and dead

cells were gated out by propidium iodide exclusion.

Preparation of peritoneal Mw
Peritoneal exudate cells (PEC) were obtained from mice that

had been injected intraperitoneally (i.p.) 4 days previously with

1.5 ml of 4% thioglycollate broth (Difco). Cells were harvested

by lavage of the peritoneal cavity with 5 ml of ice-chilled

phosphate-buffered saline (PBS). The cells were washed twice

with PBS, resuspended in RPMI-1640 containing 10% heat-

inactivated fetal bovine serum (FBS) (HyClone, Logan, UT)

and plated in duplicate at a density of 2.5r105 cells/well. After

incubation at 37u for 16 hr in a humidi®ed atmosphere with 5%

CO2, the cells were washed twice with PBS.

RESULTS

Generation of MIF-de®cient mice

Our targeting vector was designed to replace a 201-bp SacI

fragment, spanning exon 1 to intron 1, with a neomycin

resistance cassette (Neo) (Fig. 1a, 1b, 1c).

Of 189 G418-resistant R1 ES cell clones isolated, 17 were

determined to have undergone homologous recombination, as

determined by PCR and Southern blot analysis. Two targeted

cell lines were used for production of germline chimeras. Both

gave rise to chimeric animals that, when mated to B6,

subsequently passed the targeted allele to their offspring.

Heterozygous mutants were interbred and Southern blot

analysis of genomic DNA from their offspring showed the

expected DNA fragments for the wild-type (+/+), hetero-

zygous (+/±) and homozygous (±/±) mutant genotypes

(Fig. 1c).
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Figure 2. Detection of macrophage (Mw) migration inhibitory factor

(MIF) protein by Western blot analyses by using a polyclonal antibody

to MIF. (a) Soluble fraction of brain. (b) Sera of mice 20 hr after

intraperitoneal (i.p.) injection with lipopolysaccharide (LPS) at a dose

of 7 mg/kg. (c) Culture supernatants of thioglycollate-elicited perito-

neal Mw stimulated with 0.01±1 mg/ml of LPS for 12 hr. Arrows

indicate a band migrating at the expected molecular weight of the MIF

protein.
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Figure 3. Survival rate after lipopolysaccharide (LPS) challenge. Mice

were injected with LPS, intraperitoneally (i.p.), at doses of 12 mg/kg (a)

or 7 mg/kg (b).
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To con®rm that this gene targeting had abolished produc-

tion of MIF protein, Western blot analysis was performed on a

soluble fraction from brain using a polyclonal antibody speci®c

for MIF, as MIF protein was previously reported to be

detected in brain.23 As illustrated in Fig. 2(a), no 12 5000-MW

MIF was detected in MIF ±/± mice, whereas in +/± mice,

expression level was < 50% as much as that of +/+ mice.

General health and fertility

MIF ±/± mutant mice developed normally, appeared healthy

and were fertile. Microscopic examination of selected tissues

(brain, hypophysis, thymus, spleen, lymph node, femur/

sternum [bone and bone marrow], submandibular gland, heart,

lung, liver, kidney and testis) from homozygous mutants

revealed no signi®cant abnormalities (data not shown). Counts

and volumes of white cells, red cells and platelets in peripheral

blood of four animals, as measured using an automatic

haemocyte counter, were also in the normal ranges. The ratios

of CD3+, B220+, CD4+, CD8+ and immunoglobulin M+

(IgM+) cells in CD45+ splenocytes from two animals were also

similar to wild-type mice, as determined using ¯ow cytometry.

Genotypic ratios (+/+ :+/± : ±/±; raw number) of

weanling pups obtained by matings between MIF+/± were

as follows: females (68 : 143 : 73), males (98 : 155 : 67).

Survival rate in endotoxic shock

In order to determine the possible role of MIF in endotoxic

shock, 10 MIF+/+ mice and 10 ±/± mice, produced in the

same matings, were injected i.p. with LPS (12 mg/kg). Survival

rates for the LPS-injected animals were comparable in the two

groups (Fig. 3a). To con®rm these ®ndings, groups of MIF+/

+, +/± and ±/± mice, consisting of 11, 15 and 15 animals,

respectively, were injected with LPS at a dose of 7 mg/kg. As

shown in Fig. 3(b), no signi®cant differences in the survival

rates were found among the three groups. The ®nal survival

rates in the MIF+/+, +/± and ±/± mice at 80 hr after the LPS

injection were 73%, 73% and 80%, respectively. These results

indicate that the absence of MIF had no effect on death

induced by endotoxic shock.

Serum samples were obtained from MIF+/+ and ±/±

animals 20 hr after an injection of 7 mg/kg LPS and tested for

the presence of MIF by Western blotting. As expected, MIF

was detected in the serum of MIF+/+ mice but not in the

serum of ±/± mice (Fig. 2b).

Serum TNF-a levels in LPS-injected mice

Owing to the critical role of TNF-a in systemic toxicity

associated with sepsis,11,12,24 it was determined whether MIF

de®cient mice could produce TNF-a in response to LPS

injection. LPS was injected i.p. into MIF+/+, +/± and ±/±

mice at a dose of 6 mg/kg. The concentration of TNF-a in their

sera was determined by ELISA 1.5 hr after injection, as most
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Figure 4. Tumour necrosis factor-a (TNF-a) production after stimula-

tion with lipopolysaccharide (LPS) in vivo. Each circle represents TNF-

a level in the serum of an individual mouse 1.5 hr after injection with

LPS at a dose of 6 mg/kg. The concentration of TNF-a was measured

using enzyme-linked immunosorbent assay (ELISA).
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Figure 5. Tumour necrosis factor-a (TNF-a) production by thiogly-

collate-elicited peritoneal macrophages (Mw) after stimulation with

lipopolysaccharide (LPS) and its suppression by dexamethasone (Dex).

(a) TNF-a in culture supernatants of thioglycollate-elicited peritoneal

Mw incubated with 0±1000 ng/ml of LPS for 12 hr. (b) Suppression of

TNF-a production by 1 hr of preincubation with Dex in the same

system as (a) with 1 mg/ml of LPS. Per cent suppression was calculated

using the following formula: % suppression = [(TNF-a production

without Dex) x (TNF-a production in culture treated with Dex)]/

(TNF-a production without Dex)r100. Data shown are mean � SD of

three animals. The cells from each of the animals were cultured in

duplicate. TNF-a was measured by ELISA.
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serum TNF is produced within the ®rst 1±2 hr after LPS

administration.16 The results shown in Fig. 4 indicate relatively

large differences among individuals in each group. However, all

data were within the range of the levels reported by others25

and differences found among the three groups in the serum

concentration of TNF-a was not statistically signi®cant.

TNF-a production by thioglycollate-elicited peritoneal Mw
stimulated with LPS and its suppression by Dex

It is well known that stimulation of macrophages with LPS

results in the production of TNF-a.26 Calandra et al.10 reported

that LPS-stimulated Mw also produced MIF as well, and

suggested that MIF is involved in the production of TNF-a. To

con®rm their ®ndings, thioglycollate-elicited peritoneal Mw of

MIF+/+ mice and ±/± mice were cultured with 10 ng/ml to

1 mg/ml of LPS for 12 hr, and the presence of MIF in the

culture supernatants was determined by Western blotting. Mw
from MIF+/+ mice produced a detectable amount of MIF,

while those from ±/± mice did not (Fig. 2c). The ability of the

cells to produce TNF-a was then determined. The Mw from

MIF+/+ mice and ±/± mice were cultured for 12 hr in the

presence of 10 ng/ml to 1 mg/ml of LPS, and TNF-a in the

culture supernatants was determined using ELISA. As shown

in Fig. 5(a), no signi®cant difference was detected between the

two genotypes in the quantity of TNF-a produced by their Mw
and no signi®cant difference in the sensitivity of the cells to

LPS. These results indicate that Mw-derived MIF does not

affect the TNF-a production by Mw induced with LPS.

It was previously reported that MIF overrides gluco-

corticoid-mediated inhibition of TNF-a production by LPS-

stimulated monocytes and suggested that endogenous MIF can

act to overcome glucocorticoid inhibition of cytokine produc-

tion.13 To test this possibility, thioglycollate-elicited peritoneal

Mw from each of three MIF+/+or ±/± mice were precultured

in the presence of 10x9x10x6
M Dex, and then stimulated with

1 mg/ml of LPS for 12 hr. Determination of TNF-a in the

culture supernatants, shown in Fig. 5(b), indicated that Dex

inhibited TNF-a production in a dose-dependent manner, but

no signi®cant difference was detected between the MIF+/

+and ±/± Mw in the ability of glucocorticoid to inhibit TNF-a
production. In contrast to the previous observations,13

10x12x10x10
M Dex failed to affect TNF-a production by

LPS-stimulated Mw in either cell preparation (data not shown).

DISCUSSION

Mice de®cient in the MIF gene are overtly normal, fertile and

healthy under SPF conditions. The numbers and proportions

of splenic T and B lymphocytes were comparable to those in +/

+ mice, indicating that MIF is not involved in the process of

lymphocyte development.

Great care was taken to con®rm the absence of MIF

expression in MIF ±/± mice. Previous reports have shown

expression of MIF mRNA in the brain, liver and kidney of

normal mice.27 Indeed, the 12 500-MW MIF protein was

detected in the brain extracts from +/+ mice but not in

extracts from MIF-de®cient animals (Fig. 2a). As reported by

Bernhagen et al.7 and Calandra et al.10 MIF protein was

detected in the serum of LPS-injected normal (+/+) mice and

in the culture supernatant of LPS-stimulated normal Mw. In

contrast, the protein was not detectable in the serum of LPS-

injected MIF-de®cient mutant (±/±) or in the culture super-

natant of their LPS-stimulated Mw (Fig. 2b, 2c). Thus, MIF

±/± mice are incapable of producing the MIF protein, even after

LPS stimulation.

Our experiments showed that the+/+ mice and the ±/±

mutants were comparable in their susceptibility to LPS for

shock and in their serum concentration of TNF-a after LPS

injection. Indeed, no signi®cant difference was detected

between the+/+and ±/± mice in the ability of their Mw to

produce TNF-a upon LPS stimulation. These ®ndings suggest

that endogenous MIF is not involved in the formation of TNF-

a, which plays an essential role in LPS-induced shock.11,12

The conclusion obtained from the present experiments

using MIF-de®cient mice differs from that obtained from

previous experiments which utilized anti-MIF antibodies. One

explanation for this is that other cytokines may compensate for

the defect. Previous reports indicated that not only TNF-a but

also interleukin (IL)-1, IL-6, IL-8 and interferon-c (IFN-c)

participate in the host response to LPS.28±30 These mediators

act either alone or in combination to activate Mw and

lymphocytes. Additional in¯ammatory cell products such as

prostaglandins and leukotrienes, as well as reactive oxygen

and nitrogen species, also contribute to in¯ammatory

responses.31,32 Despite no signi®cant difference in the TNF-a
level in sera of +/+or ±/± mice after LPS treatment, it may be

necessary to compare the involvement of the other mediators

between MIF-de®cient mice and anti-MIF antibody-treated

mice.

Another explanation is that the polyclonal antibodies used

by Bernhagen et al.7 or the other groups10,33 might have cross-

reacted with molecule(s) other than MIF. It is also conceivable

that the immune complex itself, consisting of MIF plus

antibody, has a protective role in endotoxic shock. Similar

contradictory results were obtained in the case of TNF-a for

induction of experimental autoimmune encephalomyelitis

(EAE). TNF-a-de®cient mice clearly indicated that TNF-a is

not essential for the development of EAE,34 while a previous

report had suggested that TNF-a plays an important role in

EAE because severity of EAE was reduced by treatment with

anti-TNF-a antibody.35

More recently, Bozza et al. analysed the role of MIF in

sepsis using MIF-de®cient mice.36 In contrast to our results,

they found a signi®cant difference in the survival rate between

normal and MIF-de®cient mice after LPS administration. In

their results, the production of TNF-a after LPS administra-

tion was also signi®cantly lower in MIF-de®cient mice. They

concluded that MIF is critical for LPS-induced sepsis. The

reason for this discrepancy from the current data is unclear at

this moment. Although the company from which Bozza et al.

purchased LPS was different from the one in this work, both

LPS preparations were obtained from Escherichia coli serotype

O111: B4. The dose of LPS used by Bozza et al. was twice

(25 mg/kg) the level used in this work. However, the survival

rate of normal B6 mice under our experimental conditions

(Fig. 3a) was comparable to that shown in the report of Bozza

et al..36 In fact, the LD50 of LPS is known to be rather variable

and dependent on the lot number of the product. With this in

mind, the experimental systems of the two studies seem to be

very similar. It has been suggested that the response to LPS

is highly in¯uenced by pre-exposure to LPS,37±42 and it is
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conceivable that the responses to endotoxin are in¯uenced by

the conditions under which the mice are maintained. Our mice

were maintained under SPF conditions, while in their report,

Bozza et al. did not describe the housing conditions of mice.36

It is possible that their housing conditions made their mice

more dependent on MIF in LPS-induced shock reactions. In

any event, our results clearly suggested that MIF is not critical

in LPS-induced sepsis in mice maintained under some

conditions, such as SPF.

Mouse MIF has been shown to be one of the delayed early

response genes27 and a glycosylation-inhibiting factor.22 More

recently, it was shown to catalyze the tautomerization of D-

dopachrome into 5,6-dihydroxyindole-2-carboxolic acid14 and

to have protein±thiol oxidoreductase activity.15 More interest-

ingly, Apte et al.43 reported that MIF inhibits natural killer

(NK) cells and thereby contributes to immune privilege in the

eye, suggesting that MIF is not a simple proin¯ammatory

mediator. While receptor components of MIF have not yet

been identi®ed, the binding of MIF on NK cells was

demonstrated.44 The involvement of those functions in

endotoxaemia remains unclear. However, it is of note that

our results indicated that MIF is not an essential regulatory

cytokine for the production of TNF-a. In conclusion, our data

clearly indicated that the absence of MIF production does not

protect against LPS-induced lethal shock. Future studies

employing MIF-de®cient mice will allow valuable insight into

the physiological signi®cance of MIF.
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