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Roles of tumor necrosis factarreceptor subtypes in the pathogenesis of the
tristetraprolin-deficiency syndrome

Ester Carballo and Perry J. Blackshear

Tristetraprolin (TTP) is a member of the
CCCH tandem zinc-finger class of pro-
teins. It can bind to and destabilize mRNAs
encoding tumor necrosis factor-
and granulocyte-macrophage colony-
stimulating factor (GM-CSF). Conversely,
mice deficient in TTP develop a complex
syndrome characterized by cachexia, my-
eloid hyperplasia, and joint and skin in-

o (TNF-o)

in the absence of TTP. To evaluate the role
played by each TNF- a receptor in the
pathogenesis of this syndrome, mice were
generated that were deficient in TTP and
either or both of the known TNF-  « recep-
tors (TNFRs), type 1 (TNFR1) and type 2
(TNFR2). Mice deficientin TTP and TNFR1,
or in TTP and both receptors, were pro-

tected from developing the TNF- «—in-

play a protective role in the development

of the syndrome. In cultured cells derived
from these mice, apparent cooperation
between the TNFRs was required to
achieve normal TNF- a—induced expres-
sion of TTP, TNF- a, and GM-CSF mRNAs.
Finally, the results showed that TNFR1
plays an important role in mediating TNF-
a—induced changes in TNF- a and GM-

flammation. Studies using anti-TNF- « duced cachexia and inflammation. In con- CSF mRNA stability. (Blood. 2001;98:
neutralizing antibodies demonstrated that trast, mice deficient in TNFR2 were more 2389-2395)

this syndrome, at least in part, is a conse- severely affected than mice deficient in

guence of the excess productionof TNF-  «  TTP alone, suggesting that TNFR2 might © 2001 by The American Society of Hematology

Introduction

Tristetraprolin (TTP), also known as TIS11, Nup475, or G0524, TNF-«, this increase was due to the stabilization of GM-CSF
is the prototype of a recently described family of zinc-fingemRNA in the absence of TTP. TNé&-has been shown to promote
proteins of the CCCH classMice deficient in TTP develop a the stabilization of GM-CSF mRNA and thus GM-CSF produc-
severe syndrome characterized by growth retardation and cachetia.!* To demonstrate directly that TTP regulates GM-CSF mRNA
polyarticular arthritis, dermatitis, autoimmunity, and myeloid hypeistabilization, we evaluated this process in mice that were deficient
plasia accompanied by extramedullary hematopofelie involve  in both TNF receptors (TNFRs). In the absence of TTP and both
ment of tumor necrosis facter-(TNF-«) in the development of TNFRs, the half-life of GM-CSF mRNA in BMSCs was still
this syndrome was initially suggested by the similarity between thiecreased? ruling out increased circulating TN&-as the cause of
phenotype displayed by the TTP-deficient mice and those dise increase in GM-CSF production.
played by several models of excess TN mice and rats:® This TNF-a exerts its actions after binding to 2 receptors, T&F-
suggestion was reinforced by the observation that treatment of tieeeptor 1 (TNFR1, p55, or CD120a) and TNFreceptor 2
TTP-deficient mice with neutralizing anti—-TNk-antibodies re- (TNFR2, p75, or CD120b). These 2 receptors share about 28%
sulted in prevention of most of the components of the TTBmino acid identity in their extracellular domains and even less
deficiency—associated phenotype. similarity in their intracellular domains, suggesting different signal-
Further studies using macrophages derived from either fetaj roles'>16At present, it appears that TNFR1 mediates most of
liver or bone marrow showed increased production of TlNBy TNF-a's ability to cause cytotoxicity, endotoxin shock, and
cells derived from TTP-deficient mice, and subsequent studiesdativation of gene transcriptiorf;?° whereas TNFR2 has been
bone marrow—derived macrophages showed that this increase waglicated in local inflammatory responses and regulation of early
due to increased stabilization of TNEMRNA in the absence of hematopoiesid!?* Notably, TNFR2 has also been implicated in
TTP1011\We then showed that TTP can bind directly to the AU-ricliegulation of the responses mediated by TNFR1 by controlling the
element in the 3UTR (untranslated region) of TN&-mRNA, binding of TNF« to that receptott2>Whereas TNFR1 is ubiqui
and, by a still unknown mechanism, promote its destabilization atalisly expressed at fairly constant levels, TNFR2 is expressed
more rapid degradatiot:1? mainly in leukocytes and endothelial cells, and its levels are subject
A second aspect of the phenotype was revealed when we foundegulation by different stimuf®
that bone marrow stromal cells (BMSCs) derived from TTP- In an attempt to determine which aspects of the TTP-associated
deficient mice exhibited increased production of the hematopoiefibenotype are mediated by each receptor, we generated mice
growth factor and proinflammatory cytokine granulocyte-macrateficient in both TNFRs and TTP, and also animals that were
phage colony-stimulating factor (GM-CSF)As in the case of deficient in TTP and each individual receptor. We show here that
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TNFRL1 is responsible for the development of arthritis and cachexXigl0 ng/mL; R&D Systems, Minneapolis, MN) for 30 minutes. RNA was
in the absence of TTP. These studies confirm the involvement &ftracted using the RNeasy kit from Qiagen (Valencia, CA) according to the
TNF-« in the etiology of the TTP-deficiency syndrome in micedirections of the manufacturer. RNA was analyzed by Northern blot
However, we also found that TNFR2 might play a protective role if? 1.5% (wt/vol) agarose gels, and blots were hybridized with a mouse
this syndrome because the TTP-deficiency syndrome appeareJ % _CD_NA'3 . . )

be exacerbated in the TTP/TNFR2-deficient mice. Our studies als Similarly, induction of GM-CSF and TNl mRNA expression by

rmOTNFu was studied in BMSCs after 2 hours of incubation in the presence

show a possible cooperative action of both recepiors in tIEﬁeincreasing doses of rmTNé&- Blots were sequentially hybridized with a

TNF-a—stimulated induction of TTP, GM-CSF, and TNFitself. 0\« GM-CSFE cDNA and a mouse TNFeDNA. as described 13

Finally, we show that TNFR1 appears to be involved in the Gu.cSF and TNFe mRNA stability in BMSCs was studied after

stabilization of both GM-CSF and TN&-mRNAs, which exhibit induction with lipopolysaccharide (LPS,dg/mL; Sigma, St Louis, MO)

much longer half-lives in the TTP-deficient animals expressingr 2 hours, followed by a further incubation in the presence of actinomycin

only that receptor. D (5 ng/mL; Sigma) for the times indicated. Blots were hybridized to either
a mouse GM-CSF or a mouse TNFeDNA probe, as described above.
RNA loading was normalized by reprobing all blots with a cDNA probe for

Materials and methods cyclophilin or glyceraldehyde 3-phosphate dehydrogenase. All Northern
blots were analyzed using a Phosphorlmager Typhoon 8600 and Image-
Mice Quant software (Molecular Dynamics, Sunnyvale, CA).

Mice deficient in both TNFRs were kindly provided by Dr Mark W. Moore

(Genentech, South San Francisco, CA) and were interbred with animals that

were heterozygous for TTPSuccessive interbreeding of the offspring It

resulted in the following genotypes: TNFR1- and TNFR2-deficient micBesu S

(TNFR1/2KO [knockout]), TNFR1-deficient mice (TNFR1KO), TNFR2- h fh - )
TTP/TNFR-def

deficient mice (TNFR2KO), TTP/TNFR1/2-deficient mice (3K0), TR/ Nenowpes of the TTP/ deficient mice

TNFR1-deficient mice (TTP/TNFR1KO), and TTP/TNFR2-deficient miC‘DeveIopment.Mice deficient in TNER1. TNFR2. or both have

(TTP/TNFR2KO). Genotyping of the animals was performed as deséﬁbe%een described previous®?2and all of them appear to develop

All animals were maintained in microisolator in rrier facility. M . . .
animais were mainta ed croisolator cages a barrie taciliy .Ouseormally. Their weights are comparable to those of wild-type (WT)
weights were recorded weekly, and the animals were monitored daily for.

evidence of clinical deterioration. Animal care and all experiments were frice, and they do not show any obvious signs of disease. We

accordance with institutional guidelines for animal use. generated mice that were deficient in TTP and both TNFRs (3KO)
and also mice deficient in TTP and each individual receptor
Histology (TTP/TNFR1KO or TTP/TNFR2KO). The TTPKO mice used in

Tissue samples were fixed in 10% neutral buffered formalin and processtg(lis study had been back-crossed into C57BI/6 mice for an average

according to standard protocols before being stained with hematoxylft 11 9enerations (range, 10-12 generations). Controls were mice
eosin. Bone marrow cells were flushed from the femur and deposited oftgficient in either or both TNFRs. At 5 weeks of age, growth
glass slides with a cytocentrifuge (Shandon, Pittsburgh, PA). The slidegfardation was already apparent in the TTPKO mice (average body
were then stained with the Diff Quick Stain Set (Baxter Health Carayeight, 7.8 + 2.1 g, n= 4, versus 18.1+ 1.4 g in the WT mice,
McGraw Park, IL). All tissue sections and cells were analyzed with a Nikon = 7) (mean + SD) (P < .0001). Mice of the 3KO and the
Eclipse 400 microscope (Southern Micro Instruments, Atlanta, GA) anfiTp/TNFR1KO genotypes exhibited the same rate of growth as the
photographed with an Olympes-C35B camera (Olympus America, LakeWT animals (18.3+ 2.2 g, n= 16, and 18.1+ 1.7 g, n= 14,
Success, NY). respectively). On the other hand, the average weight of the
TTP/TNFR2KO mice at 5 weeks was @ 2.7 g (h=5) (P < .03
compared with WT). After 12 weeks, the pattern remained the
Bone marrow-derived macrophages (BMIs) were prepared as describedggme: WT, 23.7+ 2.2 g (n=7); TTPKO, 9.3 + 2.1 g (n= 4);

previously*® Briefly, marrow cells were flushed from both femurs OfSKO 23.7 +2.2 g (n=16); TTP/TNFR1KO, 23.8+ 3.1 g
individual mice and cultured at 37°C in a 5% g&mosphere. The culture§ PR ' Y e

Cell culture

. : - - . ) n = 14); and TTP/TNFR2KO, 12.4= 0.5 g (h= 5). However, at
medium was Eagle’s modified minimum essential medium, supplement 8 .
with 10% (vol/vol) heat-inactivated fetal calf serum, 2 mM glutamine, 10 weeks of age, r_mce (?f the_ 3KO E}nd TTP/TNFR1KO genotypes
U/mL penicillin, 100 pg/mL streptomycin, 1.25.g/mL amphotericin B, aPpeared to slow in their weight gain: WT, 33:10.1 g (n= 4);
0.2% sodium bicarbonate, 15 mM HEPES, pH 7.4, and 30% (volivol) L928KO, 25.2 = 2.9 g (n= 16); and TTP/TNFR1KO, 26.3+ 4
cell-conditioned medium as a source of macrophage colony-stimulatiggn = 14).
factor?” Cells were used after 2 to 3 weeks in culture. At 5 weeks of age, there were no obvious physical abnormali-
BMSCs were prepared as described previot&Briefly, marrow cells  ties in the 3KO or TTP/TNFR1KO mice. However, by this age the
were flushed from both femurs of individual mice, and red blood cells wereTp/TNFR2KO mice already displayed early signs of joint inflam-
lysed with 0.15 M ammonium chloride. Cells were cultured at 33°Cin a Sqr/'hation, characterized by swelling and discoloration of the paws
CO, atmosphere in minimum essential medisnsupplemented with 25% . . . . . .
(Figure 1). This onset of inflammation occurred earlier than in the

heat-inactivated fetal calf serum (vol/vol), 2 mM glutamine, 100 U/m . . . . L .
penicillin, 100 ug/mL streptomycin, 1.25.g/mL amphotericin B, 0.2% LI'TPKO mice, which did not show signs of paw joint inflammation

sodium bicarbonate, and 15 mM HEPES, pH 7.4. Cells were grown in TES)til 8 to 10 weeks of age. These paw changes were not seen in the
cn? tissue culture flasks until confluent monolayers were observed (abou@ther genotypes, even after several months of observation (data not
weeks). After that, monolayers were trypsinized and cells were replatedshown). Over time, the TTP/TNFR2 mice rapidly deteriorated, as
60-mm dishes and cultured for another week before use in experiments. did the TTPKO mice, whereas the TTP/TNFR1KO and 3KO mice
continued to develop normally and without signs of disease (except
for the leveling off of the weight gain that occurs after 5 months of
To study the induction of TTP gene expression by T&lFwe incubated age). Both of these genotypes were fertile and able to carry
BMM &s with increasing doses of recombinant mouse TNEMTNF«, gestation to term, and both had normal litter sizes and reared the

Northern blotting
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Figure 1. Early development of inflammatory arthritis in the TTP/TNFR2KO
mice. In this 5-week-old TTP/TNFR2KO mouse, the swelling and discoloration of the
front paws are already obvious. This same phenomenon was observed in animals of
this genotype as young as 3 to 4 weeks of age.

pups normally. Breeding was not attempted with the homozygo

TTP/TNFR2KO mice.

Histology. Carpal joints of adult mice were examined histologi-
cally at approximately 6 months of age (Figure 2). The 3K
(Figure 2A) and the TTP/TNFR1KO mice (Figure 2B) exhibited ng
signs of joint inflammation, in agreement with the extern (L
examination of the animals. However, in the TTP/TNFR2KO mice
(Figure 2C), the histology of the joint was markedly abnormal, with
severe erosion of the articular surfaces, invasion of the joi
cavities by inflammatory pannus, and dramatic infiltration of the
surrounding soft tissues by mononuclear and polymorphonuclear
inflammatory cells (Figure 2D). This pathology was very similar t?a
that described in the TTPKO miéebut appeared to be more

aggressive in both extent and earlier age at onset.

Microscopic examination of the bone marrow cavities from
mice of all 3 TTP-deficient genotypes (Figure 2) revealed the
hypercellular marrow that is typical of the TTPKO mitén the
present study, this marrow hypercellularity was present even in
absence of both TNFRs. Cell preparations of bone marrow fr

Figure 2. Histology of the carpal joint in TTP/TNFR-deficient mice. (A-C)
Hematoxylin-eosin—stained sections of the carpal joint of 6-month-old mice at X 10
magnification, with the metacarpal bones to the left and the radius and ulna to the
right; the radial head is on top in each section. (A) Carpal joint of a mouse deficient in
TTP and both TNFRs. (B) Carpal joint from a mouse deficient in TTP and TNFR1. (C)
Carpal joint from a mouse deficient in TTP and TNFR2. Both (A) and (B) demonstrate
a clean articular cavity, smooth articular surfaces, and absence of inflammation or
pannus formation. In contrast, (C) demonstrates the presence of severe inflamma-
tion, with erosion of the articular surfaces and invasion of the articular cavity by the
prominent pannus. All 3 genotypes (A-C) exhibit marked intramedullary hypercellular-
ity. (D) Higher-power view (X 100 magnification) of the area delimited by the box in
(C). The cellular component of the inflammatory infiltrate is of both polymorpho-
nuclear (arrowhead) and mononuclear (arrow) lineages.
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animals expressing TTP (Figure 3, panels WT and TNFR1/2KO)
showed a heterogeneous population of cells, including members of
the 3 hematopoietic lineages (lymphoid, myeloid, and erythroid).
In contrast, whenever TTP was absent (Figure 3, panels TTPKO,
3KO, TTP/TNFR1KO, and TTP/TNFR2KO), there was a marked
increase in the proportion of myeloid cells at all stages of
differentiation, with almost complete disappearance of the lym-
phoid and erythroid lineages. The percentages of myeloid cells in
these genotypes were as follows: TTPKO, 77262.1% (n= 3);

3KO, 68.3% * 2.6% (n=6); TTP/TNFR1KO, 64.7% * 4%
(n=3); and TTP/TNFR2KO, 72.2%* 5% (n=4) (mean=*
SEM). In each case, this represents at least a 2-fold increase in the
proportion of myeloid cells compared with marrow from WT mice
(30.4% = 3% [n= 7]).

These results were somewhat unexpected because TTP-
deficient mice treated with neutralizing antibodies to TilFoer 8
weeks did not exhibit significant myeloid hyperplasia at 73 days of
age compared with control animals (33.7% 3.1% marrow
lrJnyeloid cells in the antibody-treated KO mice versus 30:4%.0%

.in control mice)® Because these mice were considerably younger
6han the 3KO mice evaluated in the present study, we analyzed
marrow from 3KO mice at 82 days of age. Marrow from these mice
ontained 37.5% 2.5% myeloid cells (n= 4), suggesting strongly
at the severe myeloid hyperplasia seen in the older 3KO mice was
n age-related effect of the abnormal genotype that was not
.ﬁpparent either in the younger mice treated with TdN&ntibodies
or in the younger 3KO mice.
In the TTPKO mouse, myeloid hyperplasia in the bone marrow
iS always accompanied by extramedullary hematopoiesis, particu-
rly in the spleen, which is almost always significantly enlarged.
This phenomenon was also seen in the 3KO and TTP/TNFR1KO
mice older than 6 months of age; the spleens of these animals
weighed up to 700 mg (normal, less than 100 mg). Even when
splenomegaly was not as obvious, the normal architecture of the
pleen was altered in the 3 genotypes lacking TTP. Spleens from
o RIFR1/2K0O mice (Figure 4) appeared in all respects to be similar
{8 those of the WT mice (not shown), with normal architecture of
the white and red pulps and a population of predominantly
lymphoid cells, with the occasional mature granulocyte. However,
spleens from animals of the other 3 genotypes, in which TTP was
absent, were strikingly similar to the spleens of the TTPKO rhice,

_lj\ L w] Jﬁv S

Figure 3. Cytology of the bone marrow in TTP/TNFR-deficient mice. Bone
marrow was flushed from the femurs of adult mice, and cytopreparations were
stained with a modified May-Griinwald-Giemsa stain. Magnification was X 100. In
both the WT and TNFR1/2KO mice, the marrow contains a normal mixture of cells of
the myeloid, erythroid, and lymphoid lineages. However, in the TTP-deficient cells,
regardless of the presence or absence of TNF-a receptors (TTPKO, TTP/TNFR1KO,
TTP/TNFR2KO, or 3KO), the marrow cellularity appears to be strikingly shifted to the
myeloid lineage.
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Figure 4. Histology of the spleen in TTP/TNFR-deficient mice. The figure shows
hematoxylin-eosin-stained sections of spleen at X 250 magnification. In the TNFR1/
2KO mice, the cellularity of the spleen is essentially identical to that of WT mice. The
prominent cell type is lymphoid, but the occasional mature granulocyte is present
(arrowhead). However, in the remaining panels from TTP-deficient mice (3KO,
TTP/TNFR1KO, and TTP/TNFR2KO), myeloid cells at different stages of differentia-
tion have largely replaced the lymphoid cells (arrowheads, mature granulocytes;
arrows, immature myeloid precursors). Note also the presence of increased numbers
of megakaryocytes (asterisk), a phenomenon also observed in spleens from the
TTPKO mice.

with increased numbers of myeloid precursors at different stage

unpublished observations, 1998-2001).

Involvement of TNFR1 and TNFR2 in the expression of TTP

To evaluate the role played by each TNFR in the induction of TTP

expression by TNFe, we incubated BMMs for 30 minutes in the
presence of increasing concentrations of rmT&Fand then
isolated and analyzed RNA by Northern blot. In WT BMig, TTP

S
differentiation (Figure 4, panels 3KO, TTP/TNFR1KO, and TTP
TNFR2KO). In addition, increased numbers of megakaryocytes
were observed, as in the original TTPKO mice (E.C. and P.J.I%.f

BLOOD, 15 OCTOBER 2001 - VOLUME 98, NUMBER 8

and TNFR2, TNFa caused no increase in TTP mRNA accumula-
tion. The absence of TNFR1 alone also completely prevented
rmTNF-«—induced TTP mRNA accumulation. When TNFR1 alone
was present, rmTNle-induced TTP mRNA accumulation. How-
ever, there was a clear shift to the right in the rmT&F-
concentration needed to trigger this response. In the cells of this
genotype, no increase in TTP mRNA accumulation was seen after
exposure to 0.1 ng/mL rmTNE&; and even 10 ng/mL rmTNE-
stimulated less TTP mRNA accumulation than that seen in the cells
from the WT animals.

Involvement of TNFR1 and TNFR2 in the expression and
stability of GM-CSF mRNA

We also examined the role played by each TNFR in the induction of
GM-CSF mRNA. In WT BMSCs, GM-CSF mRNA was detected
after 2 hours of exposure to 0.1 ng/mL rmTNFFigure 6). The
absence of TNFR1 resulted in the complete lack of expression of
GM-CSF mRNA, even after the highest dose of rmT&Rwvas
used (10 ng/mL). However, although in the absence of TNFR2
there was TNFx induction of GM-CSF mRNA accumulation,
there was a shift to the right in the concentration of rmT&F-
required for the first detectable expression of GM-CSF mRNA. In
tt%f absence of TNFR2, GM-CSF mRNA was first detected only
er a 2-hour incubation in the presence of 1 ng/mL rmTd\Nfa
ontrast to 0.1 ng/mL in the WT cells.

We also evaluated which TNFR was involved in the regulation
GM-CSF mRNA stability. To do this, we compared the half-life

-~
3
)
e FIITL 0 TNFa (ng/mL)

e
LT LT TR

WT

S5 3
mRNA accumulation was first detected after exposure to 0.1 ng/mL & °"’:°°°’°’“‘ _S *%‘v‘-’ﬁ““:_umnvmu
rmTNF-« for 30 minutes (Figure 5). In the absence of both TNFR1 | 9 o & 8 ¢ GM-CSF
CLLTT T T T Rt

TNFa (ng/mlL)

W «—TTP
450 4
TNFRIZKO 400 { 2 rarminn
—=TRFRIKO
2 04
B
= 3004
TNFRIKO o E‘ il
Z
4— Cyclo £ =
150 4
TNFRIKO < TTP i
L] 1E-04 0,001 0.01 [ 8] 1 10
s TNFa (ng/mL)

Figure 5. Differential induction of TTP mRNA accumulation mediated by TNFR1

and TNFR2. BMMd¢s were prepared as described in “Materials and methods” and
were stimulated with increasing concentrations of rmTNF-« for 30 minutes. Northern
blots from these experiments are shown on the left; the TTP and cyclophilin (Cyclo)
mRNAs are indicated. On the right is the Phosphorimager quantitation of these blots
after the TTP mRNA levels had been normalized for cyclophilin mRNA levels. WT
macrophages exhibited detectable expression of TTP mRNA after stimulation with as
little as 0.1 ng/mL rmTNF-a. However, in the absence of both TNFRs (TNFR1/2KO),
there was no induction of TTP mRNA expression, even at the highest concentration of
rmTNF-a used, 10 ng/mL. In the absence of TNFR1 (TNFR1KO), there was also no
induction of TTP mRNA expression. However, in the absence of TNFR2 (TNFR2KO),
rmTNF-« induced the expression of TTP mRNA, but there was a shift to the right of
one order of magnitude in the concentration-dependence curve compared with that
seen in WT macrophages. The experiment shown here is representative of 3
independent experiments using cells derived from different groups of animals.

TNFRIKO TNFRIKO

Arbitrary units

o 0.0001  0.001 0.01 0.1 1 10
TNFet (ng/mL)

Figure 6. Differential induction of GM-CSF mRNA accumulation mediated by
TNFR1 and TNFR2. BMSCs were prepared as described in “Materials and methods”
and were stimulated with increasing concentrations of rmTNF-a for 2 hours. Northern
blots from these experiments are shown on the top; the GM-CSF and cyclophilin
(Cyclo) mRNAs are indicated. On the bottom is the Phosphorimager quantitation of
these blots after the GM-CSF mRNA levels had been normalized for cyclophilin
mRNA levels. WT BMSCs exhibited readily detectable expression of GM-CSF mRNA
after stimulation with as little as 0.1 ng/mL rmTNF-a. However, in the absence of
TNFR1 (TNFR1KO), there was no induction of GM-CSF mRNA expression, even at
10 ng/mL rmTNF-a. In the absence of TNFR2 (TNFR2KO), rmTNF-« induced the
expression of GM-CSF mRNA, but there was a shift to the right of one order of
magnitude in the concentration-dependence curve compared with that seen in WT
macrophages. The experiment shown here is representative of 2 independent
experiments with cells derived from different groups of animals.
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of GM-CSF mRNA after actinomycin D treatment of BMSCs S o
stimulated for 2 hours with ug/mL LPS. In the TNFR1KO and ° ‘W:;;; :NT:::WU
TNFR2KO cells, the larger (polyadenylated) form of GM-CSF

mRNA decayed very quickly after actinomycin D treatment, BERRRER «cyao
whereas the smaller (deadenylated) f&ndecreased with a wT

somewhat longer half-life (Figure 7). The estimated half-life of
both mRNA species combined was 35 minutes and 39 minutes for
the 2 genotypes, respectively. However, when the BMSCs were

s Sa. 8
@ WA NN B VYO NN TN Fu (ng/ml)

we te 1o ve we pe 4TNFa

BEMEUHNIB RN ~Cyao

derived from the TTP/TNFR1KO cells, the decay of the polyadenyl-

ated form of the mRNA was somewhat delayed, with an estimated TNFRIXO ANYING
half-life of 49 minutes. In the absence of both TTP and TNFR2,

there was little detectable deadenylated GM-CSF mRNA, and the P

half-life of the total MRNA was greatly increased (415 minutes).

Involvement of TNFR1 and TNFR2 in the expression and
stability of TNF- « mRNA

Using the same cultures of BMSCs, we studied the induction and 20
stability of TNF« mRNA. TNFR2 alone failed to mediate the

rmTNF-a«—mediated expression of TNkein BMSCs (Figure 8). In
contrast, TNFR1 was able to mediate the rmTd&stimulated
expression of TNFe, but higher concentrations of rmTNkwere

required to achieve the same response as that seen in the WT cgll§. g pifferential induction of TNF-

== TNFRI KO
50 |-e—Tnm2 KO

40

kD]

Arbitrary Units

0 ~
[} o.0o01 0.001 0.01 0.1 1 10
‘TNFa (ng/mL)

a mMRNA accumulation mediated by

Accumulation of TNFe mRNA was readily detectable after TNFR1 and TNFR2. BMSCs were prepared as described in “Materials and methods”

exposure of the WT BMSCs to 0.01 ng/mL rmTNE-whereas it

was not detectable until a concentration of 0.1 ng/mL was used

the TNFR2KO BMSCs.
Finally, because TN promotes GM-CSF mRNA stability, we

TNFRIKO TTPTNFRIKO
0 10 00 N0 B e B P00
acsr T B LB E8L
Cyclo —» S0 80 00 M M 0 b o o M MM M M

TNFR2KO TTPITNFR2ZKO
o 10 0 0 g8 (P00 48 1 P gn WP L
am-csF T E DL P'ﬂf‘“ﬂu!

Cyco = i MMM UUHEEEENNY.
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\._/-.
—e—TNFRIKD "
—a—TNFRIKD
== TTITNFRIKO
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1 T * T v T v "
o 0 40 60 80 100 120 140
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Figure 7. Effect of TNFR1 and TNFR2 on the stability of GM-CSF mRNA. BMSCs
were prepared as described in “Materials and methods” and were stimulated with 1
rg/mL LPS for 2 hours. After that, actinomycin D (5 ng/mL) was added, and the cells
were harvested for RNA at the indicated times. Northern blots from these experi-
ments are shown at the top, with the 2 species of GM-CSF mRNA and the single
species of cyclophilin indicated. On the bottom is the Phosphorimager quantitation of
the GM-CSF mRNA levels (total hybridizable mRNA, ie, both species together) after
normalization to cyclophilin mRNA levels. The data are expressed as a percentage of
the value at time 0, which was assigned the value of 100%. In the presence of TTP
(TNFR1KO, TNFR2KO), GM-CSF mRNA appeared as a typical doublet of 0.8 and 1
kb. However, when TTP was absent (TTP/TNFR1KO, TTP/TNFR2KO), the larger
species appeared to be predominant. Note also that in the absence of TTP, the
stability of the mRNA was increased, particularly when both TTP and TNFR2 were
absent. The experiment shown here is representative of 2 independent experiments
with cells derived from different groups of animals.

and were stimulated with increasing concentrations of rmTNF-a for 2 hours. Northern
ts from these experiments are shown on the top; the TNF-a and cyclophilin (Cyclo)
mMRNAs are indicated. On the bottom is the Phosphorlmager quantitation of these
blots after the TNF-a mMRNA levels had been normalized for cyclophilin mRNA levels.
WT BMSCs exhibited detectable expression of TNF-a mRNA after stimulation with as
little as 0.01 ng/mL rmTNF-a. In the absence of TNFR1 (TNFR1KO), there was no
induction of TNF-a mRNA expression, even at 10 ng/mL rmTNF-a. However, in the
absence of TNFR2 (TNFR2KO), rmTNF-« induced the expression of TNF-a mRNA,
but there was a shift to the right of one order of magnitude in the concentration-
dependence curve compared with that seen in WT macrophages. The experiment
shown here is representative of 2 independent experiments with cells derived from
different groups of animals.

examined whether TN-could influence the stability of its own
MRNA (Figure 9). TNFR1KO cells exhibited the shortest TNF-
mMRNA half-life (40 minutes), with a similar value in the absence of
TNFR2 (48 minutes). These values are similar to those observed in
WT cells (35-40 minutes)-13 However, the absence of both TTP
and TNFR1 resulted in an increased half-life of TNFARNA (63
minutes), and this was 149 minutes when TNFR2 absence was
combined with the absence of TTP.

Discussion

The main goal of the present study was to establish the role played
by TNF« in the development of the chronic inflammatory
syndrome resulting from TTP deficiency. This syndrome includes
cachexia, polyarticular arthritis, systemic autoimmunity, myeloid
hyperplasia, and extramedullary hematopoiésigeatment of
newborn TTPKO mice with a monoclonal hamster anti-mouse
neutralizing antibodd? for 9 weeks resulted in normal growth rates
and no detectable myeloid hyperplasia or arthfitiwever, there

are potential problems with the long-term use of neutralizing
antibodies raised in a different species, including inadequate
neutralization, the development of “anti-antibodies,” and others. To
avoid the potential problems associated with exogenous antibody
treatment, we interbred the TTPKO mice with the TNFR1/2KO
mice. This genetic approach should prevent all actions of &NF-
from the moment of conception. Our preliminary studies on the
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TNFRIKD ITHNTNFRIKD In contrast, the combined deficiency of TTP and TNFR2
8 209 SR 98 0 90 O resulted in a very different phenotype. These mice appeared similar
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at an early age. These animals also developed severe polyarticular
arthritis of the paw joints, but the onset appeared to be earlier than
in the TTPKO mice. TTPKO mice generally exhibit signs of
discoloration and swelling in the paw joints at 8 to 10 weeks of
age, but these signs were apparent as early as 3 to 4 weeks of
age in the TTP/TNFR2KO mice. Histology of the paw joints
confirmed the very early onset of erosive arthritis. As with all of the

100 . other genotypes lacking TTP, the TTP/TNFR2KO mice also

developed myeloid hyperplasia and extramedullary hematopoiesis

g as they aged. Both the TTPKO and TTP/TNFR2KO mice were

E produced by crossing heterozygotes because both homozygous

:j 10 lines havevery low breeding capabilities. In both cases, regard-

g less of the severity of the postnatal syndrome, both TTPKO and

E —e-mamia TTP/TNFR2KO mice were born at the appropriate mendelian

:mm:: rates, suggesting that the excess T&production observed in
e . 4 2 & & 1 the absence of TTP did not significantly impair intrauterine

development.

‘Time (min) . . :
Two main conclusions can be drawn from these data. First,

Figure 9. Effect of TNFR1 and TNFR2 on the stability of TNF-  a mRNA. BMSCs

were prepared as described in “Materials and methods” and were stimulated with 1
prg/mL LPS for 2 hours. After that, actinomycin D (5 wg/mL) was added and cells were
harvested for RNA at the indicated times. Northern blots from these experiments are
shown at the top, with the TNF-a and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNAs indicated. On the bottom is the Phosphorimager quantitation of the
TNF-a mRNA levels after normalization to GAPDH mRNA levels. The absence of
either TNFR1 (TNFR1KO) or TNFR2 (TNFR2KO) did not affect the half-life of TNF-«
mRNA. However, when TTP was also absent (TTP/TNFR1KO, TTP/TNFR2KO), the
stability of TNF-a mMRNA was increased, particularly when both TTP and TNFR2 were
absent. The experiment shown here is representative of 2 independent experiments
with cells derived from different groups of animals.

TNF-«a, acting through TNFR1, appears to be responsible for the
development of the cachexia and polyarticular arthritis seen in the
TTPKO mice. Second, TNEk-acting through TNFR2 alone does
not induce any of these inflammatory responses. In fact, the results
presented here lend support to previous speculations about a
potential protective role played by TNFR2. TNFR2 is a high-
affinity receptor for TNFe, and it is shed from the cell membrane
upon stimulation of cells by TNk It has been postulated that this
soluble form of the receptor could sequester the circulating soluble

TNF-a, thus limiting its availability to act through TNFR$£.The
3KO mice3 confirmed our initial observations with the neutraliz increased severity of the syndrome developed by the TTP/
ing antibodies. That is, these mice developed normally and did ndNFR2KO mice supports this idea because the absence of TNFR2
develop cachexia or arthritis at any age, establishing the primé&Quld result in more circulating TNE; which could then act
pathogenetic role of TNkin these aspects of the TTP-deficiencyfhrough TNFR1, thus exacerbating the TTP-deficiency syndrome.
Syndrome_ However, as the animals aged‘ they deve|0ped bothA" of the animals studied that were deficient in TTP dlsplayed
medullary and extramedullary myeloid hyperplasia, and thefyeloid hyperplasia and extramedullary hematopoiesis after about
growth rate slowed modestly. We conclude that these late-on8eto 8 months of age, including those also deficient in one or both

phenomena may be due to the excess production of GM-CSF th&tFRs. This appears to be an age-related phenomenon because the

occurs in the absence of TFP. 3KO animals did not exhibit myeloid hyperplasia when examined
A second goal of these studies was to explore the involvemeiit82 days of age, in keeping with our previous results with the
of each TNFR in the development of the TTP-deficiency phendNF-a antibody-treated TTPKO miceWe have shown previ
type. Previous studies have demonstrated that each TNFR app@&ay™® that the absence of TTP results in increased stability and
to be responsible for certain, sometimes overlapping actions agcumulation of GM-CSF mRNA and increased GM-CSF secre-
TNF-o.. However, mice deficient in either or both TNFRs do notion. These phenomena occur whether or not there is excess
appear to develop any serious pathology unless subjectedeftective TNFe secondary to the absence of TTP because they
exogenous stress (eg, LPS challenge, bacterial infecti®@sfhe occurred in the absence of either or both TNFRs. GM-CSF is a
TTPKO mouse provides a useful model in which to study the rolkematopoietic growth factor, but it also can play a role as a
played by each TNFR in the development of the inflammatongroinflammatory cytokiné® Our results support a role for GM-
response to chronic TN&-stimulation. CSF in the development of the myelopoietic and possibly a
The results presented here demonstrate that TNFR1 and TNF®2nponent of the inflammatory syndrome seen in the TTPKO
play distinct roles in the development of the TTP deficiencymice, both of which can occur even in the absence of TN#etion.
associated phenotype. The superimposition of TNFR1 deficiency We have previously suggested a model in which TTP regulates
on TTP deficiency resulted in prevention of the cachexia ankdNF-o production through a negative feedback loop, and we have
arthritis characteristic of this syndrome, resulting in a phenotyown that, as a part of that loop, TNFean induce the expression
that was very similar to that exhibited by the 3KO mice. Thef TTP!! However, the results shown here suggest a distinct role
TTP/TNFR1KO mice, like the 3KO mice, developed normally andor each TNFR in the development of the inflammatory response.
bred well, and we were able to produce a colony of homozygoilifiese results suggest that the expression of TTP, &N&nd
mice. However, as seen in the 3KO mice, as the mice aged p&-CSF, all of which can be induced by TNE- can be
approximately 6 months, they began to develop myeloid hyperpldifferentially regulated by each TNFR. Only TNFR1 was able to
sia and extramedullary hematopoiesis with splenomegaly, and theiediate the TNFe—induced expression of these 3 mRNAs,
growth rates dropped below those of control mice. confirming its role as the major mediator of the inflammatory
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response to TNk However, our data also showed that, eveincreased production of active cytokines that results from this

though all of these mMRNAs were still induced by TNF4in the increased mRNA stability could explain, at least in part, the

absence of TNFR2 there was a clear shift to the right in the &NFincreased severity of the inflammatory syndrome observed in the

concentration-dependence curve, indicating that TNFR2 is nec&3-P/TNFR2KO mice.

sary for TNFe to stimulate the same levels of mMRNA accumula- In conclusion, using the inflammatory disease model provided

tion seen in WT cells. These results agree with the previoudhy the TTPKO mice, we have been able to differentiate the roles

described hypothesis proposing cooperation between the TNFR&yed by each TNFR in the regulation of key components of the

According to this hypothesis, the presence of the high-affiniiyflammatory response, including TNE- GM-CSF, and TTP

TNFR2 would concentrate TN&-on the cell surface, thus makingitself. The potential use of TNFRs as therapeutic targets has been

it more accessible to TNFR1, which has a lower affinity foproposed®3! Our results indicate that there is a delicate balance

TNF-.1825|n the absence of TNFR2, the concentration of TWF-between TNFR1 and TNFR2 signaling in mediating T&F-

necessary to trigger a response through TNFR1 would increaseaggons. Thus, it is possible that therapies aimed at modifying

shown in the experiments presented here. cytokine mRNA expression or stability could be developed by
Finally, our results suggest an involvement of TNFR1 in thgeparately targeting each type of TNFR.

TNF-a—induced regulation of mRNA stability. Our previous stud-

ies demonstrated that the absence of TTP resulted in increased

stability of TNFa and GM-CSF mRNAS3:13 TNF-a has been

shown to stimulate the stabilization of at least GM-CSF leNA-AcknowIedgments
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