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Abstract

Tristetraprolin-deficient [TTP (—/—)] mice exhibit a com-
plex syndrome of myeloid hyperplasia, cachexia, dermatitis,
autoimmunity, and erosive arthritis. Virtually the entire
syndrome can be prevented by the repeated injection of
anti-TNFa antibodies (Taylor, G.A., E. Carballo, D.M. Lee,
W.S. Lai, M.J. Thompson, D.D. Patel, D.I. Schenkman,
G.S. Gilkeson, H.E. Broxmeyer, B.F. Haynes, and P.J.
Blackshear. 1996. Immunity. 4:445-454). In the present
study, we transplanted bone marrow from TTP (—/—) and
(+/+) mice into recombination activating gene-2 (—/—)
mice. After a lag period of several months, marrow trans-
plantation from the (—/—) but not the (+/+) mice resulted
in the full syndrome associated with TTP deficiency, sug-
gesting that hematopoietic progenitors are responsible for
the development of the syndrome. Western blot analysis of
supernatants from cultured TTP-deficient macrophages de-
rived from the peritoneal cavity or bone marrow of adult
TTP (—/-) mice, or from fetal liver, demonstrated an in-
creased accumulation of TNF« after stimulation with LPS
compared to control cells, and also increased accumulation
of TNFa mRNA. This difference was not observed with cul-
tured fibroblasts or T and B lymphocytes. These data sug-
gest that macrophages are among the cells responsible for
the effective excess of TNFa that leads to the pathology re-
ported in TTP (—/—) animals, and that macrophage pro-
genitors may be involved in the transplantability of this syn-
drome. (J. Clin. Invest. 1997. 100:986-995.) Key words:
arthritis « autoimmunity « extramedullary hematopoiesis
inflammation « myelopoiesis

Introduction

Tristetraprolin (TTP)! (1), also known as TIS11 (2), Nup475
(3) or G0S24 (4), is a Zn?*-binding protein that is the product
of the immediate-early response gene Zfp-36 (1-6). It contains
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two zinc fingers of the unusual CCCH class, which recently
have been shown to bind Zn?* with high affinity (K4 = 10™11)
and represent a novel type of zinc finger structure (7). In fibro-
blasts, the protein appears to be localized to the cell nucleus in
quiescent cells and is rapidly (within 5 min) translocated from
the nucleus to the cytoplasm upon stimulation with serum or
other mitogens; this translocation is accompanied by increased
serine phosphorylation of the protein (8, 9). The protein is
widely distributed, and its expression is particularly high in
spleen, lymph nodes, and thymus (1). The biological function
of this protein is unknown, but existing data suggest that it may
be a transcription factor.

Gene disruption in mice has proven to be a useful method
by which to evaluate proteins of unknown function. We re-
cently generated TTP-deficient [TTP (—/—)] mice; these ani-
mals exhibited a complex syndrome consisting of cachexia,
alopecia, dermatitis, conjunctivitis, erosive arthritis, myeloid
hyperplasia, glomerular mesangial thickening, and high titers
of antinuclear and anti-DNA antibodies (10). This phenotype
displayed aspects that resemble several human diseases, in-
cluding rheumatoid arthritis (11), systemic lupus erythemato-
sus (12), and agnogenic myeloid metaplasia (13). There is
strong evidence to suggest that the two former diseases have
an autoimmune component (14); although the etiology of ag-
nogenic myeloid metaplasia remains unknown, the presence of
autoantibodies in these patients has also been reported (13).

Because the TTP (—/—) mice resembled mouse models of
TNFa excess (15-17), we treated newborn TTP (—/—) mice
with repeated injections of a specific mAb to mouse TNFa
(18). This treatment completely prevented the development of
all known aspects of the TTP-deficiency phenotype (10). In ad-
dition, antibody withdrawal resulted in the rapid development
of TTP-deficiency syndrome (our unpublished data). These
studies implicated TTP in the production, clearance, or action
of TNFa, in that TTP deficiency in some way appeared to pro-
duce a chronic state of effective TNFa excess. However, the
mechanism by which TTP deficiency results in this effective
TNFa excess, and the cellular source(s) of TNFa, remain un-
known.

To begin to explore the cellular sources of TNFa in TTP
(—/—) mice, we wished first to determine whether TNFx ema-
nated directly or indirectly from cells derived from bone mar-
row. In this study, we transplanted marrow from TTP (—/-)
mice and their control (+/+) littermates into recombination
activating gene (RAG)-2—deficient [RAG-2 (—/—)] mice. Dis-
ruption of either the RAG-1 or -2 genes leads to the arrest of T
and B lymphocyte development in the CD47/CD8~ thymocyte

1. Abbreviations used in this paper: GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; M-CSF, macrophage colony-stimulating factor;
RAG, recombination activating gene; TTP, tristetraprolin.



or the B220"/CD43* pro-B cell (19, 20). This leads to a severe
combined immune-deficient phenotype, similar to that ob-
served in severe combined immune deficient mice (21). RAG-2
(—=/—) mice do not show any hematological alterations other
than lack of mature lymphocytes; the development of the rest
of the hematopoietic system appears to be normal (20).

Our studies revealed that essentially all aspects of TTP-
deficiency syndrome could be induced in RAG-2 (—/—) mice
transplanted with marrow from TTP (—/—) mice. The syn-
drome developed after a lag period of several months, long af-
ter the early reconstitution of lymphocyte populations in the
recipients. Analysis of individual cell types from TTP (—/—)
mice indicated that macrophages but not lymphocytes overex-
pressed TNFa, both in the basal state and in response to stimuli
such as LPS. These studies suggest that macrophage progeni-
tors are among the transplanted cells capable of reconstituting
the TTP-deficiency phenotype in RAG-2 (—/—) mice. They
also raise the possibility that macrophages are among the
sources of the presumed TNFa overproduction in TTP (—/—)
animals.

Methods

Mice. TTP (—/—) mice were generated in our laboratory as previ-
ously described (10). Genotyping of offspring was performed by
Southern blot analysis of tail DNA as described (22), using as a probe
an SstII/Sstl 1.1-kb fragment of the genomic DNA (23). RAG-2 (—/-)
mice were obtained from a colony maintained at the Division of
Laboratory Animal Resources, Duke University Medical Center
(Durham, NC). All mice were maintained in autoclaved microisola-
tor cages in a barrier facility, and fed with autoclaved food and acidi-
fied water.

Bone marrow transplantation. Bone marrow from two male TTP
(—/—) mice and their two male TTP (+/+) littermates (age 6 mo) was
obtained as described (24). 107 total bone marrow cells in a final vol-
ume of 300 pl were injected intravenously through the tail vein into
10 RAG-2 (—/—) female mice (7-9 wk old), 5 receiving marrow from
TTP (—/—) mice [(—/—) recipient group], and 5 receiving marrow
from TTP (+/+) mice [(+/+) recipient group]. Two groups were es-
tablished, one of six mice receiving marrow from one pair of (—/—)
and (+/+) mice, and another of four mice receiving marrow from the
other pair of mice. Mouse body weight was assessed weekly after the
transplantation, and blood smears (tail bleeding) were performed
monthly. One mouse each from the (—/—) and (+/+) recipient
groups was analyzed 10 wk after the transplantation. The remaining
animals were analyzed at later time points, usually when the recipi-
ents of the (—/—) marrow were near death. Animals were killed by
CO, inhalation, and careful autopsies were performed. When possi-
ble, blood was collected into heparinized tubes for cell counts.
Nonanticoagulated venous blood (vena cava) was collected for blood
smears and for serum. Blood smears were stained using the modified
Wright stain Diff Quik Stain Set (Baxter Healthcare Corp., McGaw
Park, IL). Tissues for histology were processed, stained, and photo-
graphed as described (10). Bone marrow was flushed from the femurs
with RPMI/10% (vol/vol) FCS. Cells were deposited onto glass slides
(cytopreps) using a cytocentrifuge (Shandon Inc., Pittsburgh, PA),
and imprints from spleen, lymph nodes, and liver were stained with
the Diff Quik Stain Set.

In situ hybridization histochemistry for presence of the Y chromo-
some. Tissue samples for DNA in situ hybridization were processed
as described (25). Bone marrow cytopreps were fixed in ice-cold etha-
nol/acetic acid (3:1) (vol/vol), and kept at —20°C until used. In situ
hybridization histochemistry was performed as described (25) using a
mouse Y chromosome probe (26), kindly provided by Dr. Colin E.
Bishop (Baylor College of Medicine, Houston, TX). The probe was

labeled with digoxigenin with the DNA Labeling and Non-Radioac-
tive Detection Kit (Boehringer Mannheim Biochemicals, Indianapo-
lis, IN), following the instructions of the manufacturer.

Detection of autoantibodies. Detection of anti-DNA and antinu-
clear antibodies was performed as described previously (10).

Culture of peritoneal macrophages. To investigate possible cellu-
lar sources of excess TNFa in TTP (—/—) mice, peritoneal macro-
phages were prepared from two TTP (—/—) mice (10) and their two
TTP (+/+) littermates at 3 mo of age as described (27). Purity of the
macrophage population was assessed by Giemsa stain and nonspe-
cific esterase activity (28). Macrophages were plated at 2.5 X 10°
cells/well in 96-well plates, in DMEM supplemented with 10% (vol/
vol) FCS, and cultured for 24 h in the presence of different concentra-
tions of LPS (Sigma Chemical Co., St. Louis, MO). The supernatants
were then assayed for TNFa accumulation as described below.

Culture of fetal liver macrophages. Fetal liver macrophages were
obtained from hematopoietic progenitors present in fetal liver ac-
cording to the method described by Warren and Vogel (29) for bone
marrow—derived macrophages. Pregnant TTP (+/—) females that had
been mated with TTP (+/—) males were killed by CO, inhalation on
days 14-16 of gestation, and the fetuses were removed. Single cell
suspensions from the livers were cultured for 2 wk in MEM (GIBCO
BRL, Gaithersburg, MD) supplemented with 10% (vol/vol) FCS, 15
mM Hepes (pH 7.4), 0.2% (wt/vol) sodium bicarbonate, 100 U/ml
penicillin, 100 pg/ml streptomycin (P/S), 2 mM glutamine, and 30%
LM/TK" cell (American Type Culture Collection, Rockville, MD)-
conditioned medium, prepared as described (30). After 2 wk in cul-
ture, cells were harvested with the neutral protease Dispase II (Boeh-
ringer Mannheim Biochemicals) (1.5 mg/ml in Ca>*/Mg?*—free Earle’s
balanced salt solution) as described (29), except that the cells were re-
suspended in RPMI supplemented with 2 mM glutamine, P/S, 30 mM
Hepes (pH 7.4), and 0.4% (wt/vol) sodium bicarbonate, using 10%
(vol/vol) instead of 2% FCS (wash medium). Purity of the prepara-
tions was assessed by morphology (Diff Quik Stain Set) and nonspe-
cific esterase activity. By these criteria, the cells obtained by this
method were > 90% macrophages. Macrophages were then plated at
1.25 X 10° cells/ml on 96-well plates and incubated in 200 pl of the
same medium at 37°C for 24 h before being stimulated for another
24 h with increasing concentrations of LPS. In another series of stud-
ies, cells were plated in 60-mm dishes, and incubated in the presence
or absence of 1 pg/ml LPS for 4 h. In all cases, supernatants were har-
vested and assayed for TNFa accumulation by Western blot, as de-
scribed below. Cells from the 4-h LPS stimulation were harvested and
used for measurement of TNFa and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) mRNA levels, as described below.

Culture of bone marrow—derived macrophages. Bone marrow—
derived macrophages were prepared as described by Warren and Vo-
gel (29) from five TTP (—/—) and five TTP (+/+) mice (age 6-7 mo).
Cells were cultured as described above for fetal liver macrophages,
except that at day 1, cells were split in two T75 cm? flasks (Becton
Dickinson Labware, Franklin Lakes, NJ), and were cultured for only
10 d. At that point, they appeared to be essentially 100% macro-
phages, as determined by morphology and nonspecific esterase stain-
ing. On day 10, the cells were rinsed once with wash medium and in-
cubated in the same medium for 24 h. At that point, the medium was
removed and replaced by fresh medium after one wash, and the cells
were incubated in the presence or absence of 1 wg/ml LPS for 4 h.
The supernatants were then harvested and assayed for TNFa accu-
mulation by Western blot, as described below; the cells were har-
vested and used for the measurement of TNFa and GAPDH mRNA
levels, as described below.

Preparation of B and T lymphocytes. B and T lymphocytes were
prepared from thymus (31) and spleen (32, 33) of 11-d-old TTP (+/+)
and (—/-) littermate mice, and cultured at 10° cells/ml in RPMI/10%
FCS, in the presence of recombinant murine IL-2 (R & D Systems,
Inc., Minneapolis, MN), PHA (Sigma Chemical Co.), or LPS for 24 h,
and supernatants were harvested to measure the accumulation of
TNFa by Western blot, as described below.
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Western blotting. Volumes of supernatant corresponding to 1.25 X
10° cells were mixed with 1/5 volume of 5X SDS sample buffer (34),
boiled for 5 min, then loaded onto 16% SDS-polyacrylamide gels
(Protogel; National Diagnostics, Atlanta, GA) and subjected to elec-
trophoresis at 40 V for 16 h. Western blotting was performed by stan-
dard techniques, in which a rabbit anti-mouse TNFa« antiserum [(35),
kindly provided by Dr. Fred Kull (GlaxoWellcome Inc., Research
Triangle Park, NC)] at 1:2,500 in Tris-buffered saline/0.5 % Tween 20
(TBS/T) was incubated with the membranes for 1 h at room tempera-
ture. The blots were incubated with secondary antibody (goat anti—
rabbit, horseradish peroxidase—conjugated; Bio-Rad Labs., Hercules,
CA) at a 1:5,000 dilution in TBS/T for 30 min at room temperature.
Membranes were developed with the Amersham Corp. ECL Detec-
tion System (Arlington Heights, IL) as recommended by the manu-
facturer, and scanned using a Zeineh Soft Laser Scanning Densitome-
ter (model SL-504-XL; Biomed Instruments Inc., Fullerton, CA).

Northern blotting. Total cellular RNA was obtained from mar-
row macrophage cultures and fetal liver—derived macrophage cul-
tures using Tri Reagent (Molecular Research Center, Inc., Cincin-
nati, OH), according to the method described by Chomczynski (36).
Genomic DNA was isolated from the same samples and used to esti-
mate the number of cells present in each sample. 10 pg RNA from
the bone marrow—derived macrophages and 3.8 pg from the fetal
liver—-derived macrophages were separated on 1.2% agarose/formal-
dehyde gels and processed for Northern blotting as described (22).
The filters were probed successively with a mouse cDNA for TNFa
(American Type Culture Collection) and a rat cDNA for GAPDH

(37). PhosphorImager analysis was used for quantitation of the blots;
the results were expressed as quotients of TNFa mRNA + GAPDH
mRNA from each animal, and these quotients were then averaged
and compared using Student’s ¢ test.

Results

RAG-2 (—/-) female mice at 7-9 wk of age received bone
marrow from either TTP (—/—) or (+/+) male mice. None of
the recipient mice showed any acute adverse effects within 1
mo of transplantation that could suggest graft versus host dis-
ease. Engraftment was assessed by the appearance of mature
lymphocytes in peripheral blood, which occurred within 1 mo
of transplantation in all 10 recipients of either TTP (—/—) or
(+/+) bone marrow (data not shown). At various times during
the study, recipient animals were killed and analyzed patho-
logically; at each point, a (—/—) marrow recipient was com-
pared to a (+/+) marrow recipient.

Body weight. Loss of weight or failure to gain weight nor-
mally is one of the most prominent aspects of the TTP-defi-
ciency phenotype (10). No evident differences in the growth
curves of the (+/+) and (—/—) recipients were apparent for
the first 3 mo after transplantation (Fig. 1). However, three of
the five recipients of (—/—) marrow then exhibited varying de-
grees of weight loss, ranging from profound (mouse 8) to mod-
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erate (mice 10 and 2; Fig. 1 B). Of the recipients of (—/—)
marrow, mouse 1 was selected randomly for pathological
evaluation at 10 wk after transplantation, before any of the an-
imals showed evidence of weight loss, and mouse 7 never ex-
hibited weight loss, despite repeated detection of circulating
lymphocytes. None of the five recipients of (+/+) marrow ex-
hibited weight loss or clinical or pathological abnormalities
(Fig. 1 A).

The weight loss was accompanied by nearly complete ab-
sence of adipose tissue in any of the usual fat depots (subcuta-
neous, mesenteric, perirenal) in three out of five of the mice
receiving (—/—) marrow (see below). Even mouse 1, randomly
selected for pathological examination 10 wk after transplanta-
tion, exhibited less adipose tissue than its control (not shown).
Mouse 7 was the only recipient of TTP (—/—) marrow that ap-
peared to have normal amounts of fat (not shown).

Histology. Histological evaluation of the recipients of (—/—)
marrow revealed evidence of both medullary and extramedul-
lary myeloid hyperplasia, as described previously for TTP-
deficient mice (10). The bone marrow from all of the (—/—) re-
cipient mice appeared grossly white, in contrast to the red
marrow from (+/+) recipients; this difference was observed
consistently in our previous study of TTP (—/—) and (+/+)
mice (10). Marrow from all of the (—/—) recipients exhibited
an increase in myeloid cells compared to (+/+) recipients
[73.8+11.5% myeloid cells in (—/—) recipients (n = 5) vs.
47.2+8% myeloid cells in (+/+) recipients (mean=SD, n = 5),
P =0.007; see Fig. 2, A and B].

Peripheral blood white cell counts were increased only in

mouse 2 [98 X 10°/ul compared to the control range of 5.7+
2.1 X 10°/pl (n = 2)]. Peripheral blood smears from this mouse
showed an increase in circulating myeloid cells, both from the
granulocytic and monocytic lineages [77.3% myeloid cells
(monocytes + granulocytes) in mouse 2, vs. 52% myeloid cells
in the age-matched controls].

Livers from (—/—) recipient mice appeared grossly normal
at autopsy in four out of five animals. However, mouse 2 ex-
hibited significant enlargement of the liver [1.8 g, compared to
1.2%0.3 g (n = 2) in the age-matched controls]. Multiple white
nodules were apparent on the surface of the organ; these con-
sisted largely of granulocytes, which also infiltrated the rest of
the hepatic parenchyma (not shown). Imprints from these nod-
ules confirmed the presence of myeloid cells at different stages
of differentiation. The liver from mouse 7 also contained foci
of granulocytes, with massive granulocytic infiltration of the
gall bladder wall (not shown). Abnormal foci of granulocytes
were not detected in the livers of the other three (—/—) recipi-
ents, or in the livers of any of the (+/+) recipients.

Splenomegaly was not generally present in (—/—) recipient
mice, except for mouse 2, whose spleen weighed 374 mg (com-
pared to 90.5+2.8 mg in age-matched controls, n = 2). How-
ever, all (—/—) recipients exhibited infiltration of the spleen
with myeloid cells. They also contained increased numbers of
megakaryocytes compared to (+/+) recipient spleens. Im-
prints of the spleens from (—/—) recipients revealed myeloid
cells in all stages of differentiation (Fig. 2 C and D). In (—/—)
recipients, the increase in the number of myeloid cells was ac-
companied by destruction of the normal architecture of the

Figure 2. Bone marrow and spleen cells from
(—/-) and (+/+) marrow recipients. Bone
marrow cells were flushed out of the femurs,
washed in culture medium, and centrifuged
onto glass slides. Spleen sections were used to
perform imprints. All cells were stained with
the Diff Quik Stain Set. (A) Bone marrow
from a (+/+) marrow recipient. (B) Bone
marrow from one of the (—/—) marrow recip-
ients. Note the increased percentage of ma-
ture granulocytes (arrowheads), and the virtu-
ally complete absence of mature erythrocytes
or erythroid precursors, compared to the mar-
row in A. (C) Imprint from the spleen of a
mouse receiving TTP (+/+) marrow, com-
posed mainly of lymphocytes. (D) Imprint
from the spleen of a (—/—) marrow recipient.
In this preparation, it is easy to identify the
presence of myeloid cells in different stages of
differentiation (arrowheads), and the lower
percentage of lymphocytes compared to C.
Bar = 0.05 mm.
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spleen, without clear distinction between the white and red
pulp (not shown).

Mouse 2 [(—/—) recipient] also exhibited lymphadenopa-
thy, in which myeloid cells were also present (not shown).

The skin from (+/+) recipients appeared normal (Fig. 3
A). In three out of five (—/—) recipient mice, the skin com-
pletely lacked subcutaneous fat, as seen in TTP (—/—) mice
(10) (Fig. 3 B). Some animals exhibited a perivascular inflam-
matory infiltrate in the dermis (Fig. 3 B).

The carpal joints from (—/—) recipient mice showed vary-
ing extents of inflammatory pannus, bone erosion, and bone
destruction (Fig. 3 D). As in TTP-deficient mice (10), there
was generalized enlargement of the marrow cavities in all of
the (—/—) recipients, which were full of active hematopoietic
cells, particularly of the myeloid lineage (Fig. 3 D). In con-
trast, (+/+) recipients exhibited mostly fat and very few he-
matopoietic cells in the marrow (Fig. 3 C). Neither mouse 1,
which was analyzed only 10 wk after marrow transplantation,
nor mouse 7, which appeared to be healthy after 10 mo of fol-
low-up, exhibited an inflammatory pannus in the carpal joints
(not shown). However, mice 2, 8, and 10 exhibited varying

amounts of inflammatory pannus that completely destroyed
the bone surface and articular cartilage and infiltrated the mar-
row cavities (Fig. 3 D).

Autoantibodies. 4 mo after marrow transplantation, only
mouse 2 exhibited antinuclear antibodies and anti-DNA anti-
bodies, both by ELISA and the Crithidia assay. However, by
the end of the study, all three (—/—) recipients studied were
positive for antibodies to both single- and double-stranded
DNA [for single-stranded DNA, the mean*SD of ELISA
units from the three (—/—) recipient mice was 0.52+0.42 com-
pared with 0.014+0.005 for the two (+/+) recipients; for
double-stranded DNA, the values were 0.5+0.37 for (—/—) re-
cipients vs. 0.034+0.026 for (+/+) recipients]. Antinuclear an-
tibodies were positive in mouse 2, but negative in the other two
(—/-) recipients and in both of the (+/+) recipients studied.

In situ hybridization for Y chromosome. In situ hybridiza-
tion with a DNA probe for mouse chromosome Y was per-
formed in an attempt to establish the origin of the myeloid
cells present in the transplanted animals. In bone marrow,
there was a mixed population of myeloid cells positive for the
Y chromosome (from the donor) and cells that were negative

Figure 3. Histology of the skin and carpal joint in (—/—) and (+/+) marrow recipients. (A) Section of skin from a (+/+) marrow recipient,
showing the normal architecture of epidermis (E), dermis (D), and the thick layer of subcutaneous fat (F). (B). Section of skin from a (—/—)
marrow recipient mouse. Note the total absence of subcutaneous fat, as well as the inflammatory reaction in the dermis (arrowheads), and an ex-
tremely dilated lymphatic vessel (L). M, muscle. Hematoxylin-eosin. Bar = 0.1 mm for A and B. (C) Section of the carpal joint (C, carpal bones),
and the distal portion of the ulna (U) and radius (R) in a (+/+) marrow recipient. Note the absence of hematopoietic cells in the marrow cavity
(M), which appears relatively empty. Note also the smooth articular surfaces in the carpal joints, and the normal synovium (S). (D) Equivalent
section to that shown in C, but from a (—/—) marrow recipient. Note that the marrow cavity appears full of hematopoietic cells. Note the thin-
ness of the articular bone, compared with panel C. Note also the destruction of the articular cartilage and bone by an invasive pannus (P), as well
as erosion of the radial head. Hematoxylin-eosin. Bar = 1 mm for C and D.
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Figure 4. In situ hybridization with a Y chromosome probe. (A) In
situ hybridization of bone marrow cells from a (—/—) recipient, using
a'Y chromosome probe labeled with digoxygenin. Note the presence
of positive cells from all cell lineages (arrows), but also negative cells,
suggesting that the marrow population was a mixture of cells from
donor and recipient. (B) In situ hybridization with a Y chromosome
probe in the liver of mouse 2 (—/—). Note the presence of positive
cells (arrows) derived from the donor, and the negative hepatocytes
(from the recipient). (C) Hematoxylin-eosin staining of an equivalent
section of liver to that shown in B. Note that the number of granulo-
cytes (arrows) is greater than the number of positive cells detected by
in situ hybridization, suggesting that only a fraction of the granulo-
cytic cells infiltrating the liver was derived from the donor. Bar = 0.05
mm for A-C.

(from the recipient) in both (—/—) and (+/+) marrow recipi-
ents (Fig. 4 A). In mouse 2, in situ hybridization was also per-
formed on sections of spleen, lymph nodes, and liver. Virtually
the entire spleen and lymph nodes showed an intense hybrid-

ization signal, mainly due to the presence of mature lympho-
cytes originating from the donor (not shown). In the liver, only
granulocytes and myeloid cells were positive for the Y chro-
mosome, whereas the hepatocytes (recipient) were completely
negative (Fig. 4 B). However, the number of Y chromosome-
positive granulocytes in the liver represented only ~ 50% of
the total granulocytes present, as determined by hematoxylin-
eosin staining (Fig. 4 C).

TNFa production. Western blot studies were performed
on supernatants from cultured macrophages and B and T lym-
phocytes in order to assess the production of TNFa by these
cells. Three different sources of macrophages were used: resi-
dent peritoneal macrophages, obtained by lavage of the perito-
neal cavity of adult mice; fetal liver—derived macrophages, ob-
tained by culturing the hematopoietic precursors present in the
fetal liver between days 14-16 of gestation; and bone marrow—
derived macrophages, obtained by culturing the hematopoietic
precursors from the bone marrow of adult mice.

In all three cases, macrophages obtained from TTP (—/—)
animals showed an increased accumulation of TNFa in the
medium when stimulated with LPS. Thus, peritoneal macro-
phages from TTP (—/—) mice, incubated for 24 h in the pres-
ence of 10 ng/ml of LPS, secreted readily detectable amounts
of TNFa into the culture medium (data not shown). By con-
trast, under the same conditions, peritoneal macrophages from
TTP (+/+) mice did not produce detectable amounts of TNFa
under our Western blot conditions. In these mice, measurable
TNFa accumulation occurred only after 24 h of incubation in
the presence of 100 ng/ml LPS, and even then, the levels of
TNFa were much lower than those observed for the macro-
phages from TTP (—/—) mice (not shown). Densitometry of
the autoradiographs indicated that there was a 5.6-fold in-
crease in the levels of TNFa present in the supernatants from
the TTP (—/—) peritoneal macrophages compared to the TTP
(+/+) cells exposed to 100 ng/ml LPS (not shown).

Macrophages derived from fetal liver exhibited essentially
the same behavior. TNFa was readily detectable in the culture
supernatants after 24 h in the presence of 1 ng/ml LPS, but at
much higher levels in the (—/—) than in the (+/+) macro-
phages (Fig. 5 A). These autoradiographs were analyzed by
densitometry, and the results compared using Student’s ¢ test.
Fig. 5 B shows that at all LPS concentrations studied, there was
about a fivefold greater accumulation of TNF« in the superna-
tants from (—/—) cells compared to (+/+) cells; these differ-
ences were statistically significant (P < 0.05). Longer exposure
of these blots showed that, even in the absence of LPS, there
was greater TNFa accumulation in the supernatants from
(=/-) cells compared to (+/+) cells (not shown).

Bone marrow—derived macrophages were exposed to 1 g/
ml LPS for 4 h, and the levels of TNFa present in the culture
supernatants were assayed by Western blot. In all cases, the
media from (—/—) macrophages contained much higher levels
of TNFa than the media from (+/+) cells (Fig. 6 B). Densi-
tometry of these autoradiographs revealed that there was a
sevenfold greater accumulation of TNFa in the supernatants
from (—/—) cells compared to (+/+) cells (Fig. 7 B); this dif-
ference was statistically significant (P < 0.01).

Analysis of TNFa production by B and T lymphocytes ob-
tained from TTP (—/—) and (+/+) mice did not reveal any
significant differences between cells of the two genotypes (not
shown).

TNFa mRNA levels were studied in fetal liver—derived
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Figure 5. TNFa accumulation
in the medium from TTP
(+/+) and (—/—) macro-
phages. (A) Macrophages de-
rived from fetal liver precur-
sors were prepared from four
(+/+) and four (—/-) litter-
mate mice, as described in

Methods, and the superna-
tants were analyzed for the
presence of TNFa after 24 h in
culture. Each portion of the
figure (/-4) represents results
from a pair of (—/—) and
(+/+) littermate embryos. Ar-
rows indicate the position of
mature, secreted TNFa. The
lane marked + indicates the
positive control used in West-
ern blot, i.e., TNFa present in
the supernatant of LPS-stimu-
lated RAW 264.7 cells. Note
the greater accumulation of
TNFa in the supernatants from
(—/—) cells at all LPS concen-

m -
O +/+

LPS (ng/ml)

trations relative to (+/+) cells. (B) Histogram of average values derived from densitometry of the blots shown in A, £SD. The mean values were
compared by Student’s ¢ test for paired comparisons; the differences between the means from the (—/—) and (+/+) macrophages were statisti-
cally significant at all LPS concentrations studied (P < 0.05). *P = 0.049. **P = 0.02. ***P = 0.019. ****P = (.025.

macrophages and in bone marrow—derived macrophages. In
bone marrow—derived macrophages, the basal levels of TNFa
mRNA were similar in (—/—) and (+/+) cells when normal-
ized for GAPDH mRNA levels (Fig. 6 A and Fig. 7 A). How-
ever, after LPS stimulation (1 pg/ml for 4 h), the TNFa
mRNA levels in (—/—) cells were approximately twice as great
as those from (+/+) cells (P < 0.05) (Fig. 6 A and Fig. 7 A). A
similar twofold difference was observed in the fetal liver—
derived macrophages (not shown).

Discussion

The principal finding of this study was that transplantation of
bone marrow from TTP (—/—) mice into RAG-2 (—/—) mice
resulted in the development of clinical and/or pathological as-
pects of the TTP-deficiency syndrome in 100% of the recipi-
ents. In contrast, none of the recipients of marrow from TTP
(+/+) littermates developed any aspect of the syndrome.
These data clearly show that all of the known aspects of the
TTP-deficiency syndrome can be transferred to RAG-2 (—/—)
recipients by whole bone marrow transplantation.

In our previous report on these mice (10), we demon-
strated that all known clinical and pathological aspects of the
syndrome could be prevented by repeated intraperitoneal in-
jections of an mAb specific for mouse TNFa (18). In more re-
cent work, we have found that antibody withdrawal leads to
rapid development of the TTP-deficiency syndrome in previ-
ously healthy (—/—) mice, and that the syndrome can also be
prevented by producing the TTP-deficiency state in mice defi-
cient in both types of TNFa receptor (Carballo, E., and P.J.
Blackshear, manuscript in preparation). Taken together, these
data strongly support the proposition that excess effective cir-
culating concentrations of TNFa are responsible for mediating
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most if not all of the clinical and pathological features of the
syndrome.

How might simple marrow transplantation lead to this ef-
fective TNFa excess? One major possibility is that marrow
stem cells or other progenitors form the basis for reconstitu-
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Figure 6. TNFa production and mRNA expression in bone marrow—
derived macrophages. (A) Expression of TNFa mRNA. Bone mar-
row—derived macrophages were prepared from five adult TTP (—/—)
and five (+/+) animals of 6-7 mo of age, as described in Methods,
and incubated for 4 h in the presence or absence of 1 wg/ml LPS. To-
tal RNA was obtained and analyzed by Northern blot with a mouse
TNFo cDNA. Note the modestly increased levels of TNFa mRNA in
the (—/—) animals after LPS stimulation. (B) A volume of culture su-
pernatant equivalent to 1.25 X 10° cells was analyzed by Western blot
for accumulation of TNFa, in the same cells used in A and Fig. 7 A.
The arrow shows the position of TNFa, and the arrowhead the posi-
tion of the positive control TNFa produced by LPS-stimulated Raw
264.7 cells.



tion of a cell population in the recipient that elaborates excess
TNFa. A second possibility is that the reconstituted cell popu-
lation could secrete cytokine(s) that would induce other cells
in the recipients to produce TNFa. Neither T nor B lympho-
cytes possessed this property; these cells appeared unlikely
candidates in any case because their populations were quickly
(within a few weeks) reconstituted in the recipients, whereas
the clinical TTP-deficiency syndrome became apparent only
after a lag period of several months. This is supported by pre-
vious studies on the role of T lymphocytes in disease transmis-
sion in mice: the lag periods between whole bone marrow or
peripheral mononuclear cell transplantation and the appear-
ance of clinical signs ranged from 2 to 8 wk (38-41).

On the other hand, macrophages cultured from resident
peritoneal cells, and derived from fetal liver and from bone
marrow precursors, exhibited an apparently innate ability to
overproduce TNFa when they were from TTP (—/—) mice,
compared to cells from their (+/+) littermates. This was par-
ticularly impressive in the case of the fetal liver—derived cells,
since these fetal mice had never been exposed to the chronic,
systemic inflammatory state that characterizes the TTP-defi-
ciency syndrome in the adult mouse. This genotype difference
was also dramatic in the bone marrow—derived macrophages,
which are generated after 10 d in culture, during which the pre-
cursors differentiate into macrophages. This preparation also
avoids any influence attributable to the systemic inflammatory
state present in the animals of origin. The fetal liver—derived
macrophages from the (—/—) embryos also secreted more
TNFa per cell in the unstimulated state compared to cells from
their (+/+) littermates, as well as about five times more TNFa
at each concentration of LPS used as a stimulus to TNFa pro-
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Figure 7. (A) The blot
shown in Fig. 6 A was
analyzed by Phosphor-
Imager analysis, and
the values obtained
were normalized to lev-
els of GAPDH mRNA.
Mean values £SE are
TNFo levels shown (open bars,

basal; solid bars, LPS);
700 these were compared
,— ** by Student’s ¢ test, and
600 shown to be statistically
500 T different (*P < 0.05).
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(B) Means =SE of the
densitometry values
from the LPS-stimu-
lated samples shown in
Fig. 6 B. Means were
compared by Student’s
t test and shown to be
statistically different
(**P < 0.01).
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duction. These differences were similar to those seen in the
bone marrow—derived macrophages, with increases in TNFa
accumulation of approximately sevenfold after 4 h of LPS
treatment. In both cases, the increase in medium TNFx accu-
mulation was accompanied by an increased level of TNFa
mRNA in the (—/—) cells.

These data suggest that cells of the macrophage/monocyte
lineage may be among the cell types responsible for the excess
effective TNFa levels seen in TTP-deficient mice. This could
account for the relatively long lag period between marrow
transplantation and the development of the TTP-deficiency
syndrome; this time might be necessary to expand the mac-
rophage/monocyte population to a clinically significant level
from relatively few transplanted progenitors. There is limited
information available in the literature about the lag period
necessary for bone marrow-derived macrophage progenitors
to repopulate the whole body. However, Krall et al. (42) re-
ported a rapid repopulation of hematopoietic tissues with do-
nor-derived cells (both myeloid and lymphoid) after bone
marrow transplantation (2 wk-1 mo), but only 30% of the
macrophages were from donor origin after 6 mo.

Other potential pathophysiological possibilities are not
supported by the data. For example, it was possible that an in-
nate genetic change in myeloid progenitors might lead them to
expand enormously in TTP (—/—) mice and secondarily pro-
duce an excess of TNFa. Several facts argue against this possi-
bility. First, we have shown that TTP (—/—) myeloid progeni-
tors exhibit normal proliferative rates both in the absence and
presence of a wide variety of hematopoietic growth factors
(10). Second, previous animal models have demonstrated
clearly that myeloid hyperplasia is a consequence of chronic
TNFa administration (17); our own studies showed that devel-
opment of the myeloid hyperplasia in TTP-deficient mice
could be prevented entirely by treatment with anti-TNFa
mADbs (10). Finally, only a small percentage of the hyperplastic
myeloid cells in recipients of the (—/—) marrow was TTP
(—/-), as demonstrated by Y chromosome DNA in situ hy-
bridization.

These studies show for the first time that macrophages de-
rived from TTP-deficient fetal mice or adult bone marrow ex-
hibit an apparent primary tendency to oversecrete TNFa, thus
implicating TTP in some aspect of TNFa biosynthesis and/or
release in this cell type. Ongoing experiments are attempting
to identify the locus of this effect in the TNFa biosynthetic
pathway, and ultimately to identify how the affected locus is
influenced by TTP under normal circumstances. However, the
mechanism by which TTP deficiency in macrophages leads to
an increase in TNFa production by these cells cannot be deter-
mined from these data. TNFa production by macrophages is
stimulated by LPS at many levels, including transcription,
mRNA stability, and mRNA translation (43, 44); other poten-
tial steps in the secretory pathway may also be involved, such
as cleavage of the TNFa precursor to yield the mature se-
creted product (45, 46). In addition, there are reports that
TNFa can promote its own formation in macrophages, raising
the possibility of a positive feedback loop in these experi-
ments. This possibility can be investigated in future studies in-
volving macrophages deficient in both TTP and TNFx recep-
tor(s). Despite these uncertainties, the modest but reproducible
increase in TNFa mRNA levels seen in TTP (—/—) mice sug-
gests that the mechanism by which TTP normally inhibits
TNFa production will involve early steps in the TNFa biosyn-
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thetic pathway, e.g., transcription or mRNA stability. Careful
optimization of this mRNA effect, using various stimulation
times as well as different concentrations and types of secreta-
gogues, may ultimately permit the molecular elucidation of the
TTP-TNFu interaction.

There are few human diseases directly related to macro-
phage malfunction, but patients with chronic myeloprolifera-
tive disorders exhibit increased levels of macrophage colony
stimulating factor (M-CSF) (47). Those authors suggest that
M-CSF might have an autocrine effect on the cells of the
monocytic/macrophagic lineage that results in increased pro-
duction of this cytokine. In another study, Kaushansky et al.
(48) showed that TNFa« treatment of mice induces the synthe-
sis of M-CSF, GM-CSF, and IL-1, and also suggested that
macrophages themselves might be responsible for the greater
production of M-CSF. These data suggest that macrophages
from TTP-deficient mice are exposed to an autocrine loop that
leads to excess TNFa production. In the experiments de-
scribed in this paper, we performed transplantation of whole
bone marrow, including stromal cells, necessary for the normal
development of the hematopoietic system (49). Preliminary
data from our laboratory suggest that embryonic fibroblasts do
not overproduce TNFa (our unpublished data), but it is possi-
ble that a population of stromal cells (fibroblasts or epithelial
cells) might be responsible for the production of a cytokine
that could activate or stimulate the growth of otherwise nor-
mal macrophages.

Finally, gene transfer into hematopoietic cells and gene
therapy have proven to be successful in the treatment of mac-
rophage-related diseases in mice, such as Gaucher’s disease
(50). Recent technical developments have allowed similar
treatments to be attempted in humans (51). It is possible that
the identification of TTP as an apparent inhibitor of macrophage
TNFa production may provide new insights into the develop-
ment of treatments for human diseases related to increased
TNFa production.
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