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Abstract

We have prepared a construct (designated CAT ) in which
the mouse TNF (cachectin) coding sequence is replaced by a
sequence encoding chloramphenicol acetyltransferase (CAT),
with preservation of the TNF promoter and 3'-untranslated se-
quences known to be important in the regulation of gene expres-
sion. When activated by LPS, permanently transfected RAW
264.7 (mouse macrophage) cells synthesize large quantities of
CAT. Unlike TNF itself, CAT is nonsecreted and quite stable
in the macrophage cytoplasm. Fewer than 1,000 LPS-induced
macrophages can easily be detected by CAT assay. Cells main-
tain the ability to respond to LPS in vivo; as such, when injected
intravenously, they accurately report conditions required for
the production of TNF in diverse tissues. These cells may thus
be used for the detection of cachectin/TNF synthesis in mice
under conditions in which endogenously produced cachectin/
TNF would be undetectable. Studies of the expression of
CATonr in nonmacrophage cell lines have revealed that the
modified TNF gene is constitutively expressed in L-929 cells,
but that its expression is tightly suppressed in HeLa cells and
in NIH 3T3 cells. This finding would suggest that certain non-
macrophage cells are potentially capable of utilizing the TNF
promoter and translating the TNF mRNA; however, the endoge-
nous gene has been developmentally silenced. (J. Clin. Invest.
1991. 87:1336-1344.) Key words: TNF e reporter construct «
chloramphenical acetyltransferase « macrophage « endotoxin
gene regulation

Introduction

It is widely accepted that TNF (also referred to as cachectin) is
an important mediator of diverse inflammatory processes. The
role of TNF in endotoxic shock has been established both by
passive immunization studies (1-3), and by experiments in
which the protein was directly administered to animals (4).
Similar work has implicated this cytokine in the pathogenesis
of cerebral malaria (5), the acute phase of graft-versus-host
(GVH) disease (6), bleomycin-induced pulmonary toxicity (7,
8), and other disease states as well (9, 10). It has been suggested
that TNF may play an essential role as a mediator of wasting
(11, 12) and dyserythropoiesis (13, 14) in chronic disease. It is
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suspected that TNF may also be involved in numerous chronic
inflammatory illnesses, both of infectious and noninfectious
etiology.

The sine qua non of “involvement,” of course, is the pro-
duction of TNF. Only if the cytokine is elaborated in a given
disease state may it be said to play a role. In many instances,
efforts to demonstrate the production of TNF through bioas-
says or immunologically based assays performed on biological
fluids derived from human or animal subjects with various
diseases or disease models have yielded negative results, and
the presence of the hormone may only be inferred through
passive immunization experiments.

It is not possible, for example, to document the presence of
TNF in mice infected with Bacillus Calmette-Guerin, or in
mice with GVH disease, although passive immunization stud-
ies suggest its presence (6, 10). It is also impossible to detect
circulating TNF in animals with focal infections or inflamma-
tory lesions. This failure might be explained on the basis of
several considerations:

(a) TNF, though abundantly produced in response to bac-
terial endotoxin (11), is produced in far smaller quantities in
response to all other known stimuli.

(b) Production is, at least under some circumstances, tran-
sient.

(¢) A very small volume of tissue may be involved in the
inflammatory reaction so that the protein is greatly diluted in
the systemic circulation.

(d) The protein is efficiently exported from the cell, leaving
little evidence of its production at the secretory site. Thus, im-
munohistochemical detection of TNF is an exceedingly diffi-
cult proposition, further complicated by the fact that an inac-
tive (15) membrane-associated (16) form of TNF has been de-
scribed.

(e) TNF is produced by extravascular effector cells (chiefly
macrophages and, to a lesser extent, lymphocytes), and much
of it may never gain access to the circulation.

(f) Circulating inhibitors of TNF, notably a soluble form
of the TNF receptor (17, 18), have been described, which may
interfere with the biological assay of TNF, and perhaps with
immunologic detection, as well, under some circumstances.

(2) In circulation, the murine protein has a half-life of ~ 6
min (19).

Attempts to assess the production of TNF by measurement
of TNF mRNA in animal tissues have been frustrated by the
fact that TNF mRNA can exist in an untranslated form (20);
hence, normal tissues contain the mRNA in detectable quanti-
ties (21), while there is no assurance that the protein is being
synthesized. Indeed, much of the biosynthetic regulation of
TNF production has been shown to occur at a translational
level in vitro (22).

We considered that many of the problems inherent in the
measurement of TNF (and perhaps other cytokines) in vivo



might yield to the use of a stable, nonsecreted marker, which
could faithfully record biosynthesis of the protein. Toward this
end, we devised a genetic construct in which the coding se-
quence of TNF was replaced by a sequence encoding bacterial
chloramphenicol acetyltransferase (CAT)'. The TNF promoter
and TNF 3'-untranslated region were left intact in this con-
struct, in order to assure that the principal regulatory elements
required for faithful reproduction of the response to endotoxin
(and presumably other stimuli) would be preserved.

We now show that this reporter construct may be used to
detect TNF biosynthesis with extremely high sensitivity, both
in vitro and in vivo. Moreover, from the fact that the construct
is constitutively expressed at high levels in some cells that are
incapable of producing TNF, we infer that the TNF gene is
developmentally silenced in most tissues. In macrophages, in
which the gene is active, reversible suppression of TNF gene
expression applies.

Methods

Construction. A cosmid containing the mouse TNF and lymphotoxin
genes was obtained from Ms. K. Blomer of the Howard Hughes Medi-
cal Institute, Dallas, TX. This cosmid was digested with KpnI and PstI
to produce a 4.45-kb fragment, which was cloned, and then further
digested with Narl, yielding a 2,223-nucleotide (nt) span of DNA. The
2,223-nt fragment began in the distal coding sequence of lymphotoxin
(exon IV), and continued to a point within the TNF S-untranslated
region (28 nt upstream of the initiator ~‘A’); thus, it contained the
TNF promoter (23). This fragment was cloned into Bluescript KS
(Stratagene Inc., San Diego, CA) (Kpnl = Accl).

The Bluescript vector was then cut with Smal. A previously con-
structed CAT clone (24) was next employed as a source of the CAT
coding sequence. The CAT clone was excised with Sall and BamHI,
blunt ended using S, nuclease, and ligated into the Smal site of the
above mentioned Bluescript KS vector. The orientation of the CAT
coding segment was checked by sequencing.

The Bluescript KS vector, now containing CAT in a position down-
stream from the TNF promoter and most of the TNF S-untranslated
region, was cut with Kpnl and Scal, yielding a 2.9-kb fragment, con-
taining the TNF promoter, most of the TNF 5'-untranslated region,
and most of the CAT coding sequence.

Independently, the 3-untranslated region and DNA sequences ex-
tending ~ 200 nt distal to the poly-A addition site were prepared for
cloning. The 4.45-kb Kpnl — PstI clone was cut with Accl, filled in
with the Klenow enzyme, and digested with Pstl. This 1,021-nt frag-
ment was cloned into Bluescript KS, which had previously been cut
with Accl, blunted with S, nuclease, and recut with Pstl. Thus, the Accl
sequence in the 3'-untranslated region of the marker clone was identical
to that found in the genomic sequence.

The Bluescript vector containing the downstream element was lin-
earized with Accl. Unphosphorylated synthetic linkers, designed to
connect the Kpnl — Scal fragment (containing the promoter - CAT
complex) to the downstream element, thus repairing the CAT coding
sequence, were ligated to the Accl site. The vector was then cut with
Kpnl, and the 2.9-kb Kpnl — Scal fragment was cloned into it, com-
pleting the construct.

Shown in its final form in Fig. 1, the construct is 3,963 bp in length.
The CAT coding sequence exactly replaces the TNF coding sequence,
with the exception of a linker sequence ([5' = 37 ACGGTATCGA
TAAGCTTGAT ATCGAATTCC TGCAGCCCCC GAGCTCCCCT
CGACGAGATTTTCAGGAGCT AAGGAAGCTA AA), which mod-

1. Abbreviations used in this paper: CAT, chloramphenicol
acetyltransferase; nt, nucleotide.
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ifies the S-untranslated region, replacing the 28 nt upstream from the
start codon.

For some studies, a promoterless version of the construct was used.
The TNF promoter was deleted from the construct by cleaving the
construct with Kpnl and Clal (a unique site within the linker), blunting
the ends, and religating.

Cell culture. RAW 264.7 cells, obtained from the American Type
Culture Collection, were grown in DMEM supplemented with 5% fetal
bovine serum (Gibco Laboratories, Grand Island, NY). Cells were split
when they reached confluence by rinsing them with Dulbecco’s PBS
and allowing them to soak in a second change of PBS for several min-
utes, after which they were readily removed from the plate by tritura-
tion. L-929 cells (to be used both for transfection and for the TNF
bioassay), HeLa cells, and NIH3T3 cells were grown in DMEM supple-
mented with 10% FBS.

Penicillin and streptomycin solution (Gibco Laboratories) were
added to all cultures at a final concentration of 4%.

Transfection. RAW 264.7 cells were transfected as described else-
where (22). 10 ug of vector containing the CAT marker and 10 ug of
pSV2neo were mixed and precipitated with calcium phosphate. 10°
cells were transfected, subjected to glycerol shock, and allowed to re-
cover for 48 h. Selection with G418 (1 mg/ml) was carried out over the
next 3 wk, by which time visible colonies had formed.

HelLa cells, L-929 cells, and NIH3T3 cells were transfected using
the technique described by Chen and Okayama (25). The same quan-
tity of DNA was employed as in the case of RAW 264.7 cell transfec-
tions. Pooled G418-resistant clones were used for CAT assay. DNA was
prepared from these cell types to document that reporter gene transfec-
tion had occurred.

Induction of TNF and CAT expression by LPS. E. coli LPS (strain
0127:B8) was obtained from Gibco Laboratories. Cells were induced
by adding LPS to a final concentration of 1 ug/ml unless otherwise
noted, for the stated period of time.

TNF bioassay. Bioassay of TNF produced by transfected RAW
264.7 cells, or TNF present in serum, was carried out as previously
described (15) in 96-well plates using cycloheximide (0.1 mg/ml) to
potentiate the cytotoxic effect. Cytotoxicity was assessed by staining
the residual cells with crystal violet. Measurements were performed
using a microplate reader and interpreted with reference to a standard
preparation of recombinant human TNF.

In vivo studies of CAT synthesis. Female BALB/c mice, ~ 25 g
each, were used in these experiments.

RAW 264.7 cells bearing the CAT construct were chromium la-
beled for a period of 10 min at room temperature, and washed twice
before intravenous injection into animals; 2 X 107 cells were injected
per mouse. In preliminary experiments, distribution of the chromium
label was followed over time; in subsequent experiments, some of the
mice were injected intraperitoneally with 500 ug of LPS (approxi-
mately one LD50 dose) 2 h after injection of the cell suspension; con-
trols received no injection. The animals were bled and then killed by
CO, narcosis 4 h later.

Tissues were weighed upon removal, homogenized in 0.25 M Tris,
pH 7.8, frozen, thawed, and centrifuged at 12,000 g to remove insolu-
ble material. The supernatant was then assayed for protein, and subse-
quently heated to 65°C for 5 min. After a second centrifugation, the
supernatant was subjected to CAT assay and counted to quantitate the
chromium label.

CAT assay. The thin layer chromatography procedure of Gorman,
et al. (26) was used to measure CAT activity in cell lysates, derived from
either peritoneal tumors or from cultured cells.

DNA isolation. DNA was prepared from transfected cells as else-
where described (27).

Measurement of the half-life of CAT synthesized within RAW 264.7
cells. Cultured cells were plated in 3-cm dishes, rinsed with DMEM,
and then overlayed with prewarmed medium containing [*S]-
methionine (Amersham Corp., Arlington Heights, IL) and LPS. Aftera
4-h incubation, cells were washed with prewarmed DMEM containing
unlabeled methionine, supplemented with 5% FBS, and either main-
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tained in the presence or absence of LPS. Cells were harvested by tritu-
ration with PBS, pelleted, and resuspended in a solution containing
140 mM NaCl, 1.5 mM MgCl,, and 10 mM tris, pH 8.6. The cells were
then lysed by the addition of an equal volume of the same solution
containing 1% NP40. The nuclei were removed by centrifugation, and
rabbit anti-CAT serum (2 ul; obtained from §' — 3’, Inc.) was added to
each sample for a period of 2 h at 0°C, followed by pansorbin (Calbio-
chem-Behring Corp., San Diego, CA; 30 ul of a 10% suspension). The
pansorbin was pelleted after an additional 1 h of incubation, resus-
pended in 1 ml of PBS containing 0.25% SDS, then repelleted and
washed five times with a solution containing 10 mM tris, pH 7.5, 150
mM NaCl, 10 mM EDTA, 0.25% SDS, and 0.5% NP40. The pellet was
then washed a final time in PBS, pelleted, and resuspended in 40 ul of
10 mM tris, | mM EDTA solution. After addition of 40 ul of SDS
sample buffer, each sample was boiled for 5 min and subjected to elec-
trophoresis in a polyacrylamide gel (28), poured as a 10-15% gradient.
The gel was soaked in Enlightening (DuPont Co., Wilmington, DE),
dried, and used for autoradiography. Densitometric analysis of the ex-
posed film was carried out using a Gilford Response spectropho-
tometer (C. N. Wood Manufacturing Co., Newtown, PA).

Results

The construct employed in these experiments is illustrated in
Fig. 1. It contains sequence encoding the last 135 amino acid of
the lymphotoxin protein, the lymphotoxin 3'-untranslated re-
gion, the DNA sequence lying between lymphotoxin and TNF
(which contains the TNF promoter), most of the 5-untrans-
lated sequence derived from TNF, a short linker connecting
the TNF S-untranslated region to CAT, the CAT coding se-
quence, the 3'-untranslated sequence of TNF, and ~ 200 bp of
DNA lying downstream from the poly-A signal sequence.
Thus, all of the principal regulatory elements presently known
to affect TNF synthesis are included.

Transfection of RAW 264.7 cells with CATrnz. After co-
transfection of this construct (together with pSV2neo) into
RAW 264.7 cells, G418 selection was performed, and a pool of
resistant cells was obtained from ~ 40 primary clones. Highly
inducible expression of CAT was observed in the pool after
exposure to endotoxin; the ratio of CAT activity (induced/non-
induced) was ~ 4,000:1. Subclones of the pool were obtained
by limiting dilution of the parent culture, and many were
found to be similarly inducible (Fig. 2). Clone 23 was selected

LT, Linker
Exon IV TTATTTAT AUG TTATTTAT
AATAAA TAT TAA AATAAA
| ]
! SUT AT o
) -
TAG TNF INF
0 1 2 3 4Kb

Figure 1. The CAT construct used as a reporter of TNF biosynthesis.
For most applications, the construct was cloned into the vector Blue-
script KS between Kpnl and Smal sites. 5’ sequences from the CAT
genblock preceed the initiation codon of CAT, and replace some of
the 5-untranslated sequence of TNF as described in the text. The
3-untranslated region of mouse TNF was inserted exactly after the
termination codon of CAT (e.g., the termination codons of TNF and
CAT are superimposed). Solid bar, CAT sequence; open bars, un-
translated sequences of TNF and lymphotoxin genes; hatched bar,
lymphotoxin coding sequence.
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for all of the experiments described below. By Southern blot
analysis, it was found to contain ~ 10 copies of the marker
gene per genome (Fig. 3).

Induction of CAT biosynthesis by endotoxin. Endotoxin in-
duces CAT expression in RAW 264.7 cells over a period of
time similar to that required for TNF induction (Fig. 4). Cell-
associated CAT activity declines after 16 h in the presence of
endotoxin (not shown). However, measurements of CAT activ-
ity in the culture medium suggest that this may be partly attrib-
utable to cell lysis. Indeed, LPS is known to exert a strong
cytotoxic effect upon RAW 264.7 cells (29). The biosynthesis
of CAT also mimics TNF production by a culture when exam-
ined with respect to endotoxin concentration; exposure of cul-
tured cells to increasing quantities of LPS led to the coordinate
induction of CAT and TNF (Fig. 5). In neither case was the
relationship between CAT and TNF perfectly linear; this may
be explained, in part, by the fact that TNF is cleared from a
culture by binding to its cell-surface receptor. CAT activity was
induced in the cultures by concentrations of LPS that were
insufficient to induce the secretion of detectable quantities of
TNF. Thus, the CAT assay is a more sensitive indicator of
macrophage activation than the TNF bioassay.

The quantity of CAT present in RAW 264.7 cells was such
that 1,000 maximally-induced cells could be detected by a 2-h
CAT assay, with an overnight exposure of the film (Fig. 6).

The half-life of CAT within cultured RAW 264.7 cells was
determined by pulse labeling during a 4-h period of exposure to
LPS, with immunoprecipitation of the labeled product at
various times thereafter. After labeling, cells were maintained
in the presence or absence of LPS (Fig. 7). In either case, densi-
tometric data (not shown) indicated that CAT was cleared
from the cytoplasm with biphasic kinetics: an initial rapid loss
of CAT protein (¢, of 1-2 h) was followed by a slow phase of
loss (2, of 10-20 h), suggesting that distinct pools of the re-
porter might exist within these cells.

In short term experiments, transfected RAW 264.7 cells re-
port the biosynthesis of TNF in vivo. In order to utilize the
transfected RAW 264.7 cells as a reporter of TNF biosynthesis
in vivo, cultured cells were chromium labeled and injected in-
travenously into BALB/c mice. The majority of the cells were
recovered from the lung 30 min after injection; however, redis-
tribution occurred so that within 2 h, many of the cells had
migrated to the liver, spleen, and other organs (data not
shown). When mice were injected with LPS subsequent to in-
fusion of the reporter cells, and then sacrificed several hours
later, strong induction of CAT activity was observed in many
of the organs examined (Fig. 8). Control mice which did not
receive LPS failed to express detectable quantities of CAT in
any of their tissues. Interestingly, CAT expression was easily
detected in animals at time points during which serum TNF
activity in mice, as in all other species thus far examined, would
ordinarily have declined to levels that were nearly undetectable
(3, 19, 30-33). This presumably reflects the high stability of this
nonsecreted marker after its expression in vivo.

L-929 cells express the CAT ryr gene constitutively at high
levels; in other cell lines, the reporter is silent. 1-929 cells ex-
pressed CAT constitutively when permanently transfected with
the reporter construct (Fig. 9 a). This result was observed in
each of three separate transfections both with pooled clones
and with individual subclones. HeLa cells and NIH3T3 cells,
however, failed to express CAT, although permanently trans-
fected cell pools clearly contained the CAT gene, as indicated
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Figure 2. Induction of 24 independent transfected RAW 264.7 cells clones by LPS. 100,000 cells from each clone were cultured overnight in the
presence (+) or absence (—) of LPS; the cells were then assayed for CAT activity. The noninduced sample derived from clone 1 was omitted

from the assay. C, positive control (10 mU CAT added to the assay system).

by Southern blot analysis (Figs. 9 a, and b). At the level of When L-929 cells were transfected with a promoterless ver-
mRNA expression, the endogenous TNF gene appears silent in sion of the CAT construct, no CAT activity was observed, indi-
each of these lines (Fig. 9 ¢). Moreover, no TNF secretion may  cating that expression of the construct did not result from for-
be detected by bioassay (not shown). tuitous insertion near an endogenous promoter (not shown).
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881 —
9.4 —
6.6 —
kb 44— Figure 3. Southern blot
analysis of clone 23
DNA. 10 ug of genomic
DNA prepared from
2.3 — cells of clone 23 were
2.0 — digested to completion

with Kpnl and Smal,
and subjected to elec-
trophoresis alongside a
standard containing 200
pg of the reporter con-
struct (excised from the
vector with Kpnl and
Smal). The genomic

200 blot was probed with a
1 Opg . C:Tpg labeled RNA molecule
Genomic TNF  corresponding to the
DNA Construct cat coding sequence.

Prolonged culture of transfected RAW 264.7 cells leads to
loss of reporter inducibility. Over a 4-mo period of time, cells of
clone 23 were passaged biweekly and maintained in the pres-
ence of G418 at a concentration of 1 mg/ml. Gradually, a loss
of inducible CAT expression was observed, so that eventually,
the cells failed to express the genetic marker. This failure was
not attributable to an LPS-refractory state: TNF was released

upon stimulation of cultures by LPS (not shown). The cells still
contained the reporter gene at a copy number approximately
equal to that determined in DNA prepared from recultured
frozen stocks of the cell line (Fig. 10). However, when genomic
DNA obtained from the older culture was digested with Kpnl
and Smal, two bands were visualized; cells frozen at an early
stage of culture displayed only one band. The size of the bands
(~ 4 and 7 kb) suggested an explanation, in that failure to
cleave at Kpnl or Smal sites would lead to excision of the
vector together with the reporter construct (e.g., a 7-kb frag-
ment would result instead of the expected 4-kb fragment).
Since Smal is a methylation-sensitive enzyme, we have tenta-
tively concluded that a fraction of the Smal sites present in the
integrated reporter construct were methylated, and further in-
ferred that the entire insert had been modified by methylation.

HeLa and NIH3T3 cells, in which the reporter construct is
not expressed, were subsequently examined for evidence of in-
sert methylation using a panel of methylation-sensitive en-
zymes, although no indication of Smal site methylation was
apparent (Fig. 9 b). All of the enzymes tested (Accl, Aval,
Avall, Bglll, Hpall, Mspl, Sau3A, and Xbal) produced frag-
ments of the expected sizes, thus providing no evidence of
methylation (not shown).

Discussion

We have produced a construct in which the coding sequence of
TNF is replaced by the coding sequence of CAT, and have
shown that this construct functions as a nonsecreted marker of
TNF biosynthesis in transfected macrophages. In the near term
following transfection, CAT may be measured with high sensi-
tivity, such that 1,000 fully activated cells may easily be de-
tected. In vitro, expression of CAT activity is strongly sup-
pressed in the absence of an activating stimulus. Thus, an in-
duction ratio of 4,000 is observed in the most inducible
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Figure 4. Time-dependent expression of CAT and TNF activity by clone 23 RAW 264.7 cells. All cells were exposed to LPS at a concentration of
1 pg/ml for varying periods of time. (@) TNF secretion by cultured cells increases with time after activation by this maximally inducing
concentration of LPS. (b) CAT activity in the same cultured cells. (c) Correlation of CAT activity and TNF activity produced by each culture.
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Figure 5. LPS-dependent expression of CAT and TNF activity by clone 23 RAW 264.7 cells. All cells were cultured in the presence of LPS (at
varying concentration) for a period of 16 h. (@) TNF secretion by cultured cells exposed to varying concentrations of LPS. (b) CAT activity in
the same cultured cells. (¢) Correlation of CAT activity and TNF activity produced by each culture.

subclones tested. We have shown that such cells can function in
vivo as reporters of conditions required for the biosynthesis of
TNF. Since the reporter enzyme is nonsecreted and quite
stable, it can be measured under conditions in which TNF
cannot normally be detected. Thus, when the cells are injected
into mice by an intravenous route, they report activation with a
strong signal, apparent in tissues after serum TNF levels have
peaked and declined to undetectable values.

In the course of our studies, several interesting observations
pertinent to the regulation of TNF gene expression have
emerged:

(a) As noted above, the reporter construct is constitutively
expressed in L-929 cells after transfection. LPS does not signifi-
cantly influence CAT gene expression in these cells. Interest-
ingly, expression occurs despite the fact that the authentic TNF
gene is entirely silent. This suggests that the authentic TNF
gene has been inactivated in these cells (as indeed it may be

0.1 0.2 0.3 1.0 20
mU CAT

’ -LPS +LPS
[

10% 10% 103 105 104 103

Figure 6. Sensitivity of CAT detection in clone 23 RAW 264.7 cells. A
CAT activity standard (0.1-2.0 mU CAT) was included in the assay,
as was a sample from which CAT was omitted (C). 1,000-100,000
noninduced (—LPS) or fully activated (+LPS) cells were included in
each assay system. Cells were activated by incubation with LPS (1
pg/ml) for a period of 16 h.
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during the development of many somatic tissues); however, the
factors required for transcription and translation of the unmod-
ified reporter gene remain intact.

(b) In RAW 264.7 macrophages, the reporter gene (like the
TNF gene that it was designed to mimic) is strongly suppressed
in unstimulated cells, but is readily induced by endotoxin.
Taken together with other data suggesting the existence of sup-
pressor mechanisms regulating the expression of TNF at both
transcriptional (34) and translational levels (20, 23), it may be
concluded that TNF gene expression is reversibly suppressed in
macrophages; however, mechanisms that promote derepres-
sion may be activated by LPS.

(¢) In HeLa cells, and in NIH3T3 cells, neither the reporter
gene nor the authentic TNF gene are expressed, either in the
absence or presence of LPS. The status of the authentic TNF
gene, with respect to developmental inactivation, cannot
readily be established in these cell types. However, the inactiv-
ity of the reporter gene (despite a lack of evidence of methyl-
ation) is curious, and suggests that in these cells, as in macro-
phages, a system for the repression of TNF biosynthesis may be
in place. It may further be assumed that the activating mecha-
nism normally triggered by LPS is not functional.

Thus, two general mechanisms of TNF gene repression
seem to apply in somatic cells. One appears to have a develop-
mental basis, and is not reversed by treatment with LPS. The
second repressor mechanism may apply in many tissues; it ex-
hibits both transcriptional (34) and translational (23, 35) com-
ponents, is reversed by treatment with LPS in macrophages
(which undergo numerous changes in response to this stimu-
lus), but not reversed in HeLa cells or NIH 3T3 cells (which at
least in this respect, are quite indifferent to LPS).

Certain lines of evidence suggest that the silence of the TNF
locus in tissues that fail to express the protein is based upon
methylation of the gene. Methylation of the lymphotoxin gene
(adjacent to the cachectin/TNF gene) appears to take place in
at least some tissues that are incapable of expressing the gene
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Figure 7. Determination
of the half-life of CAT in
transfected RAW 264.7
cells by pulse labeling
with [**S]methionine. De-
tectable quantities of im-

munoprecipitable CAT
were present in the cells
24 h after labeling
whether or not cells were
maintained in the pres-
ence of LPS. Nontrans-
fected controls: RAW
264.7 cells that had not
been transfected with the
CAT construct were ei-
ther induced or left non-
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Pl After Induction After Induction

Non-transfected of CAT Synthesis

Controls

(e.g., neutrophils) as assessed by restriction analysis (36). It is
interesting to note that the reporter construct was, with the
passage of time, apparently methylated in a similar fashion.
Conceivably, certain structural features of the TNF gene invite
methylation under conditions that have yet to be determined.
Alternatively, the location of the insert may have predisposed
to inactivation in this particular clone.

As to reversible repression of TNF gene expression, Sha-
khov et al. (15) and Collart et al. (37) have noted the presence
of NF«B sites in the TNF promoter, and it has been suggested
that NF«B, together with IkB, comprise a system for the modu-
lation of TNF gene expression, as it occurs in response to pro-
tein kinase C activation (38). If this mechanism of derepression
occurs at the transcriptional level, it must be inferred that
NF«B is not fully suppressed by IkB in L-929 cells, in which the
reporter is constitutively produced. Indeed, it would be of inter-
est to determine whether expression of CAT is subject to a
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Figure 8. Expression of CAT activity by clone 23 cells after infusion in
vivo. Two balb/c mice were injected intravenously with a suspension
of 2 X 107 chromium-labeled reporter cells. 2 h later, one of the mice
(+) was injected with 0.5 mg of LPS intraperitoneally, while the
other was left uninjected (—). Organs were harvested for estimation
of CAT activity. A 2-h CAT assay was performed and the TLC plate
was exposed to the film overnight.
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induced in the presence
of [**S)methionine, and
used in the immunopreci-
pitation assay immedi-
ately after the labeling pe-
riod.

of CAT Synthesis

suppressive influence that is dominant in trans, as the
IxB:NF«B model would suggest; alternatively, a dominant acti-
vator might be at work. A distinction between these possibili-
ties might be made through the use of somatic cell hybrids.

The translational component of reporter gene activation
contributes, in our construct, to the induction of CAT biosyn-
thesis. While promoter-CAT constructs transfected into RAW
264.7 cells are usually capable of generating 50-fold induction
of synthesis in response to LPS (not shown), a far higher induc-
tion ratio is witnessed after inclusion of the 3'-untranslated re-
gion (e.g., 4,000-fold in this study). Conceivably, other ele-
ments of the TNF gene, contained within the introns, might
further augment the response.

The genetic marker that we have produced and character-
ized affords many opportunities in TNF research. It may, for
example, facilitate the study of macrophage responses and the
analysis of permanent macrophage cell lines. It may also help
to clarify whether certain other cell types can, in fact, produce
TNF, and may serve as a signpost of macrophage differentia-
tion. Of still greater importance, however, is the potential use
of this construct, or a similar one in transgenic animals, in
which it may faithfully report the production of TNF whenever
and wherever it occurs in vivo.

Among many questions that might be answered through
the use of CAT vy constructs, it may be possible to ascertain
the principal tissue sources of TNF as it is produced in endo-
toxemic animals. It will be possible to examine the autono-
mous production of TNF by tumors or by immune cells react-
ing to tumors. It may also be possible to determine whether the
protein is produced in various inflammatory diseases, both
acute and chronic in character, and in diseases in which inflam-
mation occurs in an anatomically restricted pattern (e.g., focal
infections and circumscribed autoimmune processes). The full
range of cells capable of elaborating TNF under physiologic
conditions and the production of TNF during development
might also be assessed. It must be noted of course, that tissue-
specific expression of the construct in transgenic animals might
well depend upon sequences that reside within introns, within



a Figure 9. Expression of
: CAT activity by non-
macrophage cell lines.
(a) Hela cells, L-929
cells, and NIH 3T3 cells
were permanently
0102031020lCl- + - + - + transfected with the re-
_ - ] porter construct, and
mU CAT Hela L-929 3T3 pooled transfected cells
were cultured in the
b presence (+) or absence
(—) of LPS for 3 h be-
fore assay of CAT activ-
ity. Each assay system
contains lysate derived
from 100,000 cells. A
standard, containing
0.1-2.0 mU of CAT,
and a sample containing
no CAT (C) were as-
sayed in parallel with
the samples. (b) South-
ern blot analysis of
DNA obtained from
HelLa cells, L-929 cells,
and NIH 3T3 cells
pooled after permanent
transfection with the
reporter construct. 5 ug
of genomic DNA ob-
tained from each cell
type was digested with
Kpnl and Smal before
electrophoresis. Blots
were then allowed to
hybridize with a CAT
riboprobe. The HeLa
and L-929 cell blots
were exposed overnight;
the NIH3T3 cell blot
2 was exposed for 6 h.
The minor band visual-
ized in the L-929 cell
lane was not consis-
C : tently observed, and
- <«— TNF most likely resulted
‘ ‘ e from incomplete diges-
tion of the DNA. (¢)
Northern blot analysis
of RNA isolated from
RAW 264.7 cells, HeLa
cells, 1.-929 cells, and
NIH 3T3 cells trans-
fected with the reporter
construct. Cells were induced with LPS for 2 h (+), or left noninduced
(—) before preparation of the RNA. RNA was carefully quantitated
by electrophoresis in a methylmercuric hydroxide gel and staining
with ethidium bromide before resolution in a formaldehyde gel for
blot hydridization. Precisely equal quantities of RNA were loaded to
each lane of the formaldehyde gel, electrophoresed, transferred to
nylon, and probed sequentially for TNF and glyceraldehyde phos-
phate dehydrogenase (GAPDH) using riboprobes. —80°C exposure
time: 6 h for TNF; 90 min for GAPDH.
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protein-encoding exons, or which lie at some distance from the
TNEF gene itself. Studies of the genetic requirements for tissue-
specific expression in vivo are currently in progress.

Chloramphenicol Acetyltransferase Reporter of Tumor Necrosis Factor Synthesis

Figure 10. Southern
blot analysis of genomic
DNA obtained from
transfected RAW 264.7
cells that maintained
their ability to produce
CAT in response to
LPS, and from cells that
lost their ability to pro-
duce CAT in response
to LPS. 5 ug of DNA
from each cell type was
digested to completion
with Kpnl and Smal
before electrophoresis
and transfer to a nylon
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(Skg)  (S5kg) 200 pg CATTNF
Unresponsive Responsive Construct membrane. The blot

CellDNA Cell was allowed to hybridize
DNA to a CAT riboprobe.
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